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Media Summary

Western flower thrips (WFTprankliniella occidentalis (Pergande)is a serious pest of
vegetable crops. Feeding by adults and larvae saeseere physical crop damage, and WFT
also spreads viruses such as tomato spotted wik YT SWV) that can wipe out entire crops.
Insecticides are the most common method of commpIWFT, but since WFT develops
insecticide resistance, a national resistance nesneqt strategy was developed. The strategy
requires that growers alternate an insecticide foo chemical class, followed by the use of
another insecticide from a different chemical clagth a different mode of action. Recently,
insecticide resistance monitoring has detected Wiepulations resistant to spinosad.
Spinosad is a unique insecticide in that it is higfficacious against WFT, but can be used
in an integrated pest management program (IPMnd3pid is now considered to be at risk
due to resistance.

Resistance monitoring for WFT against several legystered products including spinosad in
this project (VG06010) demonstrated that spinosaistance is increasing in both level and
abundance. Resistance was found to be still incrgeand now exceeds 200 fold in one
strain, with 100 fold resistance in four of thestrains tested. Monitoring showed that 43% of
the strains collected contained 20% or more regis&T, and 28% of the strains contained
30% or more resistant WFT. Of the more resistaiairsd, 75% were associated with control
failure in the field.

To improve resistance management, a more detaifeaviedge of how WFT develops
resistance to spinosad is required. We examinednéiehanism of spinosad resistance using
three methods, bioassays, molecular methods arigymining the cross resistance profile
for spinosad. Cross resistance occurs when resesti@none insecticide (such as spinosad)
confers resistance to another insecticide. Crasisteace testing against existing insecticides
identified chlorfenapyr (Secure®) and methidathi@ditofol®) as suitable alternation
candidates for spinosad to help manage resistdndethe chloronicotinyl chemicals (eg
imidacloprid, Confidor®) were not considered suigalior alternation with spinosad. This
information is very important because growers mayubing inappropriate chemicals as an
alternation partner with spinosad, which exacedatesistance. Growers may also be
including an inappropriate chemical in a mixturéhngpinosad to control multiple pests.

To identify resistance pathways, bioassays wer@ usecombination with chemicals that
interfere with specific resistance pathways. Udinig process we eliminated detoxification
(enzymes produced by WFT that can break down clas)ias the likely cause of spinosad
resistance. As detoxification was unlikely, it &lked the subsequent molecular genetic studies
to concentrate on target site resistance (the brodatal site where the insecticide works) as
the primary cause of spinosad resistance. Susteptibd resistant WFT strains were
compared using molecular genetic techniques whdelntified a specific genetic difference
that seems to be associated with spinosad resestancspinosad resistant WFT. The
sequencing of the nAChR recepto® cDNA sequence from spinosad resistance and
susceptible WFT revealed a singe nucleotide sultistit (C>T), but more research is needed
to confirm exactly what it does. However, sinceistest thrips are genetically distinct, the
mutation should be further studied to develop aecwhr based method to detect spinosad
resistance. We are confident that it will be pdssib detect resistance ‘in real time’, with the
information used to support spray decisions.

To relate spinosad resistance to field control ikFTWwe trialled specific frequencies of

susceptible and resistant thrips under glasshoosditons. From this study we concluded
that spinosad resistance affected control, andldte indicated that spinosad resistance would

6
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adversely affect control when a population was aosed of 10-40% resistant individuals.
This is encouraging information because we addillgnconsider that spinosad resistance
could probably be managed with IPM. Interestingtg study also found that WFT was never
fully controlled even if the population is complgtsusceptible. However, more research is
required to more precisely define where resistédmsm®mes an issue in the 10-40% range.

In conclusion, spinosad resistance doesn’'t neagssagan that growers will experience total

control failure. However, resistance monitoringigades that if WFT management continues
at present, then resistance levels to key chemstalh as spinosad will continue to rise. A
radical new way in which growers manage WFT is meguto change this! Resistance
management needs to better integrate with IPMraatger of urgency. Funding is required to
develop IPM programs in the field and glasshouseVi-T. New resistance monitoring

methodology (both bioassay and molecular) need$dodeveloped for new strategic
chemicals that affect WFT growth, or are slowemagc{e.g. Movento®). Old methodology is

currently based on insecticides that kill WFT witlai short period of time.

Finally, several new chemicals that could possibé used for WFT control have been
studied. The new active ingredients pyridalyl, aatirin, clothianidin and DPX-HGW86
were tested, with the latter product showing thetpoomise for WFT control.
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Article Il. Technical Summary

(a) Project outputs and outcomes: success and failures
Outputs

Continued resistance monitoring for WFT against strategic chemicals (including
spinosad). Nineteen chemicals were screened for resistaResistance to spinosad
was found to be increasing and exceeded 200 foldn@ strain, with 100 fold
resistances in four of the 14 strains tested. Rasie monitoring showed 43% of
strains collected contained 20% or more resistaRT Wand 28% contained 30% or
more resistant WFT. Of the more resistant straib%p were associated with spinosad
field control failure when collected.

A cross-resistance profile for spinosad against existing chemicals used for its control
will be established. Abamectin, acetamiprid, chlorfenapyr, fipronilethamidophos,
methomyl, thiamethoxam, and spinosad were evaluatgainst susceptible and
spinosad resistant WFT to determine cross-resistari@ross-resistance testing
indicated likely problems with the neonicotinoid echicals acetamiprid and
thiamethoxam; their alternation with spinosad stidu avoided. Similarly, fipronil
cross-resistance is considered highly likely arghduld not be used in rotation or in a
tank mix with spinosad. Abamectin, methomyl, chéopyr, and methamidophos did
not show cross—resistance to spinosad.

The mechanism of spinosad resistance will be identified using bioassay, biochemical
and molecular methods. Bioassays in combination with biochemical syns&syi
(piperonyl butoxide (PBO) used to detect cytochrd®d®&0 monooxygenases, diethyl
maleate (DEM) used to detect glutathione-S-traasts andriphenyl phosphate
(TPP) used to detect esterases) were used to atenmetabolic detoxification as a
cause of spinosad resistance. Subsequent moleger@tic assays then concentrated
as target site mutations as a likely cause of taeste and sequencing of nAChR
receptor [@6 cDNA sequence from spinosad resistance and dildeey)/FT revealed

a singe nucleotide substitution (C>T).

The field impact of resistance (ie at what level will spinosad cause control failure will

be related to specific resistance frequencies using molecular methods devel oped in the
project. Specific frequencies of susceptible and resistdRT were released onto
caged whole plant plots and left to breed for tweelss. Thrips were then sprayed
with spinosad at the registered rate, three dayst agccording to be published
chemical use strategy. Results suggested thastaese causes spinosad failure
between 10 and 40% resistant WFT

Outcomes

A revised resistance management strategy for spinosad that allows sustainable
product use (especially spinosad). Resistance monitoring over the life of the study
indicated that if WFT management continues asstthlanow, resistance levels to key
chemicals such as spinosad will continue to risew@rs will need to change their
current management practices and we consider ésatance management should be
integrated with IPM as a matter of urgency.

If spinosad resistance is related to mutations within the nAChR or GABA receptors it

will be possible to create a molecular test for resistance using PCR and restriction
enzymes. The sequencing of nAChR receptond@cDNA sequence from spinosad
resistance and susceptible WFT revealed a singéeatige substitution (C>T).
However, more research is needed to confirm exaechigt it does and so create a
molecular test for resistance using PCR and réstnienzymes.
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* A revised WFT resistance management strategy that includes both cross-resistance
and mechanism knowledge. Cross-resistance testing suggests that theréalgto be
problems if the neonicotinoid chemicals acetamiiml thiamethoxam are used in
alternation with spinosad. Similarly, fipronil ceegesistance is a possibility and its
use should also be avoided with spinosad. This Idhbe included into a revised
strategy that integrates strongly with IPM.

(b) WFT and insecticide resistance

Insecticide resistance was monitored in field adéd populations of WFT from 2006-2009.
WFT were screened against nineteen chemicals, ditalhstrains were screened against all
products. Organophosphate resistance was sporadicganerally low level except for
dichlorvos and methamidophos resistance in strama@ental F 05/2007, which showed 68
and 78 percent susceptible respectively. Fiproadistance when detected was at a low
frequency, with a maximum of 11% resistant indiatu in strain Capsicum Penfield
10/2007. Spinosad resistance was detected in eigtiie fourteen strains tested (60% of
strains), with four strains having resistance Is\above 100-fold, with a maximum of 201-
fold in strain cucumber Rossmore 03/2007. Spinagsatstance continues to increase in both
level and abundance putting sustainable spinosadgasnst WFT at risk.

(c) WFT and cross-resistance studies

Cross-resistance refers to the situation wheresteggie to one insecticide confers resistance
to other insecticide to which the insect has natnbexposed. Here we studied cross-
resistance in western flower thrips (WFT) that wesginosad resistant by exposing
susceptible and resistant strains to existing adnpial chemicals used for their control and
compared their response. Strains were tested agaasnectin, acetamiprid, chlorfenapyr,
fipronil, methamidophos, methomyl, spinosad andrtrethoxam. Field strains tested were
highly spinosad resistant and results suggest ¢hads-resistance to the chloronicotinyl
(neonicotinoid) insecticides acetamiprid and thidrogam is likely from spinosad use. Their
alternation with spinosad should be avoided. Smhyilafipronil cross-resistance is also
considered a possibility and its use should als@lmded with spinosad. Abamectin and
methomyl did not show cross-resistance, but tHerreation with spinosad is compromised
for other reasons. Chlorfenapyr and methamidoplheshte only two products likely to be
useful for alternation with spinosad. Even so, raetidophos use in Australia is restricted to
ornamentals (registered) and head lettuce onlyr(pé?ER10416). Chlorfenapyr is currently
restricted for use in spring onion and shallotsripe PER11508) for WFT control in
Australia.

(d) WEFT resistance mechanisms - bioassay with synergsst

Resistance is caused by a number of mechanisms matt being either target site or
detoxification. The presence of specific detosfion enzymes can be deduced with
synergists that can neutralise specific enzymexdetation pathways. As compared to the
response of a spinosad pressured and resistamnt SRa, the addition of synergists did not
significantly influence (by overlapping 95% CI) tRés, (resistance Factor at the §fdevel)
ratio for abamectin, spinosad or thiamethoxam.ré&stngly, the REp ratio was significant
for acetamiprid with the monooxygenase synergisDRBiperonyl butoxide), but not for the
other synergists tested. Calculated S (synergeatips were similar in that there was a
significant difference with acetamiprid and PBO. like the REky ratios, there was an
additional significant difference with the esterasmergist TPP (triphenyl phosphate) and
abamectin. As there were no significant differenegh any synergist detected with spinosad,
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we suspect resistance may be target site rather iinetabolic. As the synergist study
eliminated metabolic detoxification as a cause piha@sad resistance, the molecular
component of the project VG06010 can pursue thgetasite resistance model Bf osophila
melanogaster Meigen with a high degree of confidence.

(e) WEFT resistance mechanisms - molecular genetics asginosad resistance

Improved management of spinosad resistance reqaigesd understanding of the spinosad
resistance mechanism so products causing crostams® can be eliminated from the
chemical control strategy. As part of this procegsaimed to find the molecular basis for
spinosad resistance to improve resistance managdiyeateveloping a molecular diagnostic
method to monitor spinosad resistance in WFT. mynunoprecipitation we identified 10
candidate spinosad binding proteins in WFT. We alst@ained 4 partial cDNA sequences for
acetylcholine receptor d®. A singe nucleotide substitution (C>T) from gpsad resistance
and susceptible WFT stains has been identified stgpw clear difference between spinosad
susceptible and resistant WFT at the molecular.|&teese findings provided the first useful
information for understanding the molecular mechans of spinosad resistance in WFT as a
first step to developing a molecular based diagnestsay.

() The relationship between spinosad resistance andefd control

Susceptible and resistant WFT were prepared at EMAplacing them in vials at specific
initial resistance frequencies. Each vial contai®®@dWFT adults that were ready for use
immediately in WA. An initial trial done in 2008 cfuded ratios of 100% susceptible
(sprayed), 10% resistant (sprayed), 20% resistgmiayed), 40% resistant, (sprayed) 60%
resistant (sprayed) and 80% resistant (spraydu)pd were released onto caged whole plant
plots and left to breed for two weeks. Thrips widsen sprayed with spinosad at the registered
rate, three days apart according to be publishettamce strategy. The initial trial was
replicated twice but plant quality declined durini@l due to problems with fungi. At the end
of the trial whole plants were destructively sandpénd total number of adults and larvae
counted. Interestingly, not all susceptible WFT eavdilled with 4 adults and 22 larvae
counted. Based on that initial data we considenited control with spinosad seemed to fail
somewhere between 20 and 30% resistant WFT. A ddcahwas under taken in 2009 using
the same methodology but with 100% Susceptible dwabntrol), 100% Susceptible
(sprayed), 10% Resistant (sprayed), 20% Resisspnayed), 40% Resistant (sprayed), 60%
Resistant (sprayed), 80% Resistant (sprayed) af&ol1Resistant (sprayed). Results were
obtained for two replicates but final replicatiomdhto be abandoned because reference strains
at EMAI were destroyed by the predatory mieoseiulus barkeri (Hughes). For this reason
statistical significance could not be determinad,we suggest that resistance causes spinosad
failure between 10 and 40% resistant WF3pinosad resistance is thus likely to be
manageable within an integrated pest managemetansysiowever, the experiment needs to
be repeated to determine exact statistical signifie.

(g) New or experimental chemicals for WFT control

The chemicals pyridalyl, acrinathrin, clothianidamd DPX-HGW86 were evaluated for
efficacy against susceptible and resistant WFTidalyl was thought to show some low level
cross-resistance, possibly limiting chemical useVi=T control. Again cross- resistance to
acrinathrin was also likely, but a mixture of aatimin and malathion appeared to reduce
acrinathrin resistance. High level cross-resistancelothianidin was evident, indicating that
this chemical should not be used for WFT contrahaly, the evaluation of DPX-HGW86

10
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did not find any evidence of cross-resistance. dyrhe useful for WFT control if practical
field rates prove lower than the relatively higtesasuggested from the bioassay.

11
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Article IlI. General Introduction

Western flower thripsi-rankliniella occidentalis Pergande (Thysanoptera: Thripidae),
is regarded to be one of the most important econgrests of agricultural and horticultural
crops. It causes direct damage by feeding on leaveéother plant parts, and indirect damage
via transmission of plant viruseBrankliniella occidentalis is regarded to be a pesticide
induced problem, though pesticides are usually rfen strategy used for its control.
Glasshouse and field populations resistant to tiesées in several major chemical classes
have been recorded in different parts of the warldluding Australia. Effective control of
WFT can only be achieved with an integrated appgraaat includes cultural methods to
reduce thrips numbers and the removal of virusciefé plant material (Herrogt al. 2007). In
addition, crop monitoring is considered essentamdnse it allows insecticides to be used only
when necessary. That in turn reduces the inseetioipact on beneficials and the likelihood
of resistance development. Currently, integratedt peanagement (IPM) is being trialed
through HAL-funded projects (eg the projects VGOB08G05056) with heavy reliance on
biologically-based control. The only IPM compatildbemical currently available for use
with WFT is spinosad.

IPM is an important progression for WFT control &ese of increasing and ubiquitous
resistance to some insecticides (Herron and Jan@€$)2 Resistance puts the whole
Australian chemical control strategy at risk. Resise monitoring between 2000 and 2003
(the project HG00015) found insecticide resistaimtemany populations of WFT, with
resistance detected against acephate, dimethoatlsw@fan, fipronil, methamidophos,
methidathion, and spinosad. Subsequent laboratdegtton of fipronil and spinosad found
that resistance could quickly increase to thesectitsdes. Current resistance monitoring data
generated in 2005 (the project HG0O3003) detectethdu increases in the frequency of
spinosad resistance. Alarmingly, spinosad resistéias now been detected at a frequency of
97% on a single Sydney flower grower practising IRNerron and Broughton 2006).
Spinosad must now be considered at risk, yet spthosmains the only chemical compatible
with IPM and biological control. If improved resasice management is not funded. Spinosad
will surely be lost to industry and the developmehtPM will be jeopardised. If effective
WFT IPM is to progress then improved resistance agament of strategic chemicals
including spinosad is paramount.

WFT management is based on chemical alternatioweier, alternation with chemicals that
inadvertently confer cross resistance will undeemapinosad efficacy. For this reason it is
very important to research spinosad cross resistdBioassays can be used to define which
chemical(s) are likely to be cross resistant tmagad. However, the technique is limited to
phenotypic response, the actual mechanism remaiksown. Cross resistance bioassays
(with synergists) can identify possible causesrots resistance, though the diagnosis is not
definitive (Raffa and Priester 1985). Even so, ll@assay technique is useful because it can
be used to refine molecular methods to more quidikigt the actual mechanism causing
spinosad cross resistance. Identifying the mechmaaisa molecular level would have a huge
benefit to practical spinosad resistance managerieotvledge of the molecular mechanism
of spinosad resistance will provide the basis fepmosad resistance “test kit”. A "test kit"
can then be used by growers to better manage spinesistance. Additionally, a "test kit"
could also be used to study the practical fieldlioapions of spinosad resistance. That is, at
what frequency would the grower expect control pis and is that problem the same in
conventional and IPM situations.

12
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A test kit for spinosad resistance is not an uimsgalgoal. Although the exact mode of

spinosad action is unknown, it is thought to beeldasn binding at the nicotinic-aetylcholine

(nAChE) receptor (Yu 2008). That implies a similamode of action as imadacloprid

(Confidor®), a chemical that is effective againktigs generally, but ineffective against
WFT. Studies have also implicated gamma amino kuagaid (GABA) receptors in spinosad

efficacy that are known to cause endosulfan (Tmy@ad fipronil (Regent®) resistance. For
this reason spinosad could affect the “cys-loogiestamily of ionotropic neurotransmitter

receptors that include nAChE receptors, GABA remeptand glutamate gated chloride
channels. Finally, research at the University ofllddarne (Perryet al. 2007) suggested that

spinosad resistance may be due to a polymorphisansingle receptor subunit (the receptor
type was not identified). This infers that a PCRghostic test could be designed to identify
resistant individuals.

Here we outline our findings as a series of sefitamed referenced reports in a scientific

journal style that give:

— project resistance monitoring data,

— Cross resistance data,

— resistance mechanism data,

— molecular genetics data, and

— glass-house trial data designed to better undetspimosad resistance and improve WFT
chemical control and management.

