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Abstract

Sublethal effects of a neonicotinoid insecticide on the sharpshooter veckytsl k&t fastidiosa

by

Keiko Okano

Doctor of Philosophy in Environmental Science, Policy and Management

University of California, Berkeley

Professor Alexander H. Purcell, Chair

The neonicotinoid insecticide imidacloprid, applied in soil to grape seedlings ies ser
of doses, was tested on two major vectors of the bactetyletia fastidiosa in California:
Homal odisca vitripennis (glassy-winged sharpshooter (GWSS), Hemiptera: Cicadellidae) and
Graphocephala atropunctata (blue-green sharpshooter (BGSS), Hemiptera, Cicadellidae) for
effects on longevity, possible repellency, and flight ability. The insdetigieatly reduced
feeding of both insects at doses where mortality was not significantlyetiffeEom untreated
control insects. Imidacloprid did not affect the ratio of insentthe plant to that of off the plant,
andG. atropunctata were found on the leaves rather than on the stems, whéreds pennis
was more frequently found on the stems. However, insecticide treatment rdohucate of
both G. atropunctata and H. vitripennis present on the stems. Sublethal doses did not reduce
flight ability markedly and did not measurably reduce transmissidh tdstidiosa to grape
beyond reductions in transmission ascribable to vector mortality.
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Chapter 1

Introduction

Recent epidemics of Pierce’s disease (PD) of grapewfits\{nifera L.) (Sisterson 2009) and
oleander leaf scorch in southern California (Bethke et al. 2001) demonstrated hiovagien
of a region by a newly introduced vector insect species can drasticallyectiee outlook of the
associated diseases. After invading southern California in the late 1980s (Soneh&dh a
1996),Homal odisca vitripennis (glassy-winged sharpshooter: GWSS) was linked to a
subsequent epidemic of PD in the Temecula Valley (Blua et al., 1999). The diseli$@s
been present in California for over 100 years (Pierce, 1892), yet had never been a pfthiem
magnitude since it was first noticed in the 1880s in the Los Angeles basin. Inreas\etlze
disease so severely affected the vineyards that growing grapes caaliynbecame extremely
difficult, just as in regions of some states around the Gulf of Mexico, where Gs\ia8vie
(Perring et al., 2001).

Pierce’s disease is caused by the bacteKyi®la fastidiosa (Hopkins, 1989). In their
host plants, the bacterium is limited to the xylem, and is transmitted éyxidid-feeding
Hemiptera, such as sharpshooter leafhoppers, spittlebugs, and cicaddsgiRdd2004). The
transmission efficiency of. fastidiosa varies widely, depending on the vector species, source
and recipient plants of the bacterium, and the titet. ddistidiosa cells in the source (Redak et al.
2004). H. vitripennis is relatively inefficient in transmission, yet its ecological and behalior
characteristics such as large population sizes in certain habitatagrRgml., 2001), dispersal
ability (Blua and Morgan, 2003), and feeding behavior that can result in transmission of X.
fastidiosa to a dormant vine (Almeida et al., 2005) make it a major threat to the grapevines and
other plant species that are fed on by GWSS and can be affected by some Xtristidfosa
(Purcell and Hopkins, 1996).

A broad range of research projects have been initiated to improve management of the
disease. In order to prevent the further spread of the vector and the epidenot ofGWVSS
populations through the use of insecticides constitutes one of the major pillark of suc
management effort. A wide variety of chemicals have been tested on GWS Se(As#e2001,
Bethke 2001, Wood and McBride 2001, Grafton-Cardwell 2003, Prabhaker et al. 2006 a, b,
Prabhaker and Toscano 2007, Lauziere and Elzen 2007), pyrethroids and neonicotinoids found
to be particularly effective. Neonicotinoid insecticides have received ntigettian, as this
relatively new group of chemicals (first introduced to the market in 1991) movensyaily in
plants (Elbert et al. 2000), and have been especially effective on the sap-sus&atg in the
order Hemiptera (Nauen and Denholm 2005). Insecticide treatments againSt GAt¥S
imidacloprid as the primary agent, have reduced the number of vectors immggnéoi the
vineyards in the early spring, and the disease incidence has declined (@aidovell et al.

2008). However, they were not effective for very susceptible grape varief@svares less
than 3 years old (UC IPM Pest Management Guidelines: Grape UC ANR Fohlig448).
Therefore, a closer look at how insecticide treatments work is necessary.



Characteristics of fastidious bacterial plant pathogens

There are at least 60 bacterial plant diseases (excluding phytopldsatdsve been
reported to be transmitted by insects (Harrison et al., 1980). The vectors malg fhoovi
pathogen survival (such as overwintering) and dissemination to new host plant individuals and/or
species (Sigee 1993). In many cases, vector-pathogen relationshigd highly specific, nor
are the pathogens entirely dependent on the presence of the vectors. Howeveeptianex
include the fastidious, vascular-colonizing prokaryotes that depend on insect rgtorission
to infect plants (Sigee 1993). They are divided into two groups: non-circulative prasaayat
circulative prokaryotes.

Non-circulative prokaryotes, which includefastidiosa, are the gram-negative xylem-
limited bacteria (Chikowski 1987, Almeida et al. 2005). All are transmitted by pieran
insects specializing on xylem-feeding, which are insects in the faméieopidae, cicadellidae,
machaerotidae and cicadidae (Redak et al 2004). Their transmission can odbuafaor
acquisition (without an apparent latent period) and adult vectors retain infefdiviong
periods, if not for life. The loss of infectivity after molting and the failurenfect the pathogen
into vectors to produce vector transmission are evidence that the transmissiia lzae
located in the foregut area and are not circulative (Purcell and Finney 1979).

Circulative prokaryotes are the mollicutes (MLOs and spiroplasmas) and plihoiéeal
bacteria (Chikowski 1987). These pathogens, after acquisition from source plaatde doe
pass through the gut wall, survive in the insect hemocoele, enter into the sglwaly, and
from there enter plant vascular tissues during vector feeding. The pregeses some time
(latent period) during which insects cannot transmit the pathogen (Sigee 1993).

Comparison with vector-transmitted viral plant pathogens

Pathogen-vector-plant host systems involving viral pathogens have been ektensive
studied, as many such diseases are economically important. Despite impohteyntadi
differences between viruses and bacteria, viral disease studies mag @avid useful
principles applicable to vector-borne bacterial pathogens, as both require ioadoyad mobile
insect vector.

Nault (1997) classified plant pathogenic viruses into four classes accordimg to t
mechanism and the persistence of transmission: nonpersistently transnyiiéedboshe viruses
(NSV or NP), semipersistently transmitted, foregut borne viruses (SFV)pp&Bistently
transmitted, circulative viruses (PCV or CP), and persistently traiesingropagative viruses
(PPV or PP). They are described in Table 1, along with the charactesidtiesbacterial
pathogens for comparison. The concept has been widely accepted, and some mathematic
models incorporating the class differences of viral transmission chastcsenave been
developed in order to better understand the vector-mediated viral plant diseaseapigeamnd
to explore possible management options.



Model epidemiology

Jeger et al. (1998) suggested that propagative viruses, due to their need forpe fetent
and with a longer acquisition period, require much larger vector populations or idcveat®s
activity to sustain an epidemic, thus reducing vector-population density otyaatduld be
effective against them. Chan and Jeger (1994) discussed the effect of rougingl(cémova
diseased plants) and concluded that it would only be effective for NPs at telaiveector-
population densities. Also, rouging is likely to be ineffective when there is angahiinflux of
virulent vectors and no epidemic thresholds. This may explain the ineffectiveriresdifeased
vine removal in the case of Pierce’s disease (Almeida et al. 2005), eveh thisuguggested for
managing within vineyard source of inoculums (UC IPM 2008).

Madden et al. (2000) expanded on the work of Jeger et al. (1998) with modeling of a
range of vector migration conditions, and found that the epidemic behavior and sgrsitivit
model parameter changes varied greatly in different virus transmisagses! Their model
indicated that small changes in vector activity (plants visited per day ingect) greatly
affected disease incidence for the NPs, whereas with CPs and PPs, evendaggs in the
number of plants visited had only a small effect. They also pointed out that reduiorg ve
density would not be effective for NPs if insect mobility (plants per day) is high.

With regard to the vector migration, results depended on how many of the vectoys lost b
death and emigration were replaced by immigrating insects, and therfractiese immigrants
that were infected. These factors most affected persistently itetsfonce vector begins to
transmit, it continues to be infectious for at days to weeks up to indefinitelgesi (Madden et
al 2000).

Changing inoculation or acquisition rates had a direct effect on the diseatss ascof
CPs and PPs, but required a much greater rate reduction in oaffexctaates with NPs and SPs.
PPs were least affected by changes in vector activity. Persidramgmitted viruses, especially
the PPs, were most affected by reducing the life time of vectors, but thigutadion had no
effect on the NPs unless vector density was low (Madden et al 2000).

Grilli and Holt (2000) considered the importance of the mean feeding period iorrétat
the mean period required for one inoculation event to occur. They suggested that genetic
changes in the host or vector that induced an increased variability of feeding paulddyive
unpredictable changes in disease dynamics.

Effects of vector and/or disease aggregation have also been considereglileedytto
affect the assumption of constant acquisition/inoculation parameters. Irydgtdbang et al.
(2000), altering the model to account for vector aggregation gave a mucHibefterodel
predictions to the field data. McElhany et al. (1995) examined the impact of vederepce
for diseased plants on the dynamics of disease spread. They found that such depeffetst
on the frequency of the diseased plants in the field and on how long the disease fddrsists
vectors that prefer the plant condition (diseased/not diseased) not dominant irdtheofielced
higher rates of disease spread, and persistence increased the neadf@pvectors that
preferred healthy plants more than that of a diseased plant-preferring VEoey warned that a
control strategy of disrupting vector preference should be given careful tHmefghs
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implementation. Another important factor was the scale of movement, whebal*grectors
can move to any host in the field, and “local” vectors can only move to the proximityreht
host. They showed that the rate of disease spread by a local vector witie diistance of
movement may be decreased if the spatial patchiness of the disease isdnatétsthe
“global” vectors, the spatial autocorrelation of disease incidents becametially zero,
resulting in randomly distributed disease.

Insecticides and plant viral disease management

Perring et al (1998) reviewed the reports of insecticide use for the mamagdmkant
virus disease spread. A high number (94 of 119 cases, 80.0%) of successes werstimtpersi
and semi-persistently transmitted viruses, whereas most of the reporteesfés2 of 48 cases,
66.7%) were nonpersistently transmitted viruses. Their reasoning for thel$e wes that
persistently/semipersistently transmitted viruses take a lomgerfar vector
inoculation/acquisition, thus exposing the insect to sufficient doses of inseatiditietiem or
alter their behavior before transmission began. For nonpersistently tradsmmitges, in which
acquisition and inoculation can occur in much shorter time, the source/host plantdyeareral
not accepted as feeding hosts by the vector; vectors leave soon after alightiegt probing,
thus there is not enough time for pesticide exposure before the acquisition/inocolatonrt
Moreover, they indicated that many insecticides can actually induce unseétiagior of
insects (at least temporarily), with vectors moving from plant to plant to edeapesecticide or
find a suitable host.

Perring et al. (1998) also noted that the mode of transmission affects the\ett
insecticide on disease management. When virus spread is mainly primary (wstbremght
from outside of the field by vectors already infective), treating thettargp rarely is effective,
especially if large number of infective insects enter the field. This wasuarly true for NPs
transmitted by non-colonizing, transient vectors. In such cases, control deapiging
pesticides to the plants that can host the vector or virus outside the target fieldathgpof
insecticides directly to the target crop is more effective when spreaainty secondary (from
crop plant to crop plant within the same field) and/or vectors accept the plantsigidias their
feeding hosts.