Individual section findings are then integratediat General Discussion with overall project
highlights and conclusions.

13
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Resistance monitoring of insecticides currently uskin Australia to control western
flower thrips, Frankliniella occidentalis (Pergande)(Thysanoptera, Thripidae): Data for
years 2006 — 2009. Grant A. Herron, Tanya M. Jameand Graeme C. Gullick

&1 NSW, Elizabeth Macarthur Agricultural Institute, PMB 4008, Narellan NSW 2567.

(a) Abstract

Insecticide resistance was monitored in field addd populations of western flower thrips
(WFT) Frankliniella occidentalis (Pergande) from 2006-2009. WFT were screened sigain
some nineteen chemicals, but not all strains weceeesed against all products.
Organophosphate resistance was sporadic and dgnkral level except dichlorvos and
methamidophos resistance in strain Ornamental EO0%/ that showed 68 and 78 percent
susceptible respectively. Fipronil resistance wldetected was at a low frequency with
maximum 11% resistant individuals in strain Capsid@enfield 10/2007. Spinosad resistance
was detected in eight of the fourteen strains destith four strains having resistance levels
above 100-fold, maximum 201-fold in strain cucumkossmore 03/2007. Spinosad
resistance continues to increase in both leveladmohdance putting sustainable spinosad use
against WFT at risk.

(b) Introduction

Resistance, a heritable characteristic that resdiitsctly from insecticide use and its
evolutionary selection for resistance (Plapp andnyvd983), has been a problem of
agriculture since the 1940s (Georguiou and Mell6B3) despite first being noted nearly a
hundred years ago by Melandier (1914). Since theodaction of synthetic organic
insecticides, such as DDT, insect resistance tectigdes has necessitated more frequent
insecticide applications, higher doses, and reduthe substitution of inexpensive, older
compounds with newer and more expensive producisor@siou and Mellon 1983).
Globally, resistance to one or more pesticides been recorded in some 550 arthropod
species (Whaloet al. 2009). The loss of efficacy of pesticides dueesistance puts a huge
demand on remaining products and presents an ensrithoeat to sustainable agriculture.
Resistance is frequently quantified by measurimg‘tbld” resistance, e.g., the increase in the
amount of insecticide that needs to be appliedgopulation considered resistant over that of
a population that has not experienced selectiosspre for resistance.

Western flower thrips (WFT)}rankliniella occidentalis Pergande (Thysanoptera: Thripidae),
is one of the most serious pests of horticulture f@eding by adults and nymphs can cause
severe crop losses (Kirk 2002). Damage is causexttlyi through feeding and oviposition
(Childers and Achor 1995), and indirectly througénsmission of tomato spotted wilt virus
(Kirk, 2002). It has a wide host range, and becadises ability to invade and establish in new
habitats WFT is considered the most damaging tiepesies in California (Kirk 2002). Since
first being detected in Australia in Perth durir@P3 (Malipatilet al. 1993), WFT has spread
throughout Australia and is now found in all siates but not the Northern Territory
(Medhurst and Swanson 1999). In Australia, WFTaigiély controlled with the insecticide
spinosad (Herromet al. 2007). Spinosad is a relatively new insectidiééonging to the group
5A acetylcholine receptor modulators (InfoPest 20@8s known to have efficacy against a
range of pest species, including thrips (e—Pestididanual 2002). Spinosad was first
registered for use in Australia in September 19%9B\MA 2008) and is currently available
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to control WFT on some 67 host crops (InfoPest,820Wnlike the organophosphate or
carbamate alternatives, spinosad is considered atiioigp with IPM (Joneset al., 2004),
despite concerns about non—target impacts (asmathy insecticides), and is now the most
widely registered product in Australia for WFT canit(InfoPest 2008).

Despite resistance management including IPM stiege@ low 1.8—fold spinosad resistance
was detected in a single population of WFT collectem lettuce during the 2001/2002
growing season (Herron and Jame, 2005). Until 2008}, resistance to spinosad in field—
collected populations of WFT remained relativelgtistat 2.6—fold. Unfortunately, resistance
in field—collected populations started to dramalyciacrease during the 2004/2005 season, to
a maximum of 40—fold resistance. That increasednata 87—fold by season 2005/2006
(Herron and James 2007).

Aims: (1) to monitor crop-specific insecticide resistannefield-collected populations of
WFT with specific emphasis on spinosad and;
(2) to use the data to adapt the WFT resistancexgament strategy as appropriate.

(c) Materials and methods

() Insecticides tested
Table 1. Common name, trade name, formulation and supgpligrsecticides tested.

Common name Trade name Formulation Supplier

Abamectin Vertimec 18g/LEC Syngenta Crop Pratec
Pty Ltd

Acetamiprid Mospilan 2259g/LSL Du Pont (Austaglltd

Acephate Orthene Extra 750 g/ kg GR Arvesta Caoapion

Bifenthrin Talstar 100 EC 100g/L EC FMC AustsataPty Ltd

Chlorfenapyr Secure 360 EC 360g/LEC Crop Carstralasia Pty
Ltd

Chlorpyrifos Lorsban 500 EC 500g/LEC Dow Agr@ces Australia
Ltd

Dichlorvos Dichlorvos 500 500g/LEC Barmac Intlies Pty Ltd

Dimethoate Dimethoate 400g/LEC Nu Farm Austratid

Endosulfan Thiodan EC 350g/LEC Bayer CropS@dpty Ltd

Fipronil Regent 200 SC 200g/L SC Nu Farm Ausrhtd

Malathion Hy-Mal Insecticide 1150g/L EC Crop Edustralasia Pty
Ltd

Methamidophos Nitofol Insecticide 580g/LEC Ba@rop Science Pty Ltd

Methidathion Supracide 400 EC 400g/LEC Syngenta Crop Pliotect
Pty Ltd

Methiocarb Mesurol 750 750 g / kg WP Bayer CropScience Pty Ltd

Methomyl Marlin Insecticide 225g/LAC Du Pont (Australiad

Pyrazophos Afugan 295¢g/LEC AgrEvo Pty Ltd

Thiacloprid Calypso 480 SC 480g/L SC Bayer CropScience Rty L

Thiamethoxam Actara Insecticide 250 g / kg WG Syngenta Crop datiin
Pty Ltd
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Spinosad Success2 Naturalyte 240g/LSC Dow AgroScienaestralia
Ltd

AC = aqueous concentrate
EC = emulsifiable concentrate
GR = granule

SC = suspension concentrate
WP = wettable powder

(i) Bioassay method

Thrips were placed in ventilated, thrips-proof @nérs and forwarded by overnight courier
from their point of collection to the laboratory NSW. The thrips were confirmed as WFT
under a stereo microscope prior to culture estaflent using the diagnostic guide of Palmer
et al. (1992).

Thrips were cultured on potted dwarf French beRima¢seolus vulgaris L.) using methods
given in Herron and Gullick (2001). Briefly, the VWFRvere reared in purpose built rearing
cages on potted bean plants with Cumbutigplia domingensis Pers.) pollen and honey as a
supplementary food source. Thrips were transfeordgd fresh plants in a new cage on a six-
weekly-cycle and maintained at 25%t under an 18:6 hour L: D regime.

The bioassay procedure is given in Herrenal. (1996). Briefly, WFT were lightly
anaesthetised with G@ndthen tipped onto French bean-leaf discs embeddadanin small
Petri dishes. The leaf discs with anaesthetisadslin place were then sprayed with aqueous
insecticide (Table 1)(4 mL aliquot) or with wateoftrol) with the aid of a Potter spray tower
(deposit of 3.2 mg cif). The Petri dish was covered with taut plastimgtivrap film
perforated with 40-50 fine holes. The dishes wépees for 48 h at 25 + 02C in a 18:6 hour

L: D regime after which the numbers of alive anadiéhrips were counted. Most tests were
done to achieve full probit regressions but in sonstances discriminating dose tests only
were done to reduce testing time. If a discrimmgtdose test indicated that a strain was
susceptible the resistance factor was assumed @ppeximately 1.0-fold. Each test was
replicated at least once (unless otherwise staied lcontrol mortality did not exceed 15%.

(i) Bioassay assessment
Thrips were confirmed alive or dead with the aicaftereo-microscope.

(iv) Analysis of bioassay data
Data were analysed using GENSTAT 5 statisticavhgi (Barchia, 2001). The LC50 plus its
95% fiducial-limits, were calculated using the ptabethod outlined in Finney (1971) and
included control mortality correction (Abbott 1925)he LGes were used to calculate
resistance factor (RF) values at thesg.(evel (ie Rkp) plus their associated 95% confidence
intervals (CI) as outlined in Robertson and Preigl892)
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(d) Results

Over the three years study some sixteen straing/lBT were collected and cultured for
bioassay (Tables 2, 3 and 4). Of these, fourteer weaccessfully tested with two strains lost
to predatory mites before testing could commenai@ 4). Worryingly, all strains tested
showed resistance to at least one chemical testdd ssme strains having a very high
proportion of spinosad resistant individuals andsemuent resistant factors that peaked at
201-fold in strain Cucumber Rossmore 03/2007. Eragingly, spinosad resistance was
shown to decline in the absence of selection @mrstOrnamental F that showed a small but
measurable decline in resistance from 5.5 foldulg 2006 (Table 2) to 2.5 fold in May 2007
(Table 3). Additionally, fipronil resistance whetdcted was at a low frequency and level
(Tables 2 and 3). Resistance to organophosphateicéle was sporadic and generally low
level except dichlorvos and methamidophos resistamstrain Ornamental F 05/2007 (Table
3) that showed 68 and 78 percent susceptible regplyc

Table 2. WFT resistance testing 2006 for the projectVG0060ddse-response summary
giving LC50 level resistance factors for fiproniidaspinosad with confidence interval (Cl);
and percent mortality at the discriminating dose rf#r) for remaining chemical§0%
survivors at the discriminating dose are = susbégti0-10% survivors at the discriminating
dose are = suspect resistant, >10% surviving theridhinating dose = resistant).

Ornamen Chilli Capsicum |  Chilli Honeyde | Research
tal F 2006 | Bundaber | Wallace Patane w Station
NSW g Qld Qld Gumlu Qld
07/2006 Qld 10/2006 | 10/2006 Qld 12/2006
09/2006 10/2006
Spray history No Nothing Sprayed | Nothing Nothing Sprayed
spinosad | mentioned with mentioned| mentioned with
for 10 thiodicarb methomyl}
months methomyl bifenthrin
and spirotetrar
spinosad at
methamid
phos
pyridalyl
and fiproni
% Mort 97
abamectin
% Mort
acetamiprid
% Mort 100 100 100 100
acephate
% Mort 55
bifenthrin
% Mort
chlorfenapyr
% Mort 99 99 100 96 100
dichlorvos
% Mort 100
dimethoate
% Mort 100 100 100 100 100
endosulfan
RF . 0.2 . . .
finranil
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Cl
% Mort
% Mort
malathion
% Mort
methamidoph
0S
% Mort
methidathion
% Mort
methiocarb
% Mort
methomyl
% Mort
pyrazophos
% Mort
thiacloprid
% Mort
thiamethoxam
RF
spinosad Cl | 27111| 0916 . . . .
% Mort 80 100 100 100 100 100

NB Grey fill not tested

* Discriminating Dose (DD) test only.

* unreplicated

Collected from:

Ornamental F 2006 NSW 10 July 2006, ex roses Flora International Legfun, houses 5,7
and 8 (not spinosad sprayed for 10 months). Caltedbhn Prinslou

Chilli Bundaberg QId: 12 September 2006, ex chilli S. De Pooli, Doudrals Collector lain
Kay, QDPI & Fisheries

Capsicum Wallace QId 23 October 2006, ex capsicum J. Manera, Wallage (Brayed
with methomyl and 2-3 spinosad) Collector lain K@PPI & Fisheries

Chilli Patane QId: 23 October 2006, ex chilli Pantane, Gumlu. Gute Melissa Fellows
Honey dew Gumlu Qld 23 October 2006, ex honeydew R. Chapman. Coleditelissa
Fellows

Research Station Qld 4 December 2006, ex capsicum Research Stationddeng.
(Sprayed methomyl 7x, DC072, methamidophos, pylddipronil) Collector lain Kay,
QDPI & Fisheries

Table 3. WFT resistance testing 2007 for the project VGO@3Qdose-response summary
giving LC50 level resistance factors for fiproniicaspinosad with confidence interval (Cl);
and percent mortality at the discriminating dosen(frt) for the remaining chemica{§%
survivors at the discriminating dose are = susbégti0-10% survivors at the discriminating
dose are = suspect resistant, >10% surviving thexichinating dose = resistant).

Capsicum
WA
02/2007

Cucumbe
r
Rossmore
NSW
03/2007

Lettuce G
2007
NSW

03/2007

Ornamen
tal F 2007
NSW
05/2007

Tomato
Horvath

Qld
08/2007

Capsicum
Penfield
SA
10/2007
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Spray history Having
control
problems
with
spinosad
% Mort
abamectin
% Mort
acetamiprid
acephate
% Mort
bifenthrin

chlorfenapyr

% Mort

IPM
practiced
with Eco-

Oil

Natrasoap
and
abamectin

(for TSM)

Sprayed | Sprayed Noted Noted
with with reduced | control
methomyl | methomyl | efficacy failure
spinosad | abamectin|  with with
pyrethrum| Eco oil | spinosad.| methamid
dimethoat and Used with| ophos.
ea- dichlorvos| predatory| Sprayed
cypermeth mites methamid
rn ophos
imidaclop spinosad
rid and bifenthrin
pirimicarb and
abamecting

dichlorvos
% Mort
dimethoate
% Mort 100 98
endosulfan
RF 2.3
fipronil Cl
% Mort 91*
% Mort
malathion
% Mort
methamidoph
0S
% Mort ‘ 100
methidathion
% Mort
methiocarb
methomyl
% Mort
pyrazophos
% Mort
thiacloprid
% Mort
thiamethoxam
RF 201 180 . 21
spinosad Cl 75-160 | 109-369| 118-275  1.7-3.6 . (14-32) |
% Mort 43* 36* 12+ 89* 100 76 |

NB Grey fill not tested
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* Discriminating Dose (DD) test only.

* unreplicated

Collected from:

Capsicum WA: 2 February 2007. ex capsicum Grower north Pépttoblems with spinosad)
Collector David Cousins

Cucumber Rossmore NSW 22 March 2007, Twin Cam Farms, Kelly St, Rossmore
Moustafa Osman. Collecter Stacey Azzopardi and bub.

Lettuce G 2007 NSW Glenorie Hydroponics, Old Northern Rd, Glenodeg D’Anastasi.
Collector Stacey Azzopardi and bub.

Ornamental F 2007 NSW 08 May 2007, Stuart Lowrie, Stuart @ Flora Ins¢ronal

Tomato Horvath QIld: Horvath Hydroponics, Bundaberg. Try to be softd anse
montdorensis and some spinosad use. Collector lain Kay DPI&F

Capsicum Penfield SA Capsicums from Vandy Yon property, Penfield Rdrgifia.
Sprayed Nitofol, Success and probably Talstar amditiviec. Collector Tony Burfield,
SARDI.

Table 4. WFT resistance testing 2008 for the project VGO@3Qdose-response summary
giving LC50 level resistance factors for spinosamyovith confidence interval (Cl); and
percent mortality at the discriminating dose (% thtor remaining chemical@% survivors
at the discriminating dose are = susceptible, 0-$0%givors at the discriminating dose are =
suspect resistant, >10% surviving the discrimirgatinse = resistant).

Lettuce Ornamental White Acres Lettuce
Glenorie Manjimup 12/2008 Glenorie
02/2008 WA 11/2008
02/2008
Spray history Nothing Nothing Nothing Sprayed with
mentioned mentioned mentioned spirotetramat
Predatory mites and spinosad
in sample
% Mort P# P#
abamectin
% Mort R R
acetamiprid
% Mort E E
acephate
% Mort D D
bifenthrin
% Mort A A
chlorfenapyr
% Mort T T
dichlorvos
% Mort O O
dimethoate
% Mort R R
endosulfan
% Mort Y Y
fipronil
% Mort
malathion
% Mort M M
methamidophos
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% Mort | |
methidathion
% Mort T T
methiocarb
% Mort E E 100
methomyl
% Mort S S
pyrazophos
% Mort
thiacloprid
% Mort A A 100
thiamethoxam
_ RF T T 3.3 156
spinosad Cl E E (1.8-5.7) (92-263)
% Mort ! ! 95 21

NB Grey fill not tested

* Discriminating Dose (DD) test only.

# Mite identified asNeoseiulus barkeri (Hughes 1948) synonym fokmblyseius masiaka
(Blommer & Chazeau 1974)

Collected from:

Lettuce Glenorie (G) 02/2008 Lettuce from Mr Joe D’Antastasi, Glenorie Hydropzs.
Collector Sylvia Jelinek

Ornamental Manjimup: Collected off lupin. Collector Sonya Broughton,A\Dept of
Agriculture.

White Acres QId: Collected off White Acres (cotton), Bongeen, Dglby CSD consultant J
Marshall

Lettuce Glenorie 11/2008 Lettuce from Mr Joe D’Antastasi, Glenorie Hydropzs.
Currently under trial with Spirotetramat that haseb used a few times. Also had a few
spinosad applications recently. Collector Sylviingd

(e) Discussion

Despite a resistance management strategy for Wédciitide resistance being implemented,
resistance has increased above the 87-fold detentexd previous study of Herron and
Broughton (2006). Spinosad resistance peaked atf@dlin the 2006/2007 season with a
further three instances of resistance above 106. fal major factor in the selection for
resistance is the lack of effective alternativesspinosad, and field levels of resistance to
spinosad continue to increase. Take the Ord Rivigiation Area (ORIA) as an example that
had high reliance on a single insecticide. Poberfiquality and pyrethroid insecticide
resistance in the cotton boll worid, armigera, caused cotton production to be abandoned in
the ORIA in 1975 (Yeateat al. 2006). If available, new chemical(s) would haeei used
and the cycle repeated; however, new chemicals neravailable in the ORIA and cotton
production ceased. The Australian situation withTW§ not much different from the cotton
example, with all strains tested showing resistaiocat least one insecticide. Even when
growers practice integrated pest management (IRMh ss in strain Cucumber Rossmore
03/2007, very high 201-fold spinosad resistance detiscted.