Overall, effects of transmission characteristics and changes on epluEmnmor seem to
stem directly or indirectly from the length of the time needed for the gatho
acquisition/inoculation and transmission latent period, although exceptions cestarrdyt
more detailed study. In addition to vector transmission characteristics,sotitbe pathogen
(pathogen host plant species and their distribution around field), disease distribugamspatid
the manner of insect movement within and between fields can be crucial information whe
considering management tactics.



Concerns over the sublethal effects of insecticides

In the selection of insecticide for a specific target insect, experiraentsarried out to
estimate each chemical’s lethal dosage (LD) or lethal concentratior{tfi€Cjose/concentration
that induce a given mortality rate) for comparison of their effectiveiesst doses are chosen to
enable an accurate estimation of those values (Priesler 2007). However, evenhaquighary
purpose of an insecticide is to Kill the target insects, it is also importantdosetiee chemical’s
effect at dose/concentration ranges sufficiently wide around the levekaofled field use.
Insecticides can affect a variety of behaviors at lower than lethal désg®{al. 1998). In a
rare case, Simons and Blaney (1996) found that azadirachtin worked as antdéedgimer
doses, and became toxic to insect at lower doses.

There are three scenarios under which target insects are exposed to lovexpibeted
titer of insecticides in the field. Firstly, shortly after an insedéi@pplication, depending on its
method and/or the applicator’'s handling, uneven distribution of the chemical can occur.
Secondly, after an insecticide application (or the peak of its uptake byatedtmant),
chemical degradation occurs within/on/around the plant, and as a result, the targetiinsec
exposed to a continuum of decreasing doses at different localities within alpatiy, if the
target insect population widely varies in its tolerance to the insecticatettie response of
individuals among the population to a certain dose/concentration may also varytatfete
insects respond differently at higher or lower doses of an insecticide, then it shooleédhand
interpreted in the context of the pest management.

Implication for Pierce’s disease system

So, what can be drawn from the findings on vector-transmitted plant viral diseaises t
can be applied to PD? The PD pathojefastidiosa is a non-circulative prokaryote that shares
some transmission characteristics of SP and PP (Table 1. shaded dyks#is) can be
transmitted in a relatively short period of time, and has virtually no lateodpeven though it
increases its abundance within the foregut of the vector (Almeida et al. 20€6yswvaf Xylella
remain infective for long time, perhaps for life in adults. The shorter acquigiibculation
time required for a successful transmission, in conjunction with feeding/proloogsses, can
contribute to an increased rate of disease spread, and lessen the efficaatioidalseontrol.
The lack of a required latent period increases the pool of an infective vectortpopullthe
persistence can prolong pathogen spread for a vector preferring healthy hendsspersal
ability of GWSS could make the sequential spread of disease by this vectociaf specern.

Zitter and Simons (1980) identified three important questions for using insest&sde
(viral) disease management measure through vector control: (1) Can theidsedtect the
vectors fast enough to prevent their acquisition/inoculation of the viruses, (Besrensects
that have become resistant to the insecticide, and (3) can the use of a wemkdasswourage
rather than discourage the rate of virus spread? Perring et al. (1998) merastraadidn, long
persistence, and good coverage as the characteristics of insec¢hatdefiuence chemical
control.



Imidacloprid is a neonicotinoid insecticide, a group of relatively new insedithd¢ act
on the insect central nervous system as agonists of the postsynaptic nicotyhohaliee
receptors (NAChRs) (Bai et al. 1991). It depolarizes and blocks synaptic trsiosnisiusing
uncoordinated movement, paralysis, and tremor (Nauen 1995). Its effect on reduGig3ise
population is well recognized, and the chemical has been used in area-widerntgabgrams
(Hix et al., 2003). At a whole tree scale with citrus, the distribution of imidaclopttdwthe
plant was found to be uniform (Castle et al., 2005), but it is also known that on smaller plants,
concentration of the chemical in upper and lower leaves vary (Mendel et al. 2000t lzanare
Rathahao 2003, Olson et al., 2004). Uneven distribution of the chemical can also result from
poor application techniques, insecticide metabolism, plant growth (Nauen and Denholm 2005),
or condition of the plant (Cloyed 2002, Byrne and Toscano 2005). Because of the high chances
that vectors can encounter lower, sublethal doses of imidacloprid in field, knowindettteoéf
such sublethal doses on the insects may be useful. In this study, | investigatedffecisef
sublethal doses of imidacloprid on the two ma§ofastidiosa vectors in California,
Homal odisca vitripennis (glassy-winged sharpshooter, Hemiptera: Cicadellidae) and
Graphocephala atropunctata (bluegreen sharpshooter, Hemiptera, Cicadellidae), and the
implications for disease management through vector control with this indectic

SUMMARY OF CHAPTERS

Most of the chapters and all details of the original research conductédsfdissertation
are presented in the format of separate manuscripts to be submitted for publidasion. T
approach unavoidably results in some repetition or redundancy. The final chapteri@)apte
summarizes main points of the dissertation and integrates the findings in dhdisewasion.

Chapter 2 describes a series of dosage-mortality experiments withlopiitested on
GWSS and BGSS, in order to observe the effects of the different level of clseoméasect
mortality and behavior. This established the standard doses used for latenextsethat
explore the details of the behavior of imidacloprid-affected insects.

Chapter 3 explains how, using the selected doses from the previous chapter, thefeffect
imidacloprid on insect feeding and flight were further investigated, and the lextiaeof the
vectors was tested with or without the choice of imidacloprid treated/untreatdsl pla

Chapter 4 describes studies of GWSS flight using flight mills to quantifgftbet of
imidacloprid on individual insect. Also, the control insects in this study provide basic
information on GWSS flight.

Chapter 5 summarizes the result of all experiments, and discusses thetiomglich
experimental results with sublethal doses of insecticide for the spreadad $isease.
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Virus transmission group

Fastidious prokaryotes
transmission group

Transmission Non-
characteristic NSV SFV PCV PPV circulative Circulative
Acquisition/inoculation Seconds, Minutes,
time minutes hours Hours, days Hours, days ~Hours
Weeks, Until

Retention time Minutes Hours Days, weeks months molt/months
Transstadial passage No No Yes Yes No
Pathogen in vector
hemolymph No No Yes Yes No Yes
Latent period No No Hours, days Weeks No/short 2-6 weeks
Pathogen multiplied in
vector No No No Yes Yes Yes

Only 2

pathogens
Transovarial transmission  No No No Often No reported
Insecticide control of Higher
epidemics Lower success success Higher success Higher sucgess




Table 1. Comparison of transmission characteristics of virus and fastidious prekar§biaded
area indicates the characteristics shared by X. fastidiosa, a nolatowe fastidious bacterium
and viruses.

NSV: nonpersistently transmitted, stylet-borne viruses
SFV: semipersistently transmitted, foregut borne viruses
PCV: persistently transmitted, circulative viruses

PPV: persistently transmitted, propagative viruses
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Chapter 2

Dose-dependent effect of imidacloprid on the mortality, feeding behavipand flight of
Homal odisca vitripennis and Graphocephala atropunctata

Abstract

The systemic insecticide imidacloprid was applied to potted grape sexidliageries of doses
to test its effects on mortality and behavior of two major sharpshooter vedtonptera:
Cicadellidae, Cicadellinae) dfylella fastidiosa in California,Homalodisca vitripennis (glassy-
winged sharpshooter) ataphocephala atropunctata (bluegreen sharpshooter). The insects
were caged with grape seedlings treated with different doses of imiddclepdi their location
within the cage, feeding status, and mortality were recorded. The numbediofyfersects
showed significant differences among doses, but those non-feeding inseatedenomathe
plants. This suggests that the insects are not repelled by imidacloprid underagoecimaiitions.
At 0.05 mg imidacloprid/380g soil, insect mortality was not significantly dsfiefrom that of
untreated controls but insect feeding activity was reduced on average [®p&veHowever,
most of these insects survived throughout the three to five-day test period; thiersthamgthe
time that the insects are known to survive without feeding. In addition, most of timeaihyni
feeding insects retained the ability to fly at the end of the experiment8.hByrs after the
insect introduction, the numbers of either BGSS or GWSS on stems was higherrarmants
than for other doses, indicating a possible avoidance of imidacloprid-treatexostéine insects.
Sublethal dosages of imidacloprid that markedly reduce feeding may @i heir energy
consumption, thus limiting their dispersal potential and other traits.

Introduction

The xylem-limited bacteriunXylella fastidiosa (Wells et al., 1987) infects a large number of
host plant species, most of which show no symptoms in respoKsefection (Freitag, 1951,
Hopkins and Purcell 2002). Some strains of this bacterium, however, can cause sesmaesdi
in agricultural and ornamental plants such as citrus, coffee, grape, peach, pluneaadérol
(Hopkins, 2005, Hearon et al., 1980; Chang et al., 2009). The bacterium is transmitted from
plant to plant by xylem feeding insect vectors in the order Hemiptera, nahsefyshooter
leafhoppers (subfamily Cicadellinae in leafhopper family Cicadelljdgutlebugs (family
Cercopidae), and cicadas (family Cicadidae) (Almeida et al., 2005).

In California, Pierce’s disease of grapevine (PD) has been recogmredtse 1880s
(Gardner and Hewitt 1974). Three regions of the state have been recognizeid@sliffarent
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key vector insect(s) for PD: the blue-green sharpshooter (B&B&)Hocephala atropunctata
(Signoret)) on the North Coast, the green sharpshddtaegulacephala minerva Ball) and the
red-headed sharpshoot&yphon fulgida (Nottingham)) in the Central Valley, and the glassy-
winged sharpshooteHpmal odisca vitripennis (Germar)) in parts of Southern California
(Sisterson, 2009). Among these, the glassy-winged sharpshooter (GWSS), afrtagve
southeastern United States and northern Mexico (Martensson, 2007), is a newly idtroduce
species in Southern California detected in the late 1980s (Sorensen and Gill, 1396@cidri
caused two PD epidemics in Southern California and the southern portion of the Cdlayal Va
(Sisterson, 2009). These new epidemics differed from the ones caused by the native
sharpshooter species; although both native (Purcell, 1976) and invasive (Lauziere et al., 2008,
Northfield et al., 2009) sharpshooters immigrated into vineyards fieraurrounding vegetation,
native vectors produced chronically-diseased vines only at the edges of vin@yaoddl (1974)
while the disease incidence caused by GWSS was higher and distributedifilothr@reyards
(Blua and Morgan, 2003). These differences prompted new control strategatis gangultiple
aspects of host-pathogen-vector-environment relationships (Almeida et al. 200%)rindugy
target of GWSS control was to reduce the spread and number of the vectors througal chemic
and biological control.

Chemicals from all of the major insecticide classes (e.g., insestlgregulators,
repellents) have been screened against different life stages of G\W&&et al. 2001, Byrne
and Toscano 2007, Grafton-Cardwell et al. 2003, Lauziere and Elzen 2007, Prabhaker et al.
20064, b, Prabhaker and Toscano 2007, Puterka et al. 2003, Tubajika et al. 2007). Pyrethroids
and neonicotinoids were found to be the best in terms of their rapid killing and long pegsistenc
in the environment. Among these, a systemic neonicotinoid insecticide, imidaclopdad)éde
the main agent for managiixylella vectors in both commercial agriculture and urban
landscapes (UC IPM website, accessed 12-08-2009, Glafton-Cardwell et al. 20028) tise
management program in Southern California has successfully suppressed GW &topogdi
the spread of Pierce’s disease. In addition to its insect mortality, iojd@chas also been
shown to affect feeding by GWSS (Bethke et al, 2001), and some impact on détgedireg
transmission has been reported (Bethke et al. 2001, Krewer et al. 2002).