Unfortunately, lack of alternative chemistry is nibte only reason spinosad resistance

continues to increase. The published strategy regj@ treatment cycle of three consecutive
sprays in close succession (Broughton and Her@di7)2 because eggs are hidden in the leaf
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tissue and pupae in the soil, largely preventingtaxct with sprayed chemicals (Herrenal.
2007). A detailed chemical spray history suppliethwstrain Lettuce Glenorie 11/2008
(unpublished data) showed that chemicals inclugipigosad were not applied according to
the published resistance management strategy. iCalsmvere being sprayed weekly rather
than as recommended close together and in quickession dependant on temperature
(Broughton and Herron 2007). Additionally, chemscalvere often not appropriately
alternated with sequential use with an insecti¢diden another chemical class. This would
have resulted in single chemical exposure to meltifyFT generations and so increase the
probability of resistance selection. Interestintjfign, spinosad resistance was associated with
Lettuce Glenorie on two separate occasions. lieigranore is required to educate growers on
correct chemical use for WFT control.

Promisingly, laboratory data indicates spinosadstasce will revert without selection, and
has been shown to drop in the absence of spinasadSirain Ornamental F 07/2006 had
been tested by discriminating dose some 10 morah®ieand found 97% spinosad resistant
(G. Herron, unpublished data). When retested is #tudy the resistance frequency had
dropped to 20% in strain Ornamental F 07/2006 anithér reverted to 11% in the subsequent
collection Ornamental F 05/2007.

Additional research is required to relate spedfinosad resistance frequencies seen in the
laboratory to field management plans, and how tlspgeific resistance frequencies influence
subsequent associated field control. To allow ckahiontrol to be sustained and IPM to
endure with diagnosed insecticide resistance thsigm#e must function effectively in
conjunction with IPM, and if resistance is quaatifie then growers must be assured of
product efficacy to prevent chemical overuse. Wesater resistance management integral to
sustainable IPM, and, resistance management wabirbe increasingly more important as the
suite of IPM compatible chemicals is reduced foy aeason, including the incidence of
resistance or legislative pressure.
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(h) Appendices

(i) Full log-dose probit data
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Figure 1. Control mortality corrected dose-response datanagépronil for field collected
and reference susceptible NZ2 strain. DD = discrating dose.
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Figure 2. Control mortality corrected dose-response datanayapinosad for field collected
and reference susceptible NZ2 strain. DD = discrating dose.
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Cross - resistance bioassay of some existing andtgratial insecticides to control western
flower thrips (WFT), Frankliniella occidentalis (Pergande)(Thysanoptera, Thripidae).
Grant A. Herron and Tanya M. James

| & I NSW, Elizabeth Macarthur Agricultural Ingtitute, PMB 4008, Narellan NSW 2567.

(i) Abstract

Cross-resistance refers to the situation wheresteegie to one insecticide automatically
causes resistance to other insecticide to whiclnsect has not been previously exposed.
Here we studied cross-resistance in western flalnrgrs (WFT) that were spinosad resistant
by exposing susceptible and resistant strains iiieg and potential chemicals used for their
control, and compared their response. Strains westd against abamectin, acetamiprid,
chlorfenapyr, fipronil, methamidophos, methomylingigad and thiamethoxam. Field strains
tested were highly spinosad resistant and resultgyest that cross-resistance to the
chloronicotinyl (neonicotinoid) insecticides acetpnd and thiamethoxam is likely from
spinosad use, and their alternation with spinosadldg be avoided. Similarly, fipronil cross-
resistance is also considered a possibility andises should also be avoided with spinosad.
Abamectin and methomyl did not show cross—resigtanat their alternation with spinosad is
compromised for other reasons. Chlorfenapyr andhametdophos are currently the only two
products likely to be useful for alternation witpirsosad. Even so, methamidophos use in
Australia is restricted to ornamentals (register@a head lettuce only (permit PER10416).
Chlorfenapyr is restricted to use in spring oniow &hallots (permit PER11508) for WFT
control in Australia.

() Introduction

Western flower thrips (WFT),Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae), is one of the most serious pests otitwdture where feeding by adults and
nymphs can cause severe crop losses (Kirk 2002haDa is caused directly through feeding
and oviposition (Childers and Achor 1995), and redily through transmission of tomato
spotted wilt virus (Kirk, 2002). It has a wide he@ahge, and because of its ability to invade
and establish in new habitats, WFT is consideredniost damaging thrips species (Kirk
2002). Since first being detected in Australia rtR during 1993 (Malipatiet al. 1993),
WFT has spread throughout Australia and is now douanall six states, but not the Northern
Territory (Medhurst and Swanson 1999). This disttidn has not changed in the subsequent
decade.

Resistance is a heritable characteristic that thire@sults from insecticide use and its
evolutionary selection for resistance (Plapp anchiVE983). Insecticide resistance has been a
problem of agriculture since the 1940s (Georguiad Mellon 1983), despite first being
noted nearly a hundred years ago by Melandier (198uhce the introduction of synthetic
organic insecticides such as DDT, insect resistdancesecticides has necessitated more
frequent insecticide applications, higher dosesl, @quired the substitution of inexpensive
compounds with newer and more expensive productsor@siou and Mellon 1983).
Globally, resistance to one or more pesticides lbeen recorded in some 550 arthropod
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species (Whaloert al. 2009). The loss of efficacy of pesticides dueesistance puts a huge
demand on remaining products and presents an ensrtheat to sustainable agriculture.

Resistance to newer groups of insecticide has reem lpeported in Australian strains of WFT
(Herron and James 2005) and appear to be increasimgth frequency and abundance
(Herron and James 2007). This includes the group&@uct fipronil (Regent®) and the
group 5A product spinosad (Success™)(InfoPest 2008 potential loss of spinosad is of
particular concern, as it is the most widely usdwbngical in Australia to controF.
occidentalis. Spinosad is registered in more than 60 individusés in a range of crops
including apples, brassicas, cucurbits, fruitinggetables, leafy vegetables, legumes,
ornamentals, potatoes, pears and stone fruit (&s#o@2008). Spinosad is also the only
insecticide regarded to be safe to many benefiogdcts that is available to growers using
integrated pest management (IPM) programs (Elz€4d)20

Cross-resistance refers to a situation where atinssistant to one insecticide automatically
develops resistance to other insecticides to wihidtas not been exposed (Yu 2008). This
happened in Australia with the chemical control tofo-spotted spider mite (TSM)
Tetranychus urticae Koch when resistance to the ovicide clofenteziApo{lo®) caused
cross-resistance to the chemically unrelated comgdwexthiazox (cailibre®) (Herroet al.
1993). Loss of hexythiazox to cross-resistance fotofentezine use caused severe problems
with TSM control and made some crops uneconomicrest al. 1993). In Australia, WFT

is largely controlled with the single insecticidgireosad (Herroret al. 2007). It is critical
then that spinosad does not cause cross-resistaticether chemicals used against WFT. If
that was to occur it would exacerbate spinosacstasie development and further reduce
potential alternative control options.

AIM: To screen a reference susceptible (NZ2) and (Oamd)spinosad resistant (kRand
(WAp) strains of WFT against a range of chemicals disetheir control to determine
likely cross-resistance

(k) Materials and Methods

() Insecticides tested

Table 1.Common name, trade name, formulation and supgpligrsecticides tested.

Common name Trade name Formulation Supplier

Abamectin Vertimec 18g/LEC Syngenta Crop Pratec
Pty Ltd

Acetamiprid Mospilan 2259g/LSL Du Pont (AustaglLtd

Chlorfenapyr Secure 360 EC 360g/LEC Crop Caurstralasia Pty
Ltd

Fipronil Regent 200 SC 200g/L SC Nu Farm Ausrhtd

Methamidophos Nitofol Insecticide 580g/LEC Bagzop Science Pty Ltd

Methomyl Marlin Insecticide 2259/ LAC Du Pont (Australiad

Thiamethoxam Actara Insecticide 250 g/ kg WG Syngenta Crop dttiin
Pty Ltd

Spinosad Success2 Naturalyte 240g/L SC Dow AgroScienagsiralia
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Ltd

AC = aqueous concentrate

EC = emulsifiable concentrate
SL = soluble concentrate

SC = suspension concentrate
WG = water dispersible granule

(i) Culturing and bioassay method

The thrips were confirmed as WFT under a stereaastope prior to culture establishment
using the diagnostic guide of Palmaral. (1992). Thrips were cultured on potted dwarf
French beanRhaeseolus vulgaris L.) using methods given in Herron and Gullick (20
Briefly, the WFT were reared in purpose built regricages on potted bean plants with
Cumbungi Typha domingensis Pers.) pollen and honey as a supplementary foodcso
Thrips were transferred onto fresh plants in a nage on a six-weekly-cycle and maintained
at 25+1°C under an 18:6 hour L: D regime. Strain integiitys assured by isolating the
reference susceptible (NZ2 and Orn Y) from thestasi strains (LRand WA). It should be
noted that NZ2 did contain small proportion of épil resistant WFT and so was not used for
that chemical.

Resistant strain LRwas collected from commercial roses in Leppingto8WN on the
09/08/2005 and was associated with spinosad coffdillre. Resistant strain WAwas
collected from capsicum north Perth WA on the 020Q7 and also associated with spinosad
control failure. Being field collected both resistatrains could have had previous exposure
to a range of chemicals in addition to spinosadh@lgh spinosad was used significantly on
both resistant strains causing control failure pitfeemicals permitted for WFT control on
ornamentals at the time included abamectin, acephdithlorvos, fipronil, malathion,
methamidophos, methidathion, methomyl and spindséetron 2005). Chemical use for
WFT control on capsicum at the time included aceghdichlorvos, endosulfan, fipronil,
methamidophos, methidathion, methomyl and spinastathe time of collection (Herron
2005a). Consequently, strains should not have hgdeaposure to acetamiprid, chlorfenapyr
or thiamethoxam. The resistant strains §l&Rd WA,) were pressured with a discriminating
concentration of spinosad on an ad hoc basis tataiairesistance post collection and had no
other chemical exposure.

The bioassay procedure is given in Herrenal. (1996). Briefly, WFT were lightly
anaesthetised with G@ndthen tipped onto French bean-leaf discs embeddadanin small
Petri dishes. The leaf discs with anaesthetisgdsiin place were then sprayed with aqueous
insecticide (Table 1)(4 mL aliquot) or with wateoftrol) with the aid of a Potter spray tower
(deposit of 3.2 mg cif). The Petri dish was covered with taut plastimgtivrap film
perforated with 40-50 fine holes. The dishes wépees for 48 h at 25 + 02C in a 18:6 hour

L: D regime after which the numbers of alive anddl¢éhrips were counted. Tests were done
to achieve full probit regressions. Each test vegdicated at least once and control mortality
did not exceed 15%.
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(i) Bioassay assessment
Thrips were confirmed alive or dead with the aicaftereo-microscope.

(iv) Analysis of bioassay data

Data were analysed using GENSTAT 5 statisticamgnie (Barchia, 2001). The lsgor LCyo
plus its 95% fiducial-limit, were calculated usitige probit method outlined in Finney (1971)
and included control mortality correction (Abbo@2b). The LGes and LGgs were used to
calculate cross- resistance factor (CRF) valudbaatl G (ie RFso) or LCq (ie RFyg) level
plus their associated 95% confidence intervals @3l)outlined in Robertson and Preisler

(1992).

() Results

Table 2. Probit regression summaries for reference sudieirains NZ2 or OrnY and
reference resistant strains L&nd WAs giving cross-resistance estimates for each chémica

tested.
Chemical Strain Slope LCso* CRF LCog* CRF
(SE) (95% FL) (95% CI) (95% FL) (95% CI)
abamectin NZ2 3.6 (0.45) 0.0054 - 0.024 -
(0.0044- (0.020-
0.0064) 0.031)
LRp 1.6 (0.32) 0.0095 1.7 0.24 (0.13- 10.1
(0.0051- (1.0-2.9) 0.67) (4.8-21.2)
0.015)
WAp 2.1 (0.23) 0.0075 14 0.094 3.8
(0.0051- (0.9-2.0) (0.063- (2.2-6.6)
0.0098) 0.18)
acetamiprid NZ2 3.4 (0.46) 0.028 - 0.13 -
(0.020- (0.099-
0.035) 0.20)
LRp 2.3(0.28) 0.055 1.9 0.56 (0.35- 4.3
(0.042- (1.4-2.7) 1.18) (2.3-8.0)
0.070)
WAp 2.5(0.39) 0.046 1.6 0.38 (0.27- 3.0
(0.035- (1.2-2.3) 0.67) (1.7-5.1)
0.056)
chlorfenapyr NZ2 2.5(0.65) 0.0032 - 0.027 -
(0.0020- (0.011-
0.0066) 0.66)
LRp 3.2(0.38) 0.0053 1.6 0.028 1.0
(0.0042- (1.0-2.6) (0.020- (0.2-4.1)
0.0064) 0.050)
WAp 2.4 (0.48) 0.0026 0.8 0.048 0.8
(0.0014- (0.4-1.4) (0.021- (0.2-3.9)
0.0038) 0.36)
Fipronil OornY 4.3 (1.3) 0.00035 - 0.0012 -
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LRp
WAp
Methamidophos NZ2
LRp
WARp
Methomyl NZ2
LRp
WAp
Spinosad NZ2
LRp
WARp
thiamethoxam  NZ2

LRp

WAp

1.7 (0.35)

1.0 (0.17)

4.3 (1.0)

3.0 (0.49)

1.9 (0.25)

5.3 (0.94)

3.2 (0.41)

2.7 (0.30)

3.3 (0.49)

0.7 (0.28)

2.4 (0.36)

3.2 (0.42)

2.2 (0.27)

1.0 (0.35)

(0.00017-
0.00054)
0.00037
(0.000089-
0.00073)
0.00084
(0.00024-
0.0017)
0.029
(0.014-
0.040)
0.10
(0.078-
0.14)
0.024
(0.016-
0.032)
0.051
(0.038-
0.061)
0.059
(0.044-
0.073)
0.037
(0.028-
0.047)
0.00046
(0.00034-
0.00057)
0.18
(0.053-
1.83)
0.044
(0.022-
0.069)
0.020
(0.015-
0.024)
0.083
(0.057-
0.11)
0.011
(0.00028-
0.041

1.0
(0.4-2.7)

2.4
(1.0-6.0)

3.5
(2.3-5.5)

0.8
(0.5-1.4)

1.1
(0.9-1.5)

0.7
(0.5-1.0)

398
(120-
1322)
97
(54-174)

4.1
(2.9-6.0)

0.5
(0.1-2.0)

(0.00063-

0.0094)

0.0079 6.4
(0.0046-  (2.4-16.8)
0.023)

0.20 165
(0.062-  (32-856)
2.48)

0.10 -

(0.071-

0.23)

0.61 (0.36- 6.0

1.73) (2.8-13.0)
0.38 (0.25- 3.8

0.74) (1.9-7.5)
0.14 (0.11- -

0.23)

0.31 (0.23- 2.2

0.51) (1.4-3.4)
0.28 (0.20- 2.0

0.48) (1.2-3.3)
0.0023 -
(0.0016-

0.0046)

411.20 178536
(0.60- (171-
2.39x10)  1.85x10)
0.41 (0.31- 181
0.60) (106-308)
0.11 -

(0.076-

0.19)

0.94 (0.62- 8.6

1.81) (4.6-16.2)
1.92 (0.17- 18
2202.50) (1.4-222)

*gail/lL

LC = lethal concentration

CRF = cross-resistance factor

FL = fiducial limit

Cl = confidence interval
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(m) Discussion

Cross-resistance refers to a situation in whichtrairs that has become resistant to one
insecticide automatically develops resistance teewtnsecticides to which it has not been
exposed (Yu 2008) with management based on modactidn groups (InfoPest 2008).
Spinosad belongs to the spinosyn group 5A chemiwdls a primary target site of acetyl
choline receptor modulators (InfoPest 2008). Idedhe strain(s) used in a cross-resistance
study would only have been exposed to a single aamn this case spinosad, without any
other chemical selection. However, this was nosiimbs, and both resistant strains teste@ LR
and WA would have been previously exposed to a rangé@iecals used for WFT control.
For this reason two spinosad resistant strains vested for the cross-resistance. They were
sourced from two distinct geographic areas and bagis to reduce the likelihood of two
strains having significant previous exposure tosi@e chemicals.

Previous testing of the WAstrain immediately post collection and prior tegsuring had
shown it to have some methomyl (2%), acephate (figgpnil (9%), dichlorvos (13%) and
spinosad (57%) resistant individuals (see resistamonitoring data). The initial LR
collection was found spinosad resistant (97%) (tieotesting was done at the time) but a
subsequent collection from the same site some Iihmdater (where spinosad had not been
used since) found the WFT fipronil susceptible lmointaining some abamectin (1%),
dichlorvos (32%), methamidophos (22%), methomyl Y49d spinosad resistant (11%) WFT
(see resistance monitoring data). It should bedchtiten that there was a small proportion of
fipronil resistant individuals detected in straiRd.indicated by the 6.4 fold difference in
response at the lgglevel. It is interesting then that fipronil (GABAgs spinosad (nACh
receptor), both belong to the super family of lidgagated ion channels known &gs-loop
receptors (Lestest al. 2004) and so cross-resistance from spinosagbtorfil is a possibility.

It is unlikely that either population had dichloerexposure because it is used to disinfest
empty structures only (Herra al. 2007). As both strains showed some dichlorvostasce

it may have resulted from an undetermined crosstege with chlorpyrifos as previously
suspected by Herron and James (2005). The abammeststance detected in strain diRay
relate to previous product use as that strain ubigally would have had previous abamectin
exposure.

Encouragingly, there was no cross-resistance matham chlorfenapyr with resistance
detected to methamidophos explained by previousnwat use. Therefore these chemicals
appear to be suitable candidates for alternatioth 8pinosad because they will not
compromise spinosad efficacy due to cross resistadfizcouragingly, Broughton and Herron
(2009) concluded that chlorfenapyr did have po&htr WFT control but there are currently
no registrations for use (Herra al. 2007) and only a single permit PER11508. However,
the usefulness of methomyl and methamidophos isdihfor this purpose due to efficacy and
use limitations respectively. Methamidophos is sifeed as an S7 product in Australia using
the 'Standard for the Uniform Scheduling of Drugsl &oisons' and following the NRA
(2002) review use was restricted for WFT contrad aow includes only a single registration
(ornamentals) and permit (lettuce) (Hereral. 2007). Although methomyl resistance is not
always detected and then only at low level (Hemiod James 2007) field trials in Qld rated
methomyl efficacy to be poor and often not bettemt control plots (Kay and Herron 2010).
Similarly, abamectin efficacy at the permit rate0dd18 g ai / L is questionable (Broughton
and Herron 2007) and again alternation with spidateuld be avoided.