However, comparison of the efficiency of pathogen transmission by different vector
insects (Redak et al. 2004, Daugherty and Almeida 2009) and by simple mechanicatiomocul
with needle puncture indicates that connections between insect feeding, patahongerssion
and disease establishment are not simple linear relationships (Bextin20&4a Jackson et al.
2008, Daugherty and Almeida 2009). For example, GWSS transmission from grapeetdsg
about 5-15% per insect per day under lab conditions (Almeida and Purcell 2003), but GWSS
delivery of bacteria during closely monitored feeding experiments was 1B8&kuUs 2006),
indicating the complexity of these relationships. The geneti¥sfattidiosa are also critical to
its vector transmission. Knock-out mutants of the bacterium with no functionaketiedignaling
system are not vector transmissible (Chatterjee et al. 2008) and stréirfastitliosa vary
markedly in vector transmissibility and even in vector specificity (Lapes. 2009). Therefore,
the impact of imidacloprid’s anti-feeding effect on PD transmission isetatigar.

Another aspect of imidacloprid’s possible impact on the PD epidemics is through its
effect on vector flight. Imidacloprid is an agonist of nicotinic acetyl cl@oreceptors that
depolarizes and blocks synaptic transmission at the postsynaptic membranenefgicoli
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synapses (Bai et al. 1991). Typical symptoms for the insects adminisidrechigacloprid are
uncoordinated movement, paralysis, and tremor (Nauen 1995). With BGSS and GWSS,
intoxication can be observed as twitching of the hind legs. As leafhopper insectpt@tiam
Auchenorrhyncha, Cicadellidae), they use their long hind legs to propel their jumgis, whi
frequently launch flights (Burrows 2007). Therefore, if imidacloprid intesfern¢h controlled
movement of the hind legs, it may also interfere with flight ability. As fligldirectly involved
in the dispersal of the vector, and thus the pathogen, this may lead to affecting the PD
epidemiology.

Imidacloprid formulations (Admif& Bayer CropScience, NJ) can be applied to soil,
from which it is taken up systemically and moved throughout plants. Residues o¢mhiealh
can remain in soil and provide prolonged efficacy (Oi, 1999, Elbert et al, 2008). However, as
Almeida (2005) showed, the threat of pathogen transmission by GWSS can be yearvenind, e
during winter, when the concentration of the chemical to which the insects arecewumose be
much lower than initial concentrations (Byrne and Toscano 2007). Sublethal doses of
imidacloprid may also result from its uneven distribution within a plant. Mendel(@080)
used a radioactive tracer to find that the active substance was prefrenfpplied to new
shoots. As the ecological safety of imidacloprid and other neonicotinoids comes intorguest
(Department of Pesticide Regulation Notice, 2009), more detailed evaluatisretiécts and
the potential for minimal use of the chemical become more desirable.

The objectives of this study were to 1) evaluate mortalities of the BGSS as$SGW
vectors at varying dosages of imidacloprid to determine how mortality chasihesosages, 2)
evaluate the residual effects of sublethal doses of imidacloprid over sseeka, and 3)
observe the responses of the insects in feeding, flying and insect location ont@ahtsthal
dosages. Throughout this work, we refer to the “dose” as an amountappie test plant unit,
as the actual intake by insects could not be measured. We were particutaelsted in the
lower doses, where the mortality may be the sum of direct toxicity and wegkenfood
deprivation, which may not have been relevant at higher doses where insectdlecpikakly.
We expected imidacloprid to remain effective for an extended period, and theedintigfeffect
to starve the insects, reducing their flight ability and potentially ntaka abandon the plant as
a feeding host.

Materials and Methods

Insects and plants

We collected BGSS from wild grapevind4t(s californica Benth.) in an urban park in
Berkeley, California. After capture, the animals were maintainedynre@nhouse insectary on
California mugwort Artimisia douglasiana Bess. Ex Hook (Asteraceae)]. We collected GWSS
from citrus groves and eucalyptus trees southeast of Edison, California, antaimeal a
breeding colony in an insectary on a mixture of grapes, mugwort and®@esium basilicum L.
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(Lamiaceae)]. We germinated grape seedliMgysififera, cv. Cabernet sauvignon) in a flat of
vermiculite and transplanted the seedlings into UC soil mix (50% peat moss andrel)%ftea

at least two true leaves emerged. Two weeks before insecticide treatveestdected the
seedlings of similar sizes (about 18 cm), trimmed the roots to 5 cm lengthhiedrage of the

main stem, and transplanted each seedling into 380 g of soil (air-dried weight, 3&Mdnl r
plastic pot), collected from a single location in a Napa Valley vineyard. Thigmeiwas loamy
sand/sandy loam with a low organic matter content (%C = 2.3), and imidacloprid exstopt

the soil was expected to be low. We watered the plants just enough to not remove iniddaclopr
from the pot, and thus most of the applied chemical should have remained availableatsthe r

Time-dosage-mortality tests on BGSS and GWSS

We made a stock solution of imidacloprid (Adnfi2€&, Bayer Co., Kansas City, MO,
21.4%A\) at 0.75 g Admif®F per liter of water (0.16 mg imidacloprid/ml solution); subsequent
dilutions of imidacloprid were prepared from this stock. We applied 20 ml imidaclapution
of a designated concentration to the soil containing test plants; we werd ttagafoid wetting
the above-ground portion of plants since the chemical can also act as a contacidiesdeor
the same reason, we covered the surface of the potted soil with a 5mm layer cf@odisist
before the experiments started in order to prevent the insects from havitgalract with the
treated soil. We watered plants twice daily, just enough to wet the soil, wililshihg water
from the bottom of the pot. For the time-dose-mortality experiment, plants werevased t
weeks after the treatment to optimize systemic uptake.