Although cross-resistance should only occur witthe same mode of action group it is

noteworthy that both acetamiprid and thiamethoxhat belong to to chloronicotinyl group
4A chemicals with a primary target site of acetlylotine receptor agonists/antagonists also
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showed a proportion of resistant individuals whestéd against a spinosad resistant strain.
Yu (2008) notes that spinosad and chloronicotisyish as thiamethoxam and acetamiprid all
mimic acetylcholine by acting as agonists to atéitae nicotinic acetylcholine receptor with
all chemical therefore in th€ys-loop super family group. Consequently cross-resistasce
plausible and probably likely in the two populaBotested. Consequently, chloronicotinyl
(neonicotinoid) alternations with spinosad showddalboided.
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(i) Full log-dose probit data

100%]
0O Susceptible NZ2
0/ —
98% O spinosad pressured (LRp)
2 84%
g
S
= 50%-
16% DD =
03gailL®
' LR | L LAY | L L] L LR | L ALY | L L |
0.00001 0.00010 0.00100 0.01000 0.10000 1.00000 10.0
. -1
abamectin(gai L")
A
100%]
O Susceptible Nz2
0/ -
98% O spinosad pressured (WA,)
2 84%
g
o
= 50%-
16% DD =
0.3 g ai L?
T T T T T T T T T
0.00001 0.00010 0.00100 0.01000 0.10000 1.00000 10.0
. -1
abamectin(gai L")
B

Figure 1. Control mortality corrected dose-response datanagabamectin for reference
susceptible strain NZ2 and reference spinosadtaasistrains (LR (Fig 1 A) and (WA)

(Fig 1 B)(DD = Discriminating Dose)
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Figure 2. Control mortality corrected dose-response datanayaicetamiprid for reference
susceptible strain NZ2 and reference spinosadtaasistrains (LR (Fig 2 A) and (WA)

(Fig 2 B) (DD = Discriminating Dose)
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Figure 3. Control mortality corrected dose-response datanagahlorfenapyr for reference
susceptible strain NZ2 and reference spinosadtaasistrains (LR (Fig 3 A) and (WA)

(Fig 3 B) (DD = Discriminating Dose)
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Figured4. Control mortality corrected dose-response data nagaiipronil for reference
susceptible strain OrnY (01-02) and reference s@daesistant strains (kR(Fig 4 A) and

(WAp) (Fig 4 B) (DD = Discriminating Dose)
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Figure 5. Control mortality corrected dose-response data nggamethamidophos for
reference susceptible strain NZ2 and referenceospthresistant strains (kRR(Fig 5 A) and

(WAp) (Fig 5 B) (DD = Discriminating Dose)
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Figure 6. Control mortality corrected dose-response datanaganethomyl for reference
susceptible strain NZ2 and reference spinosadtaesistrains (LR (Fig 6 A) and (WA)

(Fig 6 B) (DD = Discriminating Dose)
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Figure 7. Control mortality corrected dose-response datanagaspinosad for reference
susceptible strain NZ2 and reference spinosadtaesistrains (LR (Fig 7 A) and (WA)

(Fig 7 B) (DD = Discriminating Dose)
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Figure 8. Control mortality corrected dose-response datanagjghiamethoxam for reference
susceptible strain NZ2 and reference spinosadtaasistrains (LR (Fig 8 A) and (WA)

(Fig 8 B) (DD = Discriminating Dose)
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Bioassay of susceptible and resistant western flowehrips (WFT), Frankliniela
occidentalis (Pergande)(Thysanoptera, Thripidae) with synergig as a first step to
determine possible resistance mechanisms. Grant Merron and Tanya M. James

Industry and Investment NSW, Elizabeth Macarthur Agricultural Institute, PMB 4008, Narellan NSW 2567.

(q) Abstract

Resistance is caused by a number of mechanisms matt being either target site or
detoxification. The presence of specific detodfion enzymes can be deduced with
synergists that can neutralise specific enzymexdetation pathways. As compared to the
response of a spinosad pressured and resistam ERa the addition of synergists did not
significantly influences (by overlapping 95% CIetRF (resistance Factor at the ¢fJevel)
ratio for abamectin, spinosad or thiamethoxam.réstngly, the RE ratio was significant
for acetamiprid with the monooxygenase synergiSDRBiperonyl butoxide) but not for the
other synergists tested. Calculated S (synergetips were similar in that there was a
significant difference with acetamiprid and PBO hutlike the REp ratios there was an
additional significant difference seen with theeeasse synergist TPP (triphenyl phosphate)
and abamectin. As there were no significant difiees with any synergist detected with
spinosad and so we suspect resistance may be tgtgetather than metabolic. As the
synergist study eliminated metabolic detoxificatiam a cause of spinosad resistance the
molecular component of the project VG06010 can ymuithe target site resistance model of
Drosophila melanogaster Meigen with a high degree of confidence.

(r) Introduction

Resistance is a heritable characteristic that tesdirectly from insecticide use and its
evolutionary selection for resistance (Plapp andnyva983). It has been a problem of
agriculture since the 1940s (Georguiou and Mell6B3) despite first being noted nearly a
hundred years ago by Melandier (1914). Since theodaction of synthetic organic
insecticides, such as DDT, insect resistance tectigdes has necessitated more frequent
insecticide applications, higher doses, and reduine substitution of inexpensive compounds
with newer and more expensive products (GeorgunmliMellon 1983). Globally, resistance
to one or more pesticides has been recorded in &&tearthropod species (Whalehal.
2009). The loss of efficacy of pesticides due tgistance puts a huge demand on remaining
products and presents an enormous threat to saltaiagriculture.

Western flower thrips (WFT),Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae), is one of the most serious pests otidwture where feeding by adults and
nymphs can cause severe crop losses (Kirk 2002nhaDa is caused directly through feeding
and oviposition (Childers and Achor 1995), and riedily through transmission of tomato
spotted wilt virus (Kirk 2002). It has a wide haganhge, and because of its ability to invade
and establish in new habitats WFT is considered ritost damaging thrips species in
California (Kirk 2002). Since first being detectiedAustralia in Perth during 1993 (Malipatil
et al. 1993), WFT has spread throughout Australia antbig found in all six states but not
the Northern Territory (Medhurst and Swanson 1999).
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Australian WFT is now resistant to varying degréesll chemicals used for their control
(Herron and James 2005 and 2007). Resistance sed¢day a number of mechanisms with
most being either target site or detoxification @¢@gou and Saito 1983). Increased
detoxification is caused by a number of broad spettnzymes known as cytochrome P450
monooxygenases, hydrolases or glutathione-S-treassfe (Yu 2008). The presence of these
specific detoxification enzymes can be deduced wjthergists that can neutralise specific
enzyme detoxification pathways (Raffa and Prie$885) and provide strong evidence that
resistance is caused by increased metabolic actiWu 2008). Specifically piperonyl
butoxide (PBO) is used to detect cytochrome P45Aaorygenases, diethyl maleate (DEM)
to detect glutathione-S-transferases danghenyl phosphate (TPP) to detect esterases (a
specific hydrolase often associated with resistantiee synergists are used to determine a
synergist ratio that is defined as the LC50 valtiaroinsecticide applied alone divided by the
LC50 value of the observed when the insecticidapplied with a synergist and applied
similarly (Yu 2008).

AIM: To screen a reference susceptible (NZ2) and spineessastant (LRp) strain of WFT
against a four chemicals used for their controhvahd without the synergists PBO,
TPP and DEM as a first step to determine if reswais likely metabolic or target
site.

(s) Materials and methods

() Insecticides tested

Table 1.Common name, abbreviation and supplier of syntstgsted

Common name Abbreviation Supplier

diethyl maleate DEM Sigma-Aldrich

triphenyl phosphate TPP Sigma-Aldrich
piperonyl butoxide PBO Endura Fine Chemicals

Table 2. Common name, trade name, formulation and supgpligrsecticides tested.

Common name Trade name Formulation Supplier

Abamectin Vertimec 18g/LEC Syngenta Crop Pratec
Pty Ltd

Acetamiprid Mospilan 2259g/LSL Du Pont (AustaglLtd

Thiamethoxam Actara Insecticide 250 g/ kg WG Syngenta Crop éatiin
Pty Ltd

Spinosad Success2 Naturalyte 240g/L SC Dow AgroScienagstralia
Ltd

EC = emulsifiable concentrate
SL = soluble concentrate

SC = suspension concentrate
WG = water dispersible granule
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(i) Culturing and bioassay method

The thrips were confirmed as WFT under a stereagasaope prior to culture establishment
using the diagnostic guide of Palmgral. (1992). Thrips were cultured on potted dwarf
French beanRhaeseolus wulgaris L.) using methods given in Herron and Gullick (2RO
Briefly, the WFT were reared in purpose built regricages on potted bean plants with
Cumbungi Typha domingensis Pers.) pollen and honey as a supplementary foodcso
Thrips were transferred onto fresh plants in a nage on a six-weekly-cycle and maintained
at 25+1°C under an 18:6 hour L: D regime. Strain integuitys assured by isolating the
reference susceptible (NZ2) from the resistanirstiResistant strain LiRwas collected from
commercial roses in Leppington NSW on the 09/08%280d was associated with spinosad
control failure. Being field collected the residtatrain had previous exposure to a range of
chemicals in addition to spinosad (deesistance Monitoring section). The resistant strain
(LRp) was pressured with a discriminating concentratbrspinosad on an ad hoc basis to
maintain resistance.

The bioassay procedure is given in Herrenal. (1996). Briefly, WFT were lightly
anaesthetised with G@ndthen tipped onto French bean-leaf discs embeddadanin small
Petri dishes. Thrips were pre-treated with synérdiable 1) using intervals and methods as
outlined in Thalavaisundaraebal. (2008). The pre treated leaf discs with anaeiséabthrips

in place were then sprayed with aqueous insectiCidble 2)(4 mL aliquot) or with water
(control) with the aid of a Potter spray tower (dgip of 3.2 mg cif).The Petri dish was
covered with taut plastic cling-wrap film perfordtevith 40-50 fine holes. The dishes were
stored for 48 h at 25 + 0°C in a 18:6 hour L: D regime after which the nunsbef alive and
dead thrips were counted. Tests were done to aeliidvlog-dose probit regressions. Each
test was replicated at least once and control nityrdid not exceed 15% (unless otherwise
stated).

(i) Bioassay assessment
Thrips were confirmed alive or dead with the aicaftereo-microscope.

(iv) Analysis of bioassay data

Data were analysed using GENSTAT 5 statisticamgni (Barchia, 2001). The LC50 plus its
95% fiducial-limits, were calculated using the ptaibethod outlined in Finney (1971) and
included control mortality correction (Abbott 1925)he LGes were used to calculate
resistance factors at the §fdevel (ie Rkg) with or without synergist plus associated 95%
confidence intervals (Cl) as outlined in Robertsomd Preisler (1992). As defined by Yu
(2008) the LG was used to calculate an S ratio plus associ&@#d@®nfidence intervals (CI)
by dividing the LG value for the insecticide applied alone by thed®hen the insecticide
is applied with synergist.

() Results
As compared to the response of strain LRp the atdaf synergists did not significantly
influences (by overlapping 95% CI) the {gfatio for abamectin, spinosad or thiamethoxam

(Table 3). Interestingly, the B§ratio was significant for acetamiprid with PBO gt for
the other synergists tested. Calculated S ratia®g wenilar in that there was a significant
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difference with acetamiprid and PBO but unlike fREsy ratios there was an additional
significant difference seen with abamectin with TPP

Table 3. Probit regression summaries for against abamestigtamiprid, spinosad and
thiamethoxam for reference susceptible strain NZ2 reference resistant strain A Rith and
without synergists DEM, TPP and PBO and calcul&Bg and S ratio.

Chemical & Strain  Slope (SE) L&~ RFsoratio S ratio
synergist (95% FL) (95% CI) (95% CI)
abamectin NZ2 3.6 (0.45) 0.0055 - -

(0.0044-0.0064)
LRp  1.6(0.23)  0.0096 (0.0051-1.7 -

0.015) (1.0-2.9)
+10.0 g/L DEM LRp 0.7 (0.19) 0.012 (0.00067-2.0 1.2
0.033) (0.5-9.0) (0.3-5.0)
+2.0g/LTPP LRp 1.4 (0.28) 0.029 (0.011- 5.3 3.0
0.056) (2.7-10.7) (1.3-7.0)
+0.625g/L PBO LRp 0.9 (0.13) 0.0046 0.8 0.5
(0.0017-0.0087) (0.4-1.9) (0.2-1.2)
acetamiprid NZ2 3.5 (0.46) 0.028 (0.020- - -
0.035)
LRp 2.3 (0.28) 0.055 (0.042- 2.0 -
0.070) (1.4-2.7)
+10.0 g/L DEM LRp 1.9 (0.25) 0.069 (0.048- 2.5 1.2
0.095) (1.7-3.6) (0.8-1.8)
+2.0 g/L TPP LRp 1.7 (0.37) 0.038 (0.016- 1.4 0.7
0.075) (0.7-2.6) (0.4-1.3)
+0.625 g/L PBO LRp 2.0 (0.31) 0.011 (0.0073-0.4 0.2
0.014) (0.3-0.6) (0.1-0.3)
Spinosad NZ2 3.3(0.49) 0.00046 - -
(0.00034-
0.00057)
LRp 0.7 (0.28) 0.18 (0.053- 398 -
1.83) (120-1322)
+10.0 g/L DEM LRp 2.3 (0.70) 0.28 (0.092- 613 15
0.56) (325-1158) (0.4-5.8)
+2.0g/L TPP LRp 1.6 (0.39) 0.078 (0.026- 170 0.4
0.14) (87-331) (0.1-1.6)

+0.625¢/LPBO LRp  1.6(0.41)  0.33(0.15-0.72) 717 1.8
(394-1306) (0.5-6.7)

thiamethoxam NZ2 3.2(0.42) 0.020 (0.015- - -

0.024)
LRp  2.2(0.27) 0.083 (0.057- 4.1 -
0.11) (2.9-6.0)
+10.0g/LDEM LRp  1.3(0.37)  0.038(0.0075- 1.9 0.4
0.093) (0.8-4.7)  (0.2-1.1)
+20g/LTPP  LRp  2.1(0.27) 0.065(0.045- 3.3 0.8
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0.084) (2.3-47)  (0.5-1.2)
+0.625g/LPBO LRp  1.6(0.28)  0.062 (0.038- 3.1 0.7
0.099) (2.0-4.9)  (0.5-1.1)

*gail/lL

LC = lethal concentration
S ratio = synergist ratio
FL = fiducial limit

Cl = confidence interval

(u) Discussion

Insecticide resistance can be either behaviouraphysiological with the latter further
subdivided into reduced penetration, altered tasgetor increased detoxification (Yu 2008).
Chemical detoxification causing insecticide resista can be can be suppressed by the
addition of synergists (Raffa and Priester 1985)hwthis current study results implying
monooxygenases may be involved in acetamiprid tesgie and esterases with abamectin
resistance in Australian populations of WFT.

Similar to our results Ligt al. 2003 found that PBO synergised acetamiprid caaseticross
resistance from imidacloprid in the brown plant pepNilaparvata lugens Stil and that
esterases or glutathione-S-transferases were valved. However, another study by Ninsin
and Tanaka (2005) found acetamiprid synergism Wwitth PBO and DEF (S,S,S-tributyl
phosphorotrithioate, an esterase inhibitor) thuglying both monooxygenases and esterases
are involved in acetamiprid resistance in the diadib@ck moth,Plutella xylostella (L).
Consequently acetamiprid resistance may be varladti®een species. Results for abamectin
are similar to that of Siqueirat al. (2001) who found abamectin resistance in the toma
leafminer Tuta absoluta (Meyrick) linked to esterases in 4 of the 6 resistpopulations
tested.

Interestingly, there were no significant differese@th any syngergist detected with spinosad
suggesting resistance may be target site rather tietabolic. This is consistent with the
findings of Scott (2008) and Zhang (2008) who fowpminosad resistance could not be
overcome by synergists and Peetyal. (2007) that found spinosad resistanc®mnoesophila
melanogaster Meigen linked to the nicotinic acetylcholine retep(nAChR) (ie target site)
subunit Dab, conferring 1181-fold spinosad resistanFor that reason the molecular
component of the project VG06010 can pursueRhenelanogaster resistance model with
confidence.
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(x) Appendices

(i) Full log-dose probit data
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Figure 1. Control mortality corrected dose-response datanagabamectin for reference
susceptible strain NZ2 and reference spinosadtaesistrain LRp with and without pre-
treatment with 10.0 g/L di-methyl maleate (DEM)0 2y/L triphenyl phosphate (TPP) and
0.625 g/L piperonyl butoxide (PBO)(DD = Discrimiiveg Dose)
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Figure 2. Control mortality corrected dose-response datanatjacetamiprid for reference
susceptible strain NZ2 and reference spinosadtaesistrain LRp with and without pre-
treatment with 10.0 g/L di-methyl maleate (DEM)0 2y/L triphenyl phosphate (TPP) and
0.625 g/L piperonyl butoxide (PBO)(DD = Discrimiireg Dose)
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Figure 3. Control mortality corrected dose-response datanagiaspinosad for reference
susceptible strain NZ2 and reference spinosadtaesistrain LRp with and without pre-
treatment with 10.0 g/L di-methyl maleate (DEM)Q 2y/L triphenyl phosphate (TPP) and
0.625 g/L piperonyl butoxide (PBO)(DD = Discrimiiveg Dose)
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Figure 4. Control mortality corrected dose-response datanagjgihiamethoxam for reference
susceptible strain NZ2 and reference spinosadtaesistrain LRp with and without pre-
treatment with 10.0 g/L di-methyl maleate (DEM)Q 2y/L triphenyl phosphate (TPP) and

0.625 g/L piperonyl butoxide (PBO)(DD = Discrimiiveg Dose)
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The molecular mechanism of spinosad resistance inestern flower thrips (WFT),
Frankliniella occidentalis (Pergandae). Yizhou Chen, Daniel Bogema, Brendan
Langfield, Martin O McLoon, and Grant A. Herron

Industry and Investment NSW, Elizabeth Macarthur Agricultural Institute, PMB 2008, Narellan NSW 2567.