Experiments typically began at about noon. At the start of the experimengnstetred ten
adult insects (five females and five males) to each test plant, which waadnadually
covered within a plastic tube cage inserted into the soil. The doses given to thevptards?,
0.8, 0.2, 0.05, and 0 (control) mgAl/pot, and there were five replicates per dose. We observed
insects hourly for up to six hours after the starting time, and then after 24, 48, 72, 96, and 120
hours in the greenhouse insectary (under natural lighting, 22 — 35 C°). We did not remove the
bodies of dead insects, as it would have disturbed the surviving insects too much and influence
the later results. The lethal concentrations (LC) and lethal time (L&:tdrachieve certain % of
mortality) values were calculated using probit and complementary ¢p@lioL) analysis
(Robertson et al. 2007). In addition, at the time of the observation, we recorded tle insect
location (ground - and whether dead or alive - cage, stem, petiole, leaf blade)orsoaatre
compared with Fisher’'s exact test, first over all doses, and if the resustigvaficant, the same
test was conducted on each pair of doses.

Residual effect of sub-lethal dose imidacloprid

To calculate the change in toxicity of a dosedj) Dver time following application, the
plants were treated with 1.6, 0.8, 0.4, 0.2, 0.1, and 0 mg Al/pot with 3 replications per dose, and
were used at 1, 3, 5, and 7 weeks after the treatment, with the same preparation and test
procedures described above. The results were analyzed with CLL analysis.
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Effect of sublethal doses of imidacloprid on GWSS Flight ability

We conducted three sets of the tests in which insects were exposed for diiegém
of time to plants treated with different doses of imidacloprid. The spe@&atnient regimes
used were as follows: 1) 3 weeks after imidacloprid application to the plant, 72 hour exgysur
1 week after application, 120 hour exposure, 3) 3 weeks after application, 168 hour exposure.
The doses used were 1.6, 0.8, 0.4, 0.2, 0.1, and 0 mg imidacloprid per 380 g (air-dried weight)
soil. After the designated exposure time, we brought the cages into an encloseddoom a
performed the following procedures on a bench that was located in front of damnth
window and that was enclosed on both sides and the ceiling by a smooth surface painted bright
yellow, to which the insects are attracted to (Patt and Setamou 2007). We rem@ledtitie
cage from each plant, and counted the number of insects that flew. Insects thaflgid not
spontaneously upon the cage removal were individually picked up from the plant by hand and
thrown about 30 cm into the air to stimulate flight. We classified insects that dig atier
being tossed into the air three times as “non-fliers”. The frequency rsfiili@s analyzed with
Fisher’s exact test, and if it was significant, then pairwise compangeresused to distinguish
where the differences occurred. This was a crude flight assay, and we did nidy 6igirit
performance.

Feeding activity

During the dosage-mortality experiments on BGSS and GWSS, we used visiielgoaxc
as an indicator of feeding and recorded the number of “feeding” and “non-feeding”
sharpshooters at each observation time. “Feeding” meant that we saw evidexaetadn in
the form of visible droplets being expelled from the anus of the insect or of acceuinulat
moisture behind or below the insect. Excretion is not a direct sign of activaongésit
Dolezal et al. (2004) observed that intense ingestion was often preceded by excietypalsd
found that stylet insertion is not necessarily the sign of ongoing feeding.fdreerge assumed
active excretion as an indication of feeding, realizing that some minotiorgesthout visible
excretion could have occurred. The counts of feeding and non-feeding individuals were
analyzed with Fisher's exact test, and if it was significant, then pag-@amparisons were used
to detect where the differences occurred.

Statistical analyses

All statistical analyses were conducted using the statistical camgprivironment R (R
Development Core Team, 2009).
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Results

Time-dosage-mortality tests on BGSS and GWSS

Figures 1 and 2 show how the cumulative mortality rate of BGSS and GWSS édkcreas
over time at different doses, and thes,Bnd LDy, values are shown on Table 1. The doses
used ranged from 3.2 mgAl/pot that resulted in 100% mortality to 0.05 mgAl/pot that did not
differ significantly (judging by the overlaps of §gd95% CI (Table 2) from mortality for insects
on control (untreated) plants. For both insect species, we noted mortality as €ahglas
after the insect entered the cage; some insects were observed on the gradgcaslenour
after introduction to plants treated with the highest desed mg Al/pot) of imidacloprid.
Insect mortality varied among the plants within dose group. For instance, athbstligse,
three out of five plants had 90-100% mortality for BGSS by 24 hour after insect intoog ozt
the other two plants at that dosage still had 4 or 5 insects alive at the end ofdéhatdinal.
This gives an average3D mortality rate of 0.8 + 0.235. In addition, one GWSS remained alive
for at least 72 hours on the highest dose plant. Only the highest dose, 3.2 mg imidaclpprid/pot
killed 100% of both BGSS and GWSS within the 120 hrs of observation. The next highest dose,
0.8 mg imidacloprid/pot killed all GWSS but not all BGSS. We also note the high control
mortality of GWSS after 48 hour and BGSS after 72 hour may have reduced the $gpsitivi
statistical analyses (Fig. 1 and 2).

At 24 hr, LDso (Table 1) was higher for BGSS, but at 48 hr, the value was similar for
both insects. With GWSS, the slope of the probit line did not change for 24 and 48 hr, but BGSS
had a steeper slope for the 48 hr probit line. From the comparison of4¢@5kA confidence
intervals (Cl), (Table 2), the values at the highest dose were similar fomisettis, but it was
lower for the GWSS at the two smaller doses. For either vector specie§|195%nortalities at
the control treatment and the 0.05 mg imidacloprid/pot dosage overlapped. Thenefore, t
“sublethal” dosages in a strict sense (i.e. not causing a detectable imcreaseticide-induced
death) should lie somewhere below 0.2 mg Al/pot. The range of 0.2 — 0.8 mg imidacloprid/pot
may also be considered sublethal in the sense of very low mortality. Tae gy, and dose-
mortality slopes calculated from standard probit analyses are shown on Tabteférence.