(y) Abstract

Western flower thrips (WFT}rankliniella occidentalis, is one of the most serious pests of
horticulture and cause severe crop losses. In Alisstthe most common insecticide used for
its control is spinosad (a mixture of spinosyn Al apinosyn D). Unfortunately spinosad
resistance causing control failure has been detepteting the sustainability of the spinosyn
class of chemicals in doubt.. Improved managemkspioosad resistance requires a good
understanding of the spinosad resistance mechas@that insecticides causing cross-
resistance can be eliminated from the chemicalrobstrategy. As a part of this process we
aimed to find the molecular basis for spinosadstasace to improve resistance management
by developing a molecular diagnostic method to rmorspinosad resistance in WFT. Using
immunoprecipitation we identified 10 candidate sigid binding proteins in WFT. We also
obtained 4 partial cDNA sequences for acetylchaleweptor [@6. A singe nucleotide
substitution (C>T) from spinosad resistance andeqtible WFT stains has been identified
showing a clear difference between spinosad subbtejpind resistant WFT at the molecular
level. These findings provided the first usefubimhation for understanding the molecular
mechanisms of spinosad resistance in WFT as asfeptto developing a molecular based
diagnostic assay.

(z) Introduction

Insecticide resistance is a heritable characteribat results directly from insecticide use and
its evolutionary selection for resistance (Plappd &viang 1983). It has been a problem of
agriculture since the 1940s (Georguiou and Mell®8B3) despite first being noted nearly a
hundred years ago by Melandier (1914). Since theodnction of synthetic organic
insecticides, such as DDT, insect resistance tectisdes has necessitated more frequent
insecticide applications, higher doses, and redutme substitution of inexpensive compounds
with newer and more expensive products (GeorguimliMellon 1983). Globally, resistance
to one or more pesticides has been recorded in &htearthropod species (Whalehal.
2009). The loss of efficacy of pesticides due tstance puts a huge demand on remaining
products and presents an enormous threat to saltaiagriculture.

Western flower thrips (WFT)Frankliniella occidentalis (Pergande), is one of the most
serious pests of horticulture where feeding by sdahd nymphs can cause severe crop losses
(Kirk 2002). Damage is caused directly through fegdnd oviposition (Childers and Achor
1995), and indirectly through transmission of toongpotted wilt virus (Kirk 2002). It has a
wide host range, and because of its ability to devand establish in new habitats WFT is
considered the most damaging thrips species infd@aika (Kirk 2002). Since first being
detected in Australia in Perth during 1993 (Malipettal. 1993), WFT has spread throughout
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Australia and is now found in all six states but tiee Northern Territory (Medhurst and
Swanson 1999).

Spinosad is widely used in Australia for WFT cohtand is the most commonly used product
for that purpose (InfoPest 2009). Unfortunatelyingpad resistance causing control failure
has been found in Australia putting the whole cloainc¢ontrol strategy under threat (Herron
and James 2005 and 2007). Insecticide resistarmauged by a number of mechanisms with
most being either target site or detoxification ¢@iou and Saito 1983). The mechanism of
action of spinosad is not clear although nicotawetylcholine receptor (nAChR) was implied
as primary attacking site and g-aminobutyric a&d\BA) receptors as secondary attacking
site (Scott 2008) and metabolic mediated detoxiboawas ruled out to be responsible for
spinosad resistance in WFT (Bieleiaal. 2007). Little information on spinosad resistarge i
known at a molecular level but studies showing dbktion of the @6 NAChR subunit in
strains ofDrosophila melanogaster (Fabricius) resulted in insects that were higlelgistant to
spinosad (Perrgt al. 2007).

AIM: 1. To identify spinosad bind proteins in spinosad stasice WFT strain (LRp) via
comparision to a reference susceptible (NZ2) as fitst step to elucidate the
molecular mechanism of spinosad resistance in WFT.

2. To use the @6 nAChRD. melanogaster model for possible spinosad resistance in
WEFT to identify sequence variations between spidasaistant and susceptible WFT
strains.

(aa)Materials and Methods

(i) WEFT strains

Reference susceptible (NZ2) and spinosad resig¢t&p) WFT strains were maintained in
insect proof cages in separate rearing rooms imrpoge built insectary at the Elizabeth
Macarthur Agricultural Institute (EMAI)

(i) Immunoprecipitation of the spinosad binding protein

Approximately 2000 reference susceptible (NZ2) 4080 spinosad resistant (LRp) WFT
were collected in 1.5 mL Eppendorf tubes and homisgel in 200l NP-40 cell lysis buffer

(50 mM  Tris-HCI, 150 mM NaCl and 1%  NP-40, pH  8.0).
The protein lysis solution was divided equally aed lysis buffer added to total volume of
450uL. Ten pL super saturated spinosad was aduexhé portion of the protein lysis

solution and mixed using a vortex mixer. The misetution was kept at room temperature
for 15 minutes with further 2 hours at 4°C. Theeotlportion of the protein lysis solution

without super saturated spinosad was used forspimmsad control.

Immunoprecipitation was used to isolation of spatb®inding protein with RaPID Assay

Spinosad Test Kitn (Strategic Diagnostics, Incjvimich anti-spinosad antibody was attached
to magnetic beads. Five hundred pL of magnetiaddesere conjugated with an anti-

spinosad antibody (RaPID Assay Spinosad Test Kigt&yic Diagnostics, Inc) and added to
the protein solutions and mixed by slow rotatiorerovght at 4°C. Magnetic beads were
washed twice at 4°C for 2 minutes with PBS wasloffer (10 mM sodium phosphate, 150
mM NaCl, 0.1% Tween-20, pH 7.4.) Suspended beads walected after each wash with a
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magnetic particle collector (Dynal MPC-E; Dynal,keaSuccess, NY). Protein was eluted in
20ul 0.1 M citrate (pH 3.0) by rotation for 5 mieatat room temperature. Eluant protein was
neutralized with 1M Tris (pH 7.5).

The eluant protein was separated on a 12% acryer8idS-PAGE gel under reducing
conditions and visualized using silver stainingg(fFe 1). Stained protein bands were excised
from the gels and liquid chromatography-mass spewtry (LC-MS/MS) analyses were
carried out at the Bioanalytical Mass Spectroméiagility, the University of New South
Wales, Sydney. Peaks data was generated by the K@AS§:arching program (Matrix
Science) and protein identification was achieveddescribed (Coumana al. 2009), by
combining spectrum quality scoring obtained frornoaventional database search program
Mascot (Version 2.1 or 2.2, Matrix Science, Lond@&mgland), with automatede novo
sequencing on unassigned high quality spectra ubed@PEAKS studio 4.5 (Bioinformatics
Solution Inc., Waterloo, Ontario, Canada).

(i) Isolation nAChR receptor Da6 in WFT

Total RNA was extracted from 100 WFT with TRI reaggéAmbion, Applied Biosystems)
according to the manufacturer's instructions. Geseecific primer Fa6_left
(TTCAAGAGCACATGCAAGATAGA) and Fa6_right (GTCTATCTTGATGT
GCTCTTGA) was designed based consensus sequenbe alginment of @6 MRNA
sequences of the ferment flyrosophila sp., the house flMusca sp., the flour beetle
Tribolium sp. and the brown plant hopgeilaparvata lugens (Stal) by CLUSTAL W (1.81)
(see Appendix 1).

The first strand of cDNA for 3’ and 5’-RACE was slgasized with gene specific primers and
adaptor primers provided by the SMARTer RACE cDNAnplification Kit (Clontech)
according to the manufacturer’s instructions. Tstep PCR protocol was employed to
amplify the 5 end cDNA sequence. PCR products weuwefied with a Jet Quick Gel
Extraction Spin kit (Genomed, L6hne, Germany) aloded into a TOPO vector (TOPO TA
Cloning® Kit for Sequencing, Invitrogen). Sequengiwas carried out by the Australian
Genome Research Facility (AGRF) with the ABI Pridéig Dye Terminator Cycle
Sequencing kit (Applied Biosystems). Sequence daeda analysed with the Sequencher
software v. 4.10 (Gene Codes Corporation).

(bb)Results

(i) Candidate spinosad binding protein

The affinity of the antibody to spinosad was cantid as the control (lane 2: Eluant by
immunoprecipitation without spinosad treatment)wib spinosad had a markedly reduced
spinosad band (Figure 1) with only the faintestualsband from the no-spinosad control.
Binding capacity of the spinosad binding proteireyevseparated in SDS-PAGE gel excised
for analysis by LC-MS/MS. Candidate proteins weséetl in Table 1 with MASCOT score
>52 (the absolute probability that the observedcinat a random event p<0.05).

55



HAL Project VG06010: The sustainable use of pesticides (especially spinosad) against WFT in vegetables.

(i) cDNA sequencing of nAChR receptor [06 in WFT

Four gene specific fragments were visualized in@g@agel with 5’ Race (Figure 2). These
fragments were cloned into TOPO vector and sequiewdd ABI sequencer. The candidate
cDNA sequences were obtained with 278bp, 442bph@d@dd 539bp. Comparison of the
spinosad resistance and susceptible strain of 2ZBBA fragment sequences revealed a
C>T substitution at position 119 (Figure 3).

250

150

100

75

50

Figure 1. Separation of bound spinosad antibody on a 12%44aamide SDS-PAGE gel under
reducing conditions and visualized wusing silver irstgg. Lane 1: Eluant by
Immunoprecipitation with spinosad treatment, lan&lRant by immunoprecipitation without
spinosad treatment (control), lane 3, protein mafkia).

Table 1.Insect proteins identified as similar to the boddBT spinosad resistance molecule
by chromatography-mass spectrometry and MASCOTcEear

Protein NCBI Gl Mass Score
myosin heavy chain, nonmuscle or 0i|157110721 221327 203
smooth muscleAedes aegypti]

similar to CG17927-PHANasonia 0i|156544337 224385 190
vitripennisg

fructose-bisphosphate aldolase 0i|[46909203 | 21890 92
[Enallagma aspersum|

vitellogenin [Pteromalus puparum]| 0i|134290336 202819 72
vitellogenin C1 Culex pipiens gi|54289293 | 241413 56
guinquefasciatus]

PREDICTED: similar to muscle myosingi|193624646 224643 204
heavy chain isoform 1Acyrthosiphon

pisum|
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unnamed protein produdDfosophila 0i|8186 104050 195
melanogaster|

fructose 1,6-bisphosphate aldolase | gi|45330818 | 39684 108
[Antheraea yamamai]

myosin heavy chairlJrosophila 0i|157891 224288 113
melanogaster]

sarco(endo)plasmic reticulum-type 0i|4191598 109509 104

calcium ATPaseHeliothis viresceng|

I

——
- 00 s cam 5900
" ) & F700 2700
- I F2a0 0 <55
C @RI D 5430
- -
R 4 5

Figure 2.5’and 3’ RACE PCR from WFT with consensus priméeane 1 and 9: DNA

et

Marker (NEB 100bp), Lane 2-3: 5’RACE cDNA from spsad resistant WFT, Lane 4-5

5’RACE cDNA from spinosad susceptible WFT.
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R430C3F_C11 Fragment base #119. Baze 119 of 278
T G G T 17T 17 7 17 7T C T ©C & C & T & &
A1 1JAR AR AR A d A 4 T 4T AHT T

G
1

\AAWM/\/\M/\/\/\[\A/\N\

F430C3R_003 Fmgment base #119 BESE 1 ] -:uf fE]
T T T C A T A A
E T T T T T E E T C A TAA

/\/\/W\ /\/\/\/\/\/\/\N\/\Mm

-E-:'IEDC"IF DDB Fra menthzr.-‘.e#’ll]ﬂ Base 109 uf2BB-
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Figure3. Histogram of alignment of the cDNA sequences esigtance strain (clone
R4303F_C11) and susceptible strain (clone S430F-DA3C>T substitution is evident at
position 119.

(cc) Discussion

Spinosad is a new and highly promising insecticiderived from the bacteria
Saccharopolyspora spinosa, with efficacy against a wide range of insectdudmg WFT,F.
occidentalis. The mechanism of action of spinosad is thoughadiivate nAChRs and the
deletion of the @6 NAChR in strains oDrosophila melanogaster caused them to be highly
resistant to spinosad (Pewrtyal. 2007).

Our immunoprecipitation testing identified 10 inspwmteins with similarities to the spinosad
binding protein in WFT. However, because there iack of WFT protein sequences in the
protein database no clear conclusions could berdexwept that the spinosad binding protein
was homologous to other insect proteins in the ispdested. None the less, the identified
candidate proteins may provide useful informationiflentifying the spinosad target site in
the future. Encouragingly, the sequencing of nAGkeReptor @6 cDNA sequence from
spinosad resistance and susceptible WFT did revsialge nucleotide substitution (C>T) that
may well be associated with spinosad resistanc#oAgh we can not definitively confirm
this as the causative mutation for the resistaweeare one big step closer to characterising
the spinosad resistance gene.

To this end both proteomic and transcriptome apgradould be used to further identify the
molecular mechanism(s) of spinosad resistance inf Wkhis will help circumvent the
challenge encountered by the lack WFT specific eege information in the Genebank. We
suggest sequencing all acetylcholine receptors (R} and g-aminobutyric acid (GABA)
receptors in our spinosad resistant and suscepMBi€ strains as a first priority to identify
the causative mutations and aid the rapid developroea DNA based diagnostic test for
spinosad resistance detection in WFT.
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(ee)Appendices

(i) Alignment of mMRNA sequences from the ferment flyDrosophila sp., the house
fly Musca sp., the flour beetleTribolium sp. and the brown plant hopper\.
lugens

CLUSTAL W (1.81) Miltiple Sequence Al ignnents

Sequence type explicitly set to DNA
Sequence format is Pearson

Sequence 1: Drosophila 1588 bp
Sequence 2: Nilaparvata_l ugens 1881 bp
Sequence 3: house_fly 1601 bp
Sequence 4: Tribolium 1410 bp
Start of Pairw se alignnents

Aligning...

Sequences (3:4) Aligned. Score: 69

Sequences (2:3) Aligned. Score: 58

Sequences (1:2) Aligned. Score: 62

Sequences (2:4) Aligned. Score: 66

Sequences (1:3) Aligned. Score: 76

Sequences (1:4) Aligned. Score: 70

Cuide tree file created: [cl ustal w. dnd]
Start of Miltiple Alignment

There are 3 groups

Al'igning...
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Group 1: Sequences: 2
Group 2: Sequences: 3
Group 3: Sequences: 4
Al'i gnment Score 39554

Scor e: 23599
Score: 19769
Scor e: 19487

CLUSTAL- Al'ignrment file created [clustalw aln]

clustalw aln

CLUSTAL W (1.81) multiple sequence alignnent

Dr osophi | a
house_fly
Tribolium

Ni | aparvat a_| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly

Tri bolium

Ni | aparvat a_| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly

Tri bolium

Ni | aparvat a_| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly
Tribolium

Ni | aparvat a_| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly
Tribolium

Ni | aparvat a_| ugens

Dr osophi | a
house_fly
Tribolium

Ni | apar vat a_I| ugens

Dr osophi | a
house_fly
Tri bolium

............. GGACTCCCCGCTGCCAG - - - - CGT- CGCTGTCGCTGTTTGICCTGT

AGGATATCATCACAGACTGACCATAATGGATT- - - CGT- CAACATCGCTGTATTTGGTTT

............... ATGGTCCGGAGCGAGCAA- GCGEC- TGECGCTGCT GECCACAGCCT

CCGGCAAGCT TATGAGCCAGCCGT CATGGAGGCAGI GTACAGCCTCATTGTGI TAGTCGC
* % * * %

TGATCTTTCTGGCGATAATTAAAGAAAGCT GTCAAGGACCT CATGAAAAGCGCCTGCTGA
TGCTTATATTTGI GATAATAAAAGAAAGCT GCCAAGGACCACACGAAAAACGT TTACTAA
TCCTGCTCTTCATCATGCCT CCAGGT TCGCAACAGGEGEGECCGCACGAAAAGCGECTACTAA
TTGCATAGCT TCTC TACCACACGAATCT CTGCAAGGCCCCCATGAAAAACGTCT TTTAC

X%k k*k kk kk kkkkk k% *

ACCACCT GCTGT CCACCTACAACACGCT GGAGCGACCCGT GGCCAACGAAT CGGAGCCCC
ACCACCTCTTATCCACCTATAATACTTTAGAAAGACCTGTAGCAAATGAATCCGATCCCC
ACAACTTGI TGGEGEECCCTATAACGT CT TGGAGAGACCCGT AGCCAACGAGT CAGAACCTC
ACAACCT TCTGGATCATTACAACGT TCTGGAACGT CCGGT TGCCAACGAATCCGATCCTC

*k kK Kk * *k Kk * kK * kk kk kk Kkk kk *k K*k k% *

TGGAGGT CAAGT TCGGACT GACGCT GCAGCAGAT CAT CGACGT GGAT GAAAAGAAT CAGA
TGGAAGT GAAATTTGGACT GACCCTACAACAGAT CATCGATGT GGATGAAAAGAATCAGA
TTGAAGT CAAGT TCGGCCTAACT TTGCAGCAAAT CATTGATGT GGACGAAAAGAAT CAGA
TCCAGCT AAGCTTCGGATTAACGCT CATGCAGAT CATCGAT GT GGACGAGAAGAATCAGC

* * % * %k k% * k% * Xk kkkkk kk khkkkk *kk kkkkkkkkk

TTCTGACCACAAATGOGT GGT TAAAT TTGGACGAGAAGAAT CAGCTTCTCATAACGAATC
TTCTGACCACAAATGOGTGGTTAAATTTGGA: - - = < = < = - = = == e e e mcoe oo
TTCTCACGACAAACGOGT GGTTGAATTTGGA: - - = - < = < = - = = = mw e meomceoea e
TACTAATTACAAACATTTGGCTAAAACTGGA: - - - - < = < = = = s w e e mcmcmeono s

* kk * *kkkk *kk Kk kK * ok kk

TTTGECTTTCGT TGGAGT GGAACGACTACAAT CTCCGCTGGAAT GAAACGGAATACGECG
................ GTGGAATGACTACAATCTCAGATGGAATGAT TCCGAGTATGGCG
................ ATGGAACGACTATAATCTCAAAT GGAACGAATCGGAATATGGECG
................ ATGGAACGACGTCAACTTGAGATGGAATTCT ACAGAGTACGECG

Xk kkKk kkk * % * Kk k Kk k * k*k *k*k KkKkk*k

GGGT CAAGGAT CTGCGAAT CACGCCCAACAAGCT GTGGAAGCCCGACGTGCTCATGTACA
GTGT CAAAGACT TGAGAAT AACGCCAAATAAACT GTGGAAACCCGATGTGCTCATGTACA
GGGTCAAAGACT TGCGGAT TACTCCAAACAAGCT GTGGAAGCCTGATGI TCTTATGTATA
GAGT GAAAGAT CTCAGAAT TCCACCT CACCGGATATGGAAGCCCGATGICCTCATGTACA

* kk Kk Kk*k * * kK * k% * * kkkhkkk kk Kkk kk *k Kkhkkkk *

ACAGCGCGGAT GAGGGAT TCGAT GGCACGT ATCACACCAACAT TGT GGT CAAACATAACG
ACAGT GCTGATGAGGGAT TCGAT GGCACGT ATCACACCAACAT TGT GGT CAAACATAACG
ACAGT GCTGATGAGGGT TTCGACGGGACT TTCCAAACAAACGT TGT GGT CAAACATAACG
ACAGT GCTGATGAAGGGT TCGACGGGACT TACCCGACCAACGT TGT GGT CAGGAAT GCCG

*kkk kk kkkkk *kk kkkkk *kk **k X * Xk kkk khkkkkkkkk * % * %

GCAGT TGTCTGTACGTGCCCCCTGGTATCT TCAAGAGCACATGCAAGATAGACATCACGT
GCAATTGTCTGTACGT GCCCCCTGGCATCT TCAAGAGCACATGCAAGATAGACATCACGT
GCAGCTGCTTGTACGT CCCTCCGGGTATCT TCAAGAGCACATGCAAGATAGACATTACGT
GCAGCTGCCTGTATGT GCCGCCGGGTATCT TCAAGAGCACATGCAAGATAGACATAACGT

* kK * % kkkhkk kk kk Kkk kk khkhkhkhkhkhkhkhkhkhhhkhkhkhkhkhkhkhhhkhhhdkd *kkk

GGTTCCCATTTGATGACCAACATTGCGAAATGAAATTCGGTAGT TGGACTTACGATGGAA
GGTTCCCATTCGATGACCAACACT GCGAAATGAAATTCGGTAGT TGGACTTATGATGGAA
GGTTCCCCTTTGATGACCAACACTGTGACATGAAGT TTGGTAGCTGGACCTATGACGGCA
GGTTCCCCTTTGATGACCAGCGCT GT GAAAT GAAGT TCGGTAGCT GGACCTAT GACGCECT

kkkhkkkhkkk *k Kkhkkkkkkk K kk kk khkkkhkk kk kkkkk kkkkk K*k Kk*k k%

ATCAGTTGGATTTGGT TTTGAAT TCCGAAGAT GGAGGGGATCTTTCCGATTTCATAACAA
ATCAGITGGATTTGGT TTTGAAT TCCGAAGAT GGAGGGGATCTATCCGATTTTATAACAA
ACCAGCT CGACCT GGTGCTCAATTCCGAATCGGGTGGTGATTTATCAGACTTCATTACAA
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TCCAGCTCGATCT! CCAACT CCAAGACGAAGGCGGTGGAGATATTAGTAGT TTCATAACGA

**k*x *x k% * * * %k k% **x *k*k kk*k X **x k% *k*k X

ATGGECGAGTGGTACTTGCTTGCCAT GCCGGGAAAGAAGAATACGATAGT CTACGCCTGCT
ACGGCGAATGGTATTTAATCGCCAT GCCGGECAAAAAGAATACCAT CGTATATGCCTGCT
ACGCGAGAATGGTACT TGATAGGGAT GCCCGECAAGAAGAACACCATCGT CTACGCATGI T
ATGCGAGAGTGGGATCT TTTAGGT GT TCCAGGGAAACGGAACGAAATTTACT ACAATTGCT

* kk kk Kkkk * * * kk Kk Kk*k * kK *k Kk

GCCCAGAACCATATGTCGATATCACCTTTACTATACAAATTCGTCGCCGTACATTATATT
GTCCGGAACCGT ATGT GGATGT GACGT TCACAATACAAATACGAAGACGGACATTATATT
GCCCCGAACCGT ATGT GGATGT GACGT TCACGAT TAAGAT CCGGAGGCGAACGCTGTACT
GCCCCGAACCTTATATAGATATCACGT TTATCATAATCATACGGAGGCGGACACTCTACT

* kk kkkkk kkk Kk kkk Kk *k*k **k X * % **x k% * k% k% * k*x %

ATTTTTTCAATTTAATCGI GCCATGI GTGCTAATCTCATCGATGGCCCTACTGGGECTTCA
ATTTTTTTAATTTAATTGIGCCGTGT GTGCTGATATCCTCAATGGCTTTATTAGGATTTA
ACTTCTTCAACCTTATAGT TCCTTGCGT GCTCATCTCCTCCATGECGCTACTGEECTTCA
ACTTTTTCAACCTTATCGTACCCT GCGT GCTGATCGCCTCCATGECGGT GCTAGGATTTA

* kk Kk Kk*k * kk kk kk Kkk kkkhkkk K**k * kk kkkkk * * kk kK ok

CATTGCCGCCGGAT TCGEECGAGAAACT GACGCT GGGECGTAACTATACTACTATCATTAA
CATTACCACCCGATTCGGGT GAAAAACTAACCT TAGGT GTAACCATACTTTTGT CACAAA
CGTTGCCACCCGATTCTGECGAGAAGCTCACT - - - - === - m s mm e e o e oo o o
CTCTACCACCT GACTCGGGCGAAAAACT CTCCT TAGGT GTGACGAT TCTGCTGT CGCTCA

* * kk kk kk Kkk kk *kk *k K% *

CAGTATTTCTAAACCT T GTCGCOGAGT CCATGCOGACAACGT CGGATGCTGTTCCTCTTA
CTGTATTTTCA:- - - - CTATTG - === = - = - - GTTGGTAATGTC - - <= === e e e oo -

CCGTTTTCCTAAACATGGTGECTGAGACGATGCCTGCCACCTG- - - - - o - - -

TAGTGITTCTCAACCTTGTAGCTGATACATTGCCCCAAGT ATCTGATGCAATCCCCTTGT

TAGGCACCTACTTCAATTGCATCATGT TCATGGT CGCATCGT CGGT GGT GCTGACAGTAG
TAGGTACCTATTTCAATTGCATTATGI TTATGGT TGCCTCCTCGGTGGTCCTGACGGI TG
TAGGGACCTATTTCAACTGCATCATGI TCATGGTAGCGT CGTCAGTGGTCTTGACTGI GG
TAGGCACATACTTCAATTGCATAATGT TCATGGTGECTTCATCGGTCGT GT! CAACT ATAT

*Ahkkk kk kk kkkkk kkkkk kkkkk kkkkk *kk kk **k **k k%

TGGTGCTCAACTACCACCAT CGCACAGCGGACAT TCACGAGAT GCCACCGT GGATCAAGT
TGGTGCTGAACTAT CATCAT CGCACGGCGGACATACATGAAATGCCACCATGGATACGT T
TGGTGI TAAATTACCATCACCGCACGGCT GATAT CCACGAAAT GCCTCAATGGATCAAGA
TGATTCTCAACTATCATCATAGAAACGCT GACACT CATGAAATGTCACCT TGGATCAAAT

*k Kk * kk kk kk k% * K *k kK Kk *Kk kk kkk Kk * *kkkk

CCGTATTTCTACAATGGECTGCCCTGGATTTTACGCATGAGCCGCCC- - - - - - CGGCCGTA
CGGTATTCTTACAAT GGCTGCCGTGGATGT TGEGGATGAGT CGACE- - - - - - GGCCAAGA
CCETGTTCCT&ACT(EAT@CGT@CT&TMATGTCMCCRM%A@G

* k% k% * k*k kkk kkkk k% * * *  k k% **x k%

AGATCACACGCAAAACAATACTATTAAGCAATCGCA:- - - - - === - - - - TGAAGGAGCTGG
AAATCACAAGAAAACACATACTCT TAACGAATCGCA:- - - - - - - - - - - - TGAAGGAATTGG

C-IEAACC—IBGGGCGBCGAC—SGCGAOATCGGACAGT CGCAAGT CGCT GCAGATGCGGGAGCT GG

* % * % * kK

A----- GCTAAAGGAGCGCT CCTCCAAAT CCCTGCTGECCAATGT CCTCGACATCGACG
A----- ACTGAAAGAGCGT TCTTCCAAAT CGCTGCTGECCAATGT GCTGGACATCGATG
A----- GITGAAAGAACGATCTTCGAAAAGT CTTCTTGCCAACGT TTTGGACATCGACG
ACCI)CT CGCTCAAGGACCGCT CCAGCAAGT CACT CCTGGECCAACGT GCTAGACATCGACG

* k% k% **k k% * % **k *kk kkkkk Kk*k * kkkkkkkk *

ACGACTTCCGGECACACAATATCTGCT- - - - - - - - - CCCAGACCGCCATTGECTC- GICG

ACGATTTCCGECATACAGTIGTCEEEGT - - - - - - - - - CACAGACGCCAATTGGEGTC- GITCA

ACGATTTCCGGAAT GT GT CAACCGECGEGAACAACGCT TCGAT GACGACTAGT TTAGECG

ACGACT TCCGACACCGAGECEECEEEG - - - - - - - - - - GCGGECACTCTCCAGI CCAGCAG
* * *

*kkk kkkkk * * %

GCCAGCTTCGG - TCGGCCCACAACGGT GGAGGAGCACCACACGGECCATCGGECTGCAATC
GCGAGITTCGG - TCGECCCACAACGGT GGAGGAACATCACAATGCCATCGGTTGTAATC
GTACGTTTATGCGT CACCCTACGACGAT CGAGGAGGECAGCCGT CCCCAGCT CGEGECACGC
TCACAGCT TCCT! (I)GAG(I)CACGAGGACGGATCAGT CCT GCACT CCT GT CT CGGGC CGC

* kk kK * %
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ACAAAGATCTTCATCTAATTCTCAAAGAATTGCAATTTAT TACGGCGCGGATGCGCAAAG
ACAAGGATCTACATTTAATTCTCAAAGAAT TGCAATTTATAATGGCGCGCATGCGCAAGG
AACGCGACCTCCAGAATATCCTACGT GAGCT TCAATTCAT CACCAACCGCATGAAGAAAG
ATCGAGAACT CACGCT CATCCT CAAGGAGCT GCGEGT CATCACCGACAAACT GCGCAAGG

**x k% **x k% * % * % L . * % * % %x

CTGACGACGAAGCGGAAT TGAT CGGECGAT TGGAAGT TCGCGECAATGGT TGTGGATAGAT
CCGATGATGAGGCTGAGCTAATAAGCGAT TGGAAGT TCGCGECTATGGT TGCGGATCGAT
CCGACGAGGAGGECCGAAGT GATCAGCGAT TGGAAGT TCGCCGCGAT GGT GGT GGACCGGET
AAGACGAGGECCT! CCGAGGT CACCAACGATTGGAAGT ACGTCGCCATGGTAGT TGATAGAT

*Kk kK Kk * kK kkkhkkkhkkkkk*k k% *k kkhkkkk K * % * ok

TTTGTTTAATTGI TTTCACGCTCTTCACGATTATTGCAACGGT TACGGT GCTGCTCTCCG
TTTGTTTAATTGTCTTTACACT CTTCACAATAATAGCCACAGT GACAGT TCTGCTGT CAG
TTTGTCTGATAATCTTCACGATGT TCACGAT CATCGCCACGGT GECCGTGCTCCTTTCCG
TTTGCTTGTTTGTCTTCACCCT GT TCACGAT CATCCCGACGGTAGCAGT CCTGT TATCCG

* k k% * * * k*x k% * kkkkk *kk *kk *k*k **k k% * k% *kk*k Kk K**k X

CTCOGCACATAATCGTGCAATAA: - - - < -« - = - @ e e e e e ce e
CACCCCACATAATAGT TCAATAAAAT TAGGATATAAAT GACACAACAACAACAATGCAAG
CGOOGCACATAATCGTGCAGTAG: - - - = - < - < = = = = w e e e e e e e e e oo
CTCOGCATATTATCGTGCAATGAGT T- - GGTCTTGATCTTGCTTCTGGCAACTCTTCAGA

* kk kk kk Kkk Kk *k K

CTATGITTCCTGGGAATAAATTGT TTGAGTATCACAAT TCCAAAAAAAAAAAAAAAAAAA

(i) Sequences of cDNA clones

>R430C3

TACATGEEGT TGCECGT TGTGGT TCCGECTGT GTGCAGT CAGCTGAGI TC
CCTTGTCCATTTCAGCAGIGGI TCGACATTTCGECTTTGTATTTTGGI TG
ATAATTGTGGT TTTTTCCTCACATAATAT GGAGGATAGGT TGCGGAGATA
CGAAAAAAT TGAATTCCTGCGAGAGCEGACAGT TTGCAACTGI TTATAAAG
CAAGAGATACACACTCAGACAATATAGT TGCAGT TAAAAAGATCAAAATT
GGATCAAGAGCACATGCAAGATAGAC

>5430C1

TACATGEEEECEECTGT GTGCTGT GT GCAGT CAGCTGAGI TCCCTTGI CC
ATTTCAGCAGTGGT TCGACATTTCGECTTTGTATTTTGGT TGATAATTGT
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GGTTTTTTTCTCACATAATATGGAGGATAGGT TGCGGAGATACGAAAAAA
TTGAATTCCT GCGAGAGGGACAGT TTGCAACT GT TTATAAAGCAAGAGAT
ACACACTCAGACAATATAGI TGCAGT TAAAAAGATCAAAATTGOWT CAAG
AGCACATGCAAGATAGAC

>R550C1

TACAT GGGGCGACAT TCAGCGEGCEEAAAGACATCGTCTGGT TGTGCTTGT
ACACTGTACACGT AGGT TACCGGECCAGCT TCACAAT GAAAACAGCT GGGT
TTTGTGTCCTACTCTTAGECGTTTTTTCATTGI GT GATGCGCAGCAACGG
GIAGCACCAGGT GT TCCTCCCCAGCAGT ACCAGGATCCAATGCAACATGT
TCCTCAGCACGT ACCCCAACAGCAAAT GCACAT GCAACAAGT CCCCCAAA
TGCAGCAAGT TCCTCAACAGCAGT ACCAACAAGT GCATAACCAAGT GCCT
CAGCAGGT GCCACT GCAACAGCAACAT GT CCCTCAACAGCAGCACATACC
ACAACAGCAACACGT GCAGCACGCACAACCTGGACATGGTCAAGCTCATG
GACATGCACAAGGCCACCATGGAAAT CCTCAAATCCTCAATGCAGCTAAC
ATTGCCCAAGAGAAGCAGCACATTCAAGAGCACATGCAAGATAGAC

>S700C2

TACAT GEGACCCT GAGT CTGGGT GGT CTTCGT GGGT GGT CAAGAAGCGT T
TGCTTCTCGAACGATTGT GCTGTGATATTATGATCCGT TGGAATACGACC
GCTTTCTGCTGCGCGTAGAAGAAAGAATCTTTAGATTGAGT TTGAATGTA
AATATTTTCCTCAGGAATCTATCCACCGI CAACAATGCCTGI TTTTCAATG
CATTTTGIGCTATTCTGGT TTCGGECCAAGT TAGT TCAAAGTCAAGTTTCA
ACTATAGI TAATGACACAAT TGT GGTGCCTGAAAGT TCTACAAGAGACCT
AGGACT TCGCCACCGT TCTAAAGAAAAACCATCT TTGCTGCATCACCCT G
TGTTCCTCTTGGACCGT TACT CTCCT GGTGATCCAAACCTTCCTCTGCCA
GCTGCGAAAGGACCT CACTGT CGT CGTAAAGCAAAAT GTGAACATATGAA
TAATACAATGI GTCTTGGAGCCAAGT TACCTTACTCCTCTACCACTCTTG
AATTAGT TGGCTTGACT CAAGAGCACATGCAAGATAGAC

>R900C2

TACATGGGGAGGT TACCGGECCAGCT TCACAATGAAAACACCTGEGTTTTG
TGICCTACTCTTAGECGI TTTTTCATTGI GT GATGCGCAGCAACGCEGTAG
CACCAGGT GT TCCTCCCCAGCAGT ACCAGGATCCAATGCAACATGI TCCT
CAGCACGT ACCCCAACAGCAAAT GCACATGCAACAAGT CCCCCAAATGCA
GCAAGT TCCTCAACAGCAGT ACCAACAAGT GCATAACCAAGT GCCTCAGC
AGGTGCCACTGCAACAGCAACATGI CCCT CAACAGCAGCACATACCACAA
CAGCAACACGT GCAGCACGCACAACCTGGACATGGT CAAGCTCATGGACA
TGCACAAGGCCACCATGGAAATCCTCAAATCCTCAATGCAGCTAACATTG
CCCAAGAGAAGCAGCACATTCAAGAGCACATGCAAGATAGAC
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The relationship between spinosad insecticide resice and field control in
Frankliniella occidentalis (Pergandae) under glasshouse conditions. Sonya Bighton
and Grant A. Herron*

AGWEST Plant Laboratories, Department of Agriculture and Food, Western Australia, Baron-Hay Court, South
Perth WA 6151 and * Industry & Investment NSW, Elizabeth Macarthur Agricultural Institute, PMB 4008,
Narellan NSW 2567.

(ff) Abstract

Susceptible and resistant western flower thfpankliniella occidentalis were prepared at
EMAI by placing them in vials at specific initiagsistance frequencies. Each vial contained
50 F. occidentalis adults that were ready for use immediately in VA.initial trial done in
2008 included ratios of 100% susceptible (spray@@o resistant (sprayed), 20% resistant
(sprayed), 40% resistant, (sprayed) 60% resistgmayed) and 80% resistant (sprayed).
Thrips were released onto caged whole plant plotsleft to breed for two weeks. Thrips
were then sprayed with spinosad at the registeags] three days apart according to be
published resistance strategy. The initial triasweaplicated twice but plant quality declined
during trial due to problems with fungi. At the eofdthe trial whole plants were destructively
sampled and total number of adults and larvae eaurihterestingly, not all susceptilfe
occidentalis were killed with 4 adults and 22 larvae counteds®&l on that initial data we
consider chemical control with spinosad seemedatbsbmewhere between 20 and 30%
resistant WFT. A second trial was under taken i@920sing the same methodology but with
100% Susceptible (water control), 100% Suscep(gpeayed), 10% Resistant (sprayed), 20%
Resistant (sprayed), 40% Resistant (sprayed), 608gisRnt (sprayed), 80% Resistant
(sprayed) and 100% Resistant (sprayed). Resulte wletained for two replicates but final
replication had to be abandoned because referdraiassat EMAI were destroyed by the
predatory miteNeoseiulus barkeri (Hughes). For this reason statistical significaoceld not

be determined, but we suggest that resistance €apseosad failure between 10 and 40%
resistantF. occidentalis. Spinosad resistance is thus likely to be managealihin an
integrated pest management system. However, theriexgnt needs to be repeated to
determine exact statistical significance.