Residual effect of sub-lethal dose imidacloprid

The transition of L, value for each dose from 1 to 7 weeks after the treatment is
displayed on Fig. 3. The ls§decreased or remained about the same for 1.6 mg imidacloprid/pot
over 7 weeks after application, but for all other lower doses thgihdreased substantially after
> 5 weeks following application.
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Effect of sublethal doses of imidacloprid on GWSS Flight ability

The number of survivors and the number of surviving insects that could fly are shown in
Table 3. At imidacloprid doses resulting in larger numbers of survivors, most (> 75%) of
individuals could fly. Even at the dose@.4 mg Al/pot) resulting in the highest mortality, the
remaining small number of individuals maintained their flight ability. Theisag insects
were either able to fly or were nearly immobile. Therefore, therenwa&vidence that low-
lethality doses of imidacloprid inhibited flight activity by itself, withoufeating the overall
condition of the insect

Feeding activity

At all doses, the effect of imidacloprid on feeding behavior was dramatic ameldiate.
With few exceptions (BGSS at 1 and 3 hr, GWSS at 1h after the insect introduction),
significantly (p << 0.001) fewer BGSS and GWSS fed on treated plants at al(#foge4 and
5). Even at the lowest dose of 0.05 mg imidacloprid/pot, where there was no difference in
mortality compared to controls, feeding by both insect species decreastchtlyaBGSS
feeding on imidacloprid-treated plants mostly diminished after 3 hrs. WitB& the number
of feeding insects at the lowest dose (0.05 mgAl/pot) decreased by about 50 % ddamfize
control, but feeding was observed throughout the observation time. At the highest dose, both
GWSS and BGSS ceased all external signs of feeding even after one hour ditbeduged
onto treated plants.

Insect location on plant

For most of the post-introduction observation period, Fisher’s exact tests did not detect
significant differences (p < 0.05) in the ratio of insects on plants versus on thencaygthe
different doses, including untreated controls, for either BGSS or GWSS (Figs. 6, 7, and)Table
With GWSS, significant differences between any two doses did not pertist hext
observation (Table 4). For BGSS, significant differences occurred from 3 to 5.5 hnsedter
introduction, where control and the lowest dose 0.05 mg Al/pot had a lower ratio of insects on
the cage than the other doses, and at 48 hr, where 0.8 mg Al/pot had a higher rati¢ thiainsec
the other lower doses.

When we compared the ratio of GWSS on stems to those on leaves (in either leaf blade +
petiole (Table 5) or leaf blade only (data not shown)), the control consistentysiguificantly
higher ratio of insects on the stem compared to other doses (Table 5, Fisaertesx p <
0.05); the only exception occurred at the first hour and at 72 hr post-introduction,. With BGSS,
there were no significant differences for the initial 6 hotlieb(e 5, Fisher’s exact test, p < 0.05),
but the control had significantly higher ratio of insects on the stem for the obsenvetiod
after that.
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Discussion

Both BGSS and GWSS are vigorous feeders, excreting droplets of wasés aff 0.2
ml/insect per hour (Mittler 1967) and 0.09-0.27 ml/insect per hour (Andersen et al. 1989),
respectively. Although feeding by itself rarely causes damage to thts,ptas an entry point of
the pathogen into the host and reducing feeding rates can impact PD spread. Inythis stud
imidacloprid’s anti-feeding effect was observed within a few hours of insegtiuttion, even at
the lowest dose at which mortality didn’t differ from that for untreated cantfbhis suggests
that the insects detected the chemical at such sublethal levels, and possibfgl®@SS, as
the lowest dose still almost completely deterred them from feeding. Whethesécts halted
feeding to avoid the chemical or from getting too intoxicated to continue feednog clear
from this experiment. However, the doses used here were lower than the apptatatin most
of the previous studies (Akey et al. 2001, Byrne and Toscano 2007, Lauziere and Elzen 2007,
Prabhaker et al. 2006a, b, Prabhaker and Toscano 2007, Puterka et al. 2003, &ublajiG07),
and the speed of killing was much slower. At the lower doses, the mortality debobtT00%
within our observation period, which extended beyond the time these insects can survive without
feeding. If the insects were too intoxicated to feed, their death mighbbeveed sooner, at
the higher rates.

With a systemic insecticide with anti-feeding effects, distinguishimgause of
mortality is difficult. Unless the chemical is also a repellent, sammuat of it will be ingested
during the initial test feeding. However, as the titer in the plant decreasles,imsect acquires
some physical (i.e. resistance by detoxification) or behavioral (i.e. avejdaherance to the
chemical, the relative contribution of direct toxicity versus starvation &otinfeeding effect
becomes difficult to distinguish. In our study, at the highest dose, many ingeetalveady on
the ground at 1 hour after introduction, so the lack of feeding may simply have beemf sig
intoxication. However, many of the insects survived beyond four days, the period far whic
GWSS normally can survive without feeding at this range of temperature §8ddte Barro
2001). This suggests that the insects were either 1) feeding at a rede¢pdssibly on plants
parts that were less toxic) or 2) not feeding, but were in a physiologicaltettitequired less
food. The first scenario may be supported by the results of our insect locatiomexpen
which insects on the imidacloprid-treated plants tended to be found more often on lesf blad
The quantification of imidacloprid titer in citrus leaves by Byrne and Toscano (200wed
that the concentration of imidacloprid in different leaves from the same ties.vaherefore, if
insects can find an acceptable and less-toxic feeding site before becmmxicated, they may
be able to survive. The second scenario may be explained by the findings of Marshal
(2006). In their study, GWSS feeding diminished below 15 C°, yet the time it took for 50%
death was longer than 5 days, and up to 11 days at 6 C°, possibly due to the reduced activity of
the insect. If the detection of imidacloprid in the plant caused the insectddb #weir physical
condition to something similar to that in low temperature, then the insects mayedanger
without feeding. Of course, these tactics may be occurring at the isaen¢herefore it is
necessary to monitor the insects feeding more closely in order to discerndifie sffect of
sublethal imidacloprid.
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Uptake and persistence of systemically applied imidacloprid in thedigie trees of
different plant species showed similar trends among themselves, withitpeappearing at 2 to
8 weeks post-treatment and effects sustained for up to 10 weeks post-treagment(tl
Toscano 2006 & 2007, Byrne et al. 2005, Castle et al. 2005). The uptake was most rapid at the
highest rate of the application and with younger vines (Byrne and Toscano 20063.aBgrn
Toscano (2005) also noted that soil and irrigation practices can affectliopidd uptake. In
our study with potted seedlings, insect mortality increased up to 3 weeks atteatheent for
all doses, but started to decline by the 5th week, except for the highest doses waicbdsust
their efficacy through all 7 weeks of experimental period. This is somewhaeiwith the
previous studies on potted plants (Bethke et al. 2001, Grafton-Cardwell et al. 2003), where hi
mortality was already achieved at 1 week after treatment and wamedsta 4 to 8 weeks. A
difference may be that at a very low application rate, the peak of uptakecowaysooner than
at a higher rate. Whether this is due to the fundamental uptake potential antlifieses or
differences in imidacloprid metabolism in the plant or the soil is not yet known.y Icese,
these different factors should be considered when designing a bioassay system