(gg)Introduction

Until recently, chemical control df. occidentalis in Australia was considered the principal
control strategy. However, effectively controllifrgoccidentalis with pesticides is extremely
difficult because of their cryptic feeding behawiohigh mobility, soil-dwelling life stages,
and short generation time combined with high figytil(reviewed by Jensen 2000).
Consequently, for insecticides to be effective theyst have good coverage, be correctly
timed, and will only be effective if the insectieidomes into contact with the adult or larval
stages. FinallyF. occidentalis develops insecticide resistance and most glasshanu field
populations resistant to older chemistry insecéisideg organochlorines, organophosphates,
carbamates and pyrethroids) have been recordedgimoat the world (Brgdsgaard 1994,
Broadbent and Pree 1997, Jensen 1998, Jensen &djling Australia (Herron and James
2007). Australian growers currently have access tbmited range of chemicals fdf.
occidentalis control including avermectins, chlorfenapyr, camades, organophosphates,
imidacloprid, fipronil, spinosyn and spirotetranfAPVMA 2010). Populations are known to
be resistant to some newer chemicals includingosgith (Herron and James 2005, Loughner
et al. 2005, Bielzaet al. 2008) and fipronil (Herron and James 2005).
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Resistance to spinosad is of particular concerit @sa unique insecticide that it is highly
efficacious againgEt. occidentalis (Funderburket al. 2000; Broughton and Herron 2009a,b),
but is also classified as a reduced-risk bioinsetdi (Sparkset al. 1998). Spinosad is
regarded to have low to moderate toxicity to bemafinsects, though the toxicity varies from
species to species (Pietrantonio and Benedict 188iams et al. 2003, Jonex al. 2005).
Despite its detrimental effect on some specieqjasaid can be integrated with biological
control forF. occidentalis management (Funderbuekal. 2000, Ludwig and Oetting 2001),
if a period of time between spray application ael@ase of beneficial insects is maintained
(Joneset al. 2005, Khan and Morse 2006, Kongchuensin and Tigkz006).

In Australia, spinosad resistant populations haaenldinked to chemical control failure. This
includes greenhouse populations in the Sydney B&sBW, greenhouse capsicum in Perth,
WA, but interestingly not in Qld (Herron and Jan305). Overseas, spinosad resistant
greenhouse populations have been recorded in the(Usighneret al. 2005), leading to the
temporary withdrawal of spinosad to manage devetmf spinosad resistance in WFT in
some counties in Florida (P. Downard, Dow Agroscepers. comm. 2010). Spinosad
resistance has also been recorded from greenhapsécem populations in southern Spain
(Bielza et al. 2008). In both countries, spinosad resistant [ajons were associated with
overuse of spinosad, with up to 8 applicationsgrep in the USA (Loughnegt al. 2005),
and 10 applications per crop in Spain (Biedzal. 2008).

The resistance mechanism that confers spinosadtaese in WFT populations was
investigated in Spain by Bielzat al. (2009). They found that resistance appears tarbe
almost completely recessive trait. Resistance n&mnagt is easier when resistance genes are
recessive, because heterozygotes (individuals tmithdifferent alleles of the same gene ie
S:R = susceptible and resistant) should be easi&iltunder field conditions because the
heterozygote S:R has the same or similar phenoagdhe susceptible S:S. Spinosad
resistance has been shown to decline in the abseinspinosad applications and in the
presence of susceptible WFT populations (Biaizal. 2008), and so may be amenable to
manipulation within an integrated management system

The aim of this study was to determine how spinasmistance in Australian populations
relates to effective field control. We aimed toatel specific frequencies of resistdnt
occidentalis against quantifiable degrees of control to estdbla point where resistant
populations could be manipulated within an integplatontrol system.

Aims: (1) to artificially make populations df. occidentalis with known frequencies of
susceptible and spinosad resistant individuals;

(2) to release those populations into experimgpitats sprayed with spinosad at the
registered rate using a 3 spray strategy; and

(3) to relate specific resistance frequenciesetal ftontrol off-. occidentalis.

(hh)Materials and Methods

(i) Trial dates

Two trials were conducted in an unheated glasshauSAFWA, South Perth in September
2008 and October 2009..
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(i) Insects tested

The susceptible strain used has been isolated unsdecticide free conditions for several
years and it's response to a range of chemicalsbbas verified as typically susceptible
(Herron and Gullick 1998). The spinosad resispatulation was collected from greenhouse
capsicum in Serpentine, WA, on th&" Zebruary 2007 and its response to spinosad was
confirmed at 110 fold resistant (see the resistamoritoring report). All thrips were cultured
on potted dwarf French beaRhaeseolus vulgaris L., using methods given in Herron and
Gullick (2001). Briefly,F. occidentalis were reared in purpose-built rearing cages on g@otte
bean plants with Cumbundiypha domingensis Persoon, pollen, and honey as a supplemental
food source. Thrips were transferred onto freshtplan a new cage on a six weekly cycle and
maintained at 25 + 1°C under a photoperiod of X6:B) h. Susceptible and resistant WFT
were prepared at EMAI by placing them in vials@dfic initial resistance frequencies. Each
vial contained 50 WFT adults that were ready fog ilmmediately in WA. Treatments for
each trial are outlined in Table 1.

Table 1. Frequencies of susceptible and resistamkliniella occidentalis sprayed with
three consecutive field rate applications of spaabos

Trial 1 September 2008 Trial 2 October 2009

0% Resistant ie 50S (water control)
0% Resistant ie 50S (sprayed) 0% Resistant ie §0@yed)
10% Resistant ié5S,5R (sprayed) 10% Resistant48S,5R (sprayed)
20% Resistant i¢0S,10R (sprayed) 20% Resistant46S,10R (sprayed)
40% Resistant iB0S,20R (sprayed) 40% Resistant36S,20R (sprayed)
60% Resistant i20S,30R (sprayed) 60% Resistant26S,30R (sprayed)
80% Resistant i@0S,40R (sprayed) 80% Resistant16S,40R (sprayed)

100 % Resistant ie 50 R (sprayed)

S=Susceptible
R=Resistant

In 2009 an extra 100% resistant treatment was included plus a 0% Resistant water only
sprayed control. On receipt from EMAI, thrips were checked to detiere that they were
alive and then released onto lettuce. Thrips wdoevad to breed for two weeks prior to
treatment. Trials were repeated once each yeamereplicates/trial), although a second
replicate in 2008 was attempted but abandoned lamdirst replicate for the 2008 trial was
affected by deteriorating lettuce (see appendices).

(ii) Plants
Iceberg lettuce seedlings (commercial cultivar k&a) were transplanted into 20-cm pots
containing Baileys potting mix (Baileys Fertilise®ockingham, WA, Australia). Pots were
enclosed in a thrips-proof bag (105 um mesh negu(E 1). The bag was placed over a steel
frame and the bottom end of the cage was secumthérthe pot with an elastic band. The
top of the cage was similarly closed with a banlil.pfants were hand watered daily through
the side of the cage to ensure that thrips didesoape. Plants were used in experiments at 3
weeks of age.
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Figure 1. IndividuaF. occidentalis trial plot showing thrips proof mesh over pottettuce

(iv) Insecticides
Solutions of spinosad (Succ&sa40g spinosad /L, Dow AgroSciences) were freghipared
and sprayed onto lettuce at the recommended rat@mk/100L.Insecticides were applied to
the foliage with a hand-held atomizer (Hills Sprasyd&H220063) once every 3 days, giving a
total of three successive applications (as pertihee spray strategy). Control plants were
sprayed with water only.

(v) Sample Collection

Three days after the last spray application, tlaatplvas cut at soil level with a sharp knife
and placed into a plastic zip-loc bag for transgtooh to the laboratory. A plastic plate coated
with tanglefoot on one side was placed sticky sidesn on the top of the pot to trap any
emerging thrips. The plate was secured in plach wmietal clips and removed 1 week later
and examined under a binocular microscope for shrip

In the laboratory, lettuce was washed through eseaf three increasingly finer sieves (100
pm screening on the bottom one) to remove debidsexttract thrips. Paper towelling was
placed under the final screen to remove excesstumeisSieves were examined under a
binocular microscope and thrips were identifiedheir developmental stage.
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(vi) Statistical analysis
A generalized linear mixed model (Schall, 1991) waed to analyse larval and adult counts
of WFT with fixed treatment effects and random iegike effects. The experimental errors
were assumed to follow a Poisson distribution arldgarithmic link function was used to
relate the data to the treatment effect. Data watyaed with Genstat 12.1.

(i) Results

The trial results are presented in Figures 2 arah@® Table 2. More adults and immature
stages (larvae, pupae, prepua) survived in the @gare 2) and 100% treatments (Figure 3)
as expected. Interestingly, not all susceptible W¥ére killed in either the 2008 or 2009
trials.

' Increasing spinosad resistance
]
45

Oadult @immature stages

40 A

35 A

30 A

25 -

20 -

15 4

Mean No. WFT/plant

10 -

0 1 1 ) ) )

80% 60% 40% 20% 10% 45S,5R 0% 50S
10S,40R 20S,30R 30S,20R 40S,10R sprayed
control

Figure 2: Mean WFT adult (blue) and larvae (reathbers in two replicates in the 2008
greenhouse trial
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45

40 - Oadult
Bimmature stages

35 A1

Increasing spinosad resistance
20 4 + ]

25 A1

20 ~
15 A
10 A
5
0 T T T

Mean No. WFT/plant

100% 50R 80% 60%20S:30R 40% 20% 10% (45S, 0% 50S 0% 50S
10S:40R 30S:20R 40S:10R 5R) sprayed control
control untreated

Figure 3. Mean WFT adult (blue) and larvae (rednhars in two replicates in the 2009
greenhouse trial

Table 2: Wald statistics for the two replicateslata available from the 2009 trial

Larvae Adult
TREATMENT Log Antilog Log Antilog
100% Resistant ie 50R 3.489 32.77 2.942 18.96
80% Resistant ie 10S, 40R 2.769 15.94 2.769 15.94
60% Resistant ie 20S, 30R 1.265 3.54 2.416 11.2
40% Resistant ie 30S, 20R 2.849 17.27 2.942 18.96
20% Resistant ie 40S, 10R 0.977 2.66 2.048 7.76
10% Resistant ie 45S, 5R 1.958 7.08 2.655 14.22
0% Resistant ie 50S water
control (untreated) 2.923 18.6 3.109 22.41
0% Resistant ie 50S
sprayed control 0.284 1.33 1.643 5.17
SED 1.617 0.630
LSD5% 3.824 1.491
Prob(Wald) 0.449 0.522

Statistical analysis (Wald statistic) showed thaetther the larval count nor adults were
affected significantly by any of the treatments @49 and 0.522 respectively). When the
positive control treatment was excluded from stiga$ analysis (0% 50S sprayed), the results
remained unchanged. The lack of significance of@rthe treatments is likely due to the low
number of replicates per trial. Although attemptsevmade to repeat trials in 2009 and 2010,
there were insufficient thrips available from EM#&l further testing (see discussion).
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() Discussion

Reference strains held at EMAI have been attackedrédatory mites in 2008 preventing
thrips being dispatched to WA for further trials kamgy the 2008 trial unreplicated. The
predatory mites identified ddeoseiulus barkeri (Hughes) synonym foAmblyseius masiaka
(Blommer & Chazeau) came withFa occidentalis sample collected during February 2008.
The property was Glenorie Hydroponics (all protdcteopping) that has previously been
associated with high level spinosad resistanceimguontrol failure. Normally, predatory
mites can be controlled with a low dose of bifemttihat would not killF. occidentalis, but
the Glenorie mites were tolerant and they progvedsicontaminated reference strains. That
slowly brought the field trial and resistance tegtio a halt. Live mites were dispatched to Dr
Leigh Pilkington at Gosford as a potential resisthiocontrol agent forF. occidentalis
control.

Staff at EMAI Entomology, Insecticide ResistanceitUnied for a year to clean up the

reference strains but all safe insecticidal and imsecticidal controls failed. As last resort
EMAI staff was instructed to spray out all theoccidentalis strains with deltamethrin (the

most toxic pyrethroid available). Strains did app@&dator free for a time, allowing a second
trial to commence in 2009, but predators re esthbtl destroying all but the susceptible
strain. The second trial then had to be abandofted tavo replicates. Unfortunately, there

was a great deal of variability between those capdis and a significant result could not be
determined

Based on the available data, we concluded that iclaéirontrol with spinosad seems to fail
somewhere between 10 and 40% resistant WFT. Tlygests that resistance to spinosad is
Australian F. occidentalis may be managed with an integrated system, but mwork is
required to more closely define the critical freqeye of resistance. For growers with spinosad
resistant populations, alternate control tactidé lva required for a few generations of thrips
if resistance frequencies are high. For examplerelsasing natural enemies suchQrsus
armatus and beneficial mites. After a few generationsstasice should decline with spinosad
again becoming efficacious.
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(mm)

Appendices

Table 1. Raw trial results relating initial WFT istance frequency with spinosad
performance applied at the field rate for the 20G8.

Replicate Treatment Larvae Adults Notes
1 10S,40R 60 31
20S,30R 31 33
30S,20R 11 4
40S,10R 34 9
45S,5R 10 5
50S 22 4
2 10S,40R 1 3 Plant quality declined
20S,30R 12 27
20S,30R 21 9 Plant quality declined
40S,10R 17 5 Plant quality declined
45S,5R 33 15
50S 1 12 Plant quality declined
3 10S,40R - - Abandoned
20S,30R - - Abandoned
20S,30R - - Abandoned
40S,10R - - Abandoned
45S,5R - - Abandoned
50S - - Abandoned

S= Susceptible
R = Resistant

Table 3. Raw trial results relating initial WFT isance frequency with spinosad
performance applied at the field rate for the 20G9.

TREATMENT Lar Ad Prepup/ Q 3 1%In 2%1n Prepup pup
pup
Rep 1 100% 50R 72 34 11 28 6 27 45 5 6
02/11 80% 10S:40R 35 31 7 26 5 20 15 3 4
60% 20S:30R 0 9 0 9
40% 30S:20R 36 35 5 33 2 12 24 3 2
20% 40S:10R 5 16 0 15 1 2 3
10% 45S, 5R 15 31 11 27 4 12 3 3 8
0% 50S HO
control 12 43 9 37 6 4 8 4 5
0% 50S
spinosad
control 1 6 0 4 2 1
Rep 2 100% 50R 2 10 10 2
23/11 80% 10S:40R 1 6 5 1 1 1
60% 20S:30R 8 17 14 3 8
40% 30S:20R 3 9 7 2 3 1
20% 40S:10R 1 2 2 1 1
10% (45S, 5R) 1 2 2 1 4
0% 50S H,O
control 30 9 7 2 30 1 2
0% 50S
spinosad
control 2 6 5 1 2 2
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S= Susceptible

R = Resistant

Lar =Larvae

Ad = Adult

Prepup = Prepupae
Pup = Pupae

1% In = ™ Instar

2" |n = 2 |nstar
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New or Experimental Chemical Evaluations

(nn)Report for pyridalyl - Grant A. Herron

Aim: to test a single formulation of Pyridalyl againsterence susceptible and resistant
strains of western flower thrips (WFT).

Chemical tested:Pyridalyl 500 g/L SC (Symphony).

Thrips: Two laboratory reference strains of WFT were eatdd. A reference susceptible
strain known as NZ2 and a field collected multipésistant strain that is pressured with
spinosad and known as WA (P).

Thrips were cultured on potted dwarf French beRima¢seolus vulgaris L.) using methods
given in Herron and Gullick (2001). Briefly, WFT veereared in purpose-built rearing cages
on potted bean plants with cumbungiygha domingensis Pers.) pollen and honey as a
supplementary food source. Thrips were transfeordd fresh plants in a new cage on a six-
weekly cycle and maintained at 25+1 °C under a bé@ L: D regimen.

Bioassay method:The bioassay procedure was that of Herbal. (1996). Briefly, WFT
were lightly anaesthetised with G@nd then tipped onto French bean leaf discs endoeitid
agar in 35 mm diameter Petri dishes. The leaf digtis anaesthetised thrips in place were
sprayed with of insecticide (4 mL aliquot) or witater (control) via a Potter spray tower
producing a deposit of 3.2 + 0.08 mg &nOnce sprayed each Petri dish was covered with
taut plastic cling-wrap film perforated with 40-5ide ventilation holes. The dishes were
stored for 48 h at 25 £ 0.1 °C under a 16:8 houb kkegimen. The numbers of live and dead
thrips were counted with the aid of a stereo-micopg. Each test was replicated at least once.
Control mortality did not exceed 15%. Data werelgs®ed using a computer program based
on the Probit method of Finney (Barchia 2001)

Results: There was a significant difference in respohseveen the susceptible and resistant
strains when using Pyridalyl (as indicated by the \Rilue (3.53) being > 1.00 (ie 95% CI
1.78-6.99)) (Figure 1).

Discussion: The difference in response between susceptibleesistant thrips (Figure 1) is
typical of insecticide resistance or cross-resigabut still within the limits of vigour
tolerance. However, more testing is required tsoaliely eliminate vigour tolerance as a
cause. If the WA (P) strain is pyridalyl resistamy pyridalyl resistance detected is due to
cross resistance from previous insecticide uset Wbald limit the usefulness of pyridalyl for
WEFT control.

Acknowledgement: Graeme Gullick, Swami Thalavaisundaram and Tanyanlihgon
provided technical assistance.

References:Barchia I. 2001. Probit analysis and fiducial lisnih Genstat. InGenstat 2001

Program and Abstracts (eds V Doogan, D Mayer & T Swain), p, 3. Mecures®&¢ Surfers
Pardise, Gold Coast, 31 January - 2 February 280dtralia.
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Figure 1. Replicated dose responses for pyridalyl sprayednagausceptible (NZ2) and
resistant WA(P) strains of western flower thrips.
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(oo)Report for acrinathrin — Grant A. Herron

Aim: to test various formulations of acrinathrin agaireference susceptible and resistant
strains of western flower thrips (WFT).

Chemicals tested:acrinathrin 75 g/L, acrinathrin 22.5 g/L + abanmect2.6 g/L, and
acrinathrin 15 g/L + malathion 440 g/L.

Thrips: Two laboratory reference strains of WFT were eatdd. A reference susceptible
strain known as NZ2 and a field collected multipésistant strain that is pressured with
spinosad and known as WA(P).

Thrips were cultured on potted dwarf French bdama¢seolus vulgaris L.) using methods
given in Herron and Gullick (2001). Briefly, WFT veereared in purpose-built rearing cages
on potted bean plants with cumbung@iygha domingensis Pers.) pollen and honey as a
supplementary food source. Thrips were transfeored fresh plants in a new cage on a six-
weekly cycle and maintained at 25+1 °C under a héi@ L: D regimen.

Bioassay method:The bioassay procedure was that of Hembal. (1996). Briefly, WFT
were lightly anaesthetised with G@nd then tipped onto French bean leaf discs endoeitid
agar in 35 mm diameter Petri dishes. The leaf digitis anaesthetised thrips in place were
sprayed with of insecticide (4 mL aliquot) or wibater (control) via a Potter spray tower
producing a deposit of 3.2 + 0.08 mg &nOnce sprayed each Petri dish was covered with
taut plastic cling-wrap film perforated with 40-5ide ventilation holes. The dishes were
stored for 48 h at 25 £ 0.1 °C under a 16:8 houb ltegimen. The numbers of live and dead
thrips were counted with the aid of a stereo-micope. Each test was replicated at least once.
Control mortality did not exceed 15%. Data werelgs®d using a computer program based
on the Probit method of Finney (Barchia 2001)

Results: There was a significant difference in respobstveen the susceptible and resistant
strains when using 75 g/L acrinathrin (as indicdtgdhe RF value (7.00) being > 1.00 (ie
95% CI 4.37-11.20)) (Figure 1). Interestingly,rihn@vas no significant difference in response
between the two reference strains when evaluatednsigthe acrinathrin mixture of
acrinathrin 15 g/L + malathion 440 g/L (Figure 2)azrinathrin 22.5 g/L + abamectin 12.6
g/L (Figure 3). However, the dose response dat#éhfomixtures indicate they are less potent
than acrinathrin alone with acrinathrin 15 g/L +lathion 440 g/L the least potent of the two
mixtures.

Discussion: The difference in response between susceptibleresgistant thrips (Figure 1) is
typical of insecticide resistance or cross-resistanConsequently, the WA(P) strain is likely
acrinathrin resistant although it has not had pneviacrinathrin exposure. It would be
reasonable to conclude that the acrinathrin resistaletected is due to cross resistance from
previous insecticide use including pyrethroids. pamantly, such significant differences in
response were not evident in the two mixtures oinathrin + malathion or acrinathrin +
abamectin suggesting that they both neutralisectbss resistance detected in Figure 1. As
mixture efficacy (ie increase/decrease in absolug, seems to relate to the reduced
acrinathrin rate only in the mixture it would seawrinathrin 22.5 g/L + abamectin 12.6 g/L
to be the superior formulation for further develamnagainst WFT.

77



HAL Project VG06010: The sustainable use of pesticides (especially spinosad) against WFT in vegetables.

Acknowledgement:Graeme Gullick and Tanya Tomlinson provided teciinassistance.

References:Barchia I. 2001. Probit analysis and fiducial lisnih Genstat. InGenstat 2001
Program and Abstracts (eds V Doogan, D Mayer & T Swain), p, 3. Mecures®&¢ Surfers
Pardise, Gold Coast, 31 January - 2 February 280dtralia.

Herron, G.A., Rophail, J. and Gullick, G.C. (1996aboratory-based, insecticide efficacy
studies on field-collecteBrankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) and
implications for managemeraustralian Journal of Entomology 35: 161-164.

Herron, G.A. and Gullick, G.C. (2001). Insecticigssistance in Australian populations of
Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) causes thedaimment of
pyrethroid chemicals for its contr@beneral and Applied Entomology 30: 21-26.

100% 0O Susceptible Nz2
LC,, 0.00057
(0.00047-0.00069)

98%

RF @LC,,

sa%d 700 (4.37-11.2)

Mortality

50% O Resistant strain WA(P)
LCg, 0.0040

(0.0020-0.0059)
16%

. '

0.00001 0.00010 0.00100 0.01000 0.10000 1.0

acrinathrin (g ai L'l)

Figure 1. Replicated dose responses for 75 g/L acrinathmaysg against susceptible (NZ2)
and resistant WA(P) strains of western flower thriphe arrows show the approximates.C
values.
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Figure 2. Replicated dose response for acrinathrin 15 g/L atathion 440 g/L sprayed
against susceptible (NZ2) and resistant (WA(PRiss of western flower thrips. The arrows
show the approximate lsgvalues compared to acrinathrin 75 g/L
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Figure 3. Replicated dose responses for acrinathrin 22.5+gbamectin 12.6 g/L sprayed
against susceptible (NZ2) and resistant (WA(PRiss of western flower thrips. The arrows
show the approximate lsgvalues compared to acrinathrin 75 g/L
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(pp)Report for clothianidin — Grant A. Herron

Aim: to test a single formulation of clothianidin agsimeference susceptible and resistant
strains of western flower thrips (WFT).

Chemical tested:0Z-T1 435 200S{Clothianidin200 g/L SC).

Thrips: Two laboratory reference strains of WFT were eatdd. A reference susceptible
strain known as NZ2 and a field collected multipbsistant strain that is pressured with
spinosad and known as WA (P).

Thrips were cultured on potted dwarf French bdama¢seolus vulgaris L.) using methods
given in Herron and Gullick (2001). Briefly, WFT veereared in purpose-built rearing cages
on potted bean plants with cumbung@iygha domingensis Pers.) pollen and honey as a
supplementary food source. Thrips were transfeored fresh plants in a new cage on a six-
weekly cycle and maintained at 25+1 °C under a hé@ L: D regimen.

Bioassay method:The bioassay procedure was that of Hembal. (1996). Briefly, WFT
were lightly anaesthetised with G@nd then tipped onto French bean leaf discs endueitid
agar in 35 mm diameter Petri dishes. The leaf digtis anaesthetised thrips in place were
sprayed with of insecticide (4 mL aliquot) or wiater (control) via a Potter spray tower
producing a deposit of 3.2 + 0.08 mg &nOnce sprayed each Petri dish was covered with
taut plastic cling-wrap film perforated with 40-5ide ventilation holes. The dishes were
stored for 48 h at 25 £ 0.1 °C under a 16:8 houbD ltegimen. The numbers of live and dead
thrips were counted with the aid of a stereo-micope. Each test was replicated at least once.
Control mortality did not exceed 15%. Data werelgs®d using a computer program based
on the Probit method of Finney (Barchia 2001)

Results: There was a significant difference in respobstveen the susceptible and resistant
strains when using clothianidin (as indicated kg RF value (7.14) being > 1.00 (ie 95% CI
3.03-16.84)) (Figure 1).

Discussion: The difference in response between susceptibleesistant thrips (Figure 1) is
typical of insecticide resistance or cross-resiga\s the response is above 5 fold it is likely
beyond the realms of vigour tolerance. As the WP gtrain is clothianidin resistant any
clothianidin resistance detected is due to crosstance from previous insecticide use. That
would limit the usefulness of clothianidin for WIEdntrol.

Acknowledgement: Graeme Gullick, Swami Thalavaisundaram and Tanyanlihgon
provided technical assistance.

References:Barchia I. 2001. Probit analysis and fiducial lisnih Genstat. InGenstat 2001
Program and Abstracts (eds V Doogan, D Mayer & T Swain), p, 3. Mecures&®¢ Surfers
Pardise, Gold Coast, 31 January - 2 February 280dtralia.

Herron, G.A., Rophail, J. and Gullick, G.C. (1996aboratory-based, insecticide efficacy

studies on field-collecteBrankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) and
implications for managemeraustralian Journal of Entomology 35: 161-164.
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Herron, G.A. and Gullick, G.C. (2001). Insecticigssistance in Australian populations of
Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) causes thedaimment of
pyrethroid chemicals for its contr@beneral and Applied Entomology 30: 21-26.
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Figure 1. Replicated dose responses for clothianidin spragainst susceptible (NZ2) and
resistant WA(P) strains of western flower thrips.
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(qq)Report for DPX-HGW86 — Grant A. Herron

Aim: to test a single formulation of DPX-HGW86 agaireference susceptible and resistant
strains of western flower thrips (WFT).

Chemical tested:DPX-HGW86 (oil dispersable).

Thrips: Two laboratory reference strains of WFT were eatdd. A reference susceptible
strain known as NZ2 and a field collected multipésistant strain that is pressured with
spinosad and known as WA (P).

Thrips were cultured on potted dwarf French bdama¢seolus vulgaris L.) using methods
given in Herron and Gullick (2001). Briefly, WFT veereared in purpose-built rearing cages
on potted bean plants with cumbung@iygha domingensis Pers.) pollen and honey as a
supplementary food source. Thrips were transfeored fresh plants in a new cage on a six-
weekly cycle and maintained at 25+1 °C under a hé@ L: D regimen.

Bioassay method:The bioassay procedure was that of Hembal. (1996). Briefly, WFT
were lightly anaesthetised with G@nd then tipped onto French bean leaf discs endueiid
agar in 35 mm diameter Petri dishes. The leaf digtis anaesthetised thrips in place were
sprayed with of insecticide (4 mL aliquot) or wiater (control) via a Potter spray tower
producing a deposit of 3.2 + 0.08 mg &nOnce sprayed each Petri dish was covered with
taut plastic cling-wrap film perforated with 40-5ide ventilation holes. The dishes were
stored for 48 h at 25 £ 0.1 °C under a 16:8 houbD ltegimen. The numbers of live and dead
thrips were counted with the aid of a stereo-micopge. Each test was replicated at least once.
Control mortality did not exceed 15%. Data werelgs®d using a computer program based
on the Probit method of Finney (Barchia 2001)

Results: There was no significant difference in respobs&veen the susceptible and resistant
strains when using DPX-HGW86 (as indicated by tlirevialue (0.99) being = 1.00 (ie 95%
C10.47-2.09)) (Figure 1).

Discussion: The difference in response between susceptibleesistant thrips (Figure 1) is
typical of insecticide susceptible populations. &@magingly then, the dose response data do
not suggest any resistance or cross-resistancheinesistant WFT tested. However, the
bioassay with its 48 h withholding period, suggestiely field rate in excess of 10 g ai / L.

If the bioassay does accurately reflect field effig then such high rates may not be
economic. Then again, as initial anecdotal disaussivith DuPont indicated DPX-HGW86
to be efficacious against WFT it is possible thealssay result is not accurately reflecting
field efficacy. If that is true then further bioagsmethods development is required so that the
bioassay does accurately reflect field performance.

Acknowledgement: Graeme Gullick, Swami Thalavaisundaram and Tanyanlihgon
provided technical assistance.
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Figure 1. Replicated dose responses for DPX-HGW86 sprayeitstgausceptible (NZ2) and
resistant WA(P) strains of western flower thrips.
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Article IV. General Discussion

Despite a resistance management strategy beingemepited for the horticultural
Australian industry, spinosad resistance has isecaabove the 87-fold detected in the
previous study HG03003 of Herron and Broughton @08pinosad resistance in the current
study (project) VG06010 peaked at 201—fold in tl@&2007 season, with a further three
instances of resistance above 100 fold. A majdofda the selection for resistance is the lack
of effective alternatives to spinosad, and fieldels of resistance to spinosad continue to
increase. Unfortunately, lack of alternative chergiss not the only reason spinosad
resistance continues to increase. The publishedegly requires a treatment cycle of three
consecutive sprays in close succession (BroughtdrHgrron, 2007), because WFT eggs are
hidden in the leaf tissue and pupae in the soiljelg preventing contact with sprayed
chemicals (Herromt al. 2007). A detailed chemical spray history supplieth strain Lettuce
Glenorie 11/2008 for example, showed that chemiraikiding spinosad were not applied
according to the published resistance managemeategy. Chemicals were being sprayed
weekly rather every 3-5 days, dependant on temperaiBroughton and Herron 2007).
Additionally, chemicals were often not approprigtelternated with sequential use of the
same product common. Although information aboutrésstance management strategy has
been made available to growers in this (see Appengiroject communications) and previous
projects, correct spray procedures continue t@gbered.

Cross-resistance refers to a situation in whichtrairs that has become resistant to one
insecticide automatically develops resistance teewotnsecticides to which it has not been
previously exposed (Yu 2008). As the insecticidastance management strategy is based on
chemical alternation, cross-resistance will undaarihe strategy and could cause efficacious
chemicals to prematurely fail if alternated withceoss-resistant compound. The cross-
resistance study suggested that dichlorvos resistaray have resulted from an undetermined
cross-resistance with chlorpyrifos, as previoushgpected by Herron and James (2005).
Cross-resistance testing also found a possibles¢essstance between spinosad and the
chloronicotinyl (neonicotinoid) insecticides acetprid and thiamethoxam. Consequently,
alternations with any chemicals from the chlorotig group with spinosad should be
avoided. This conclusion is unfortunate becausectiiernicotinyl chemical group is the
fastest growing class of insecticides in moderrp goootection (Jeschke amdauen 2007).
Encouragingly, there was no cross-resistance tthvanggl, chlorfenapyr or methamidophos,
so these chemicals appear to be suitable canditatakernation with spinosad.

Resistance is caused by a number of mechanisms matt being either target site or
detoxification. The presence of these specifioxiétation enzymes can be deduced with
synergists that can neutralise specific enzymexdetation pathways (Raffa and Priester
1985). The bioassay mechanism study suggestsabtanaiprid and abamectin resistance was
associated with an esterase mediated detoxificggaghway, but importantly detoxification
was not associated spinosad resistance; a resuolistent with Bielzaet al. (2007).
Consequently the following molecular genetics stadyspinosad resistance was then able to
pursue a target side cause for resistance withgla tieégree of confidence. The molecular
genetics research identified several candidatee®tthat may prove useful for identifying
the spinosad target site in the future. Additionalhe sequencing of NAChR receptoa@®
cDNA sequence as outlined in Pemstyal. (2007) using spinosad resistant and susceptible
WFT revealed a singe nucleotide substitution (Cxfigat may be associated with spinosad
resistance. Although this cannot be confirmed defely as the causative mutation for
spinosad resistance, we are one big step closghai@cterising the spinosad resistance gene
and so establishing a real time capability forstesice detection.
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In our attempt to relate spinosad resistance tll fi@ntrol, we concluded that chemical
control with spinosad seems to fail somewhere betwE0 and 40% resistant WFT. This
suggests that resistance to spinosad is Austr&liasccidentalis may be managed with an
integrated pest management system, but more wor&gisired to more closely define the
critical frequency of resistance. For growers wsfhinosad resistant populations, alternate
control tactics will be required for several getienras when resistance frequencies are high. If
spinosad can be removed by the grower for a pefiddne (i.e. for a few WFT generations),
resistance to spinosad should decline and spinsbadld once again become effective
against WFT.

(a) Acknowledgements

This project was facilitated by HAL in partnershpth AUSVEG. It was funded using the
vegetable industry levy and voluntary contributidream Dow AgroSciences Australia Ltd,
with matched funds from the Federal Governments phoject is part of a collaborative effort
with significant in-kind contributions from 1&I NSvédnd DAFWA.

(b) References

Broughton S. and Herron G.A. (200Arankliniella occidentalis Pergande (Thysanoptera:
Thripidae) chemical control: insecticide efficacgsaciated with the three consecutive
spray strategyAustralian Journal of Entomology 46, 140—-145.

Herron GA. and Broughton S. (2006) Final Report B@IB: Evaluation of insecticides for
western flower thrips resistance. NSW DPI, Orange.

Herron GA. and James TM. (2005) Monitoring insadgc resistance in Australian
Frankliniella occidentalis (Pergandae) detects fipronil and spinosad resistan
Australian journal of Entomology 44, 299-303.

Herron G., Steiner M., Gollnow B. and Goodwin S020Western Flower thrips (WFT)
insecticide resistance management plan.
http://www.dpi.nsw.gov.au/agriculture/horticultupests-diseases-
hort/multiple/thrips/wft-resistance. Accessed 15/\N810

Jeschke P. andauen R. (2007) Neonicotinoids - from zero to hierinsecticide chemistry.
Pest Management Science, 64. 1084-1098

Perry T., MaKenzie JA. and Bratterham P. 2007. Aljtha 6 knockout strain @rosophila
melahogaster confers a high level of resistance to spinosasect Biochemistry and
Molecular Biology 37, 184-188.

Raffa KF and Priester TM. 1985. Synergists as rebedools and control agents in
agriculture Journal of Agricultural Entomology 2, 27-45.

Yu S.J. 2008The toxicology and biochemistry of insecticides. CRC Press, Boca raton.

85



HAL Project VG06010: The sustainable use of pesticides (especially spinosad) against WFT in vegetables.

Article V. Conclusions

This project (VG06010) has shown that spinosadstasce doesn’t necessarily mean that
growers will experience total control failure. Howee, resistance monitoring indicates that if
growers continue to manage WFT the same way asliheg in the past, then resistance
levels to key chemicals such as spinosad will comtito rise. To conserve existing
insecticides and to stop resistance increasingetolRM chemicals, a major change in the
national WFT resistance management strategy isresfjuAs a matter of urgency, chemical
control needs to be an integrated with IPM. In &addj additional research to fully
characterise spinosad resistance by molecular igegeehniques is required. New resistance
monitoring methodology (both bioassay and molegud#so needs to be developed for new
strategic chemicals as they become available tgdgetable industry.
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Article VI. Recommendations

WFT chemical control and the national WFT resistamsanagement strategy
should be integrated with evolving IPM practicestsas biological control as a
matter of urgency.

Additional research is required to fully characerspinosad resistance by using
molecular genetic techniques to provide improvedistance monitoring
capability.

Resistance monitoring should continue, but needsetmarrowly focussed on a
few key conventional and IPM compatible chemicals.

New IPM compatible chemicals will necessitate thevelopment of new
resistance monitoring methodology (both bioassag@ amolecular), as new
strategic chemicals become available eg Movento@®w techniques need to be
developed because the newer insecticides cannoédbed or monitored using
standard bioassay techniques.

New insecticides should be studied as they are naaddable to industry to
determine baseline susceptibility levels that Yadilitate resistance detection.
Compatibility of new insecticides with biologicabmtrol agents used to control
WFT and other pests needs to be determined.

Any new insecticide proposed for WFT control shohbkl screened for possible
Cross resistance to existing chemicals (espeaailyosad).
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Article VII. Appendix
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