The high mortality on control plants observed in this study means that test pthgs of
size, with the designated number of insects per plant, may not be appropriate forngeas
mortality over extended periods. This is understandabld, @gripennisis a highly
polyphagous insect and selects and thrives on nutritionally preteostsl (Brodbeck et al. 1990).
The insects often reject unfavorable hosts even when there are no other haditeavagdulting
in a lower survival on such plants (Brodbeck et al. 2007). Nevertheless, Hummel et al. (2005)
have demonstrated thidt vitripennis can develop and reproduce when confined to a single host
and bioassays of systemic insecticides with (possible) anti-feedimgse$feould run for longer
terms, beyond the insect’s starvation threshold. The use of larger test plantaetiagase this
issue, but then higher within-plant heterogeneity in insecticide distributiomgnd a
accompanying insects’ responses to the insecticide may increase in importa

Bioassay systems to evaluate systemic insecticides that have aedimiyfeffect
require longer time intervals (several days) following insecticide @djmn than most dosage-
mortality assays and may not distinguish death due to direct toxicity frorechdifects of the
toxins such as severely reduced feeding. Field tests and tests withdapplamts would still
constitute important parts of the insecticide study. However, in order to codiffarent
populations on the same standard, variability arising from things other than ttie (esg¢
different soils and individual plants, especially if they are not genigticantical) should be
minimized. In addition, the relative contributions of intoxication versus antirfgexdfects on
insect mortality should be measured. This is especially important if onéotdegect insecticide
resistance among the populations, as insecticide tolerance resultingeinawioral changes can
be greatly influenced by the test system and obscure the test results. For pasbgyar
feeding system with sharpshooter food with known imidacloprid concentrations wouldibe ide
Unfortunately sharpshooter feeding on artificial diets is usually poor, with higtalty (>50%)
in less than a day (Purcell, A. and Finlay 1979). If a monitoring and recording devicessuch a
electrical penetration graph can be added to the system, then the exact stepiocstiure of
feeding can be analyzed (Backus et al. 2009) in relation to the insect resptesmsedticide
and further, the pathogen transmission. Through such studies, the true effecteddarii-uch
as imidacloprid on disease transmission could be elucidated, and the chemicatialpze be
better utilized.
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In this study, insects were confined in cages, and did not have a choice to move to
another host plant. Whether the insects would abandon the imidacloprid treated plainéy that t
do not actively feed on, in the presence of alternative host plant nearby, would be the nex
guestion. Also, whether the insects would learn to avoid the plant they once fed on and
abandoned is an important issue in terms of chemically managing vector popul&imeyards.
Finally, the most question remains as to whether this anti-feeding effetidaicloprid,
especially at the sublethal dose, can decrease transmisofasifdiosa to host plants. Using
the sublethal dose range obtained in this study, these studies should be conducted.
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Table 1. Probit analyses for the vector mortality of systemic (ppliead) imidacloprid on grape

Insect Exposure n  Slope + SE Ly (95%CL) LDyo (95%CL)
time

BGSS 24 h 50 0.86+0.09 2.15 (1.83 - 2.47) 3.64 (3.11 - 4.18)
48h 50 2.36+0.34  0.73(0.60 - 0.87) 1.28 (1.02 — 1.54)

GWSS 24h 50 1.26+0.17 1.32 (1.04 - 1.61) 2.34 (1.81 -2.87)
48h 50 1.28+0.25  0.79 (0.56 — 1.02) 1.79 (1.22 — 2.37)

LD50 values are expressed in units of mg imidacloprid per 3809 soil.

27



Table 2. LEo (SE) for the vector mortality at each dose of systemic (soil-appt@dacloprid
on grape

Dose (mgAl/pot)

Insect 3.2 0.8 0.2 0.05 0

BGSS 14.77 (0.84) 70.34 (2.61) 102.78 (3.11) 140.19160.69 (16.12)
(8.76)

GWSS 13.85(1.41) 45.00 (1.89) 76.16 (2.49) 106.19 116.99 (3.88)
(3.33)

LTsovalues are expressed in units of hour.
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Table 3. Flight ability of GWSS after exposure to grapes systemioadliet! with imidacloprid.

Dose 72 hr exposure, 120 hr exposure, 168 hr exposure,
(mg imidacloprid | 3 wk after treatment| 1 wk after treatment| 3 wk after treatment
/380 g soil)
% survivor| % flier % % flier % % flier
survivor survivor
1.6 0 - 0 - 0 -
0.8 13.3 10.0a 20.0 3.3b 0 -
0.4 30.0 20.0b 10.0 3.3b 13.3 6.7
0.2 13.3 6.7b 66.7 60.0a 20.0 16.7
0.1 100 86.7a 76.7 76.7a 43.3 43.3
control 96.7 93.3a 60.0 60.0a 60.0 53.3

The flier numbers followed by the same letters or have no letters argmifitantly different
(o =0.05). The analyses were done on the counts, in terms of the ratio of flier ane&non-fli
with Fisher’'s exact test.
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Table 4. Significant Fisher’s exact test results on insect location:\pleate

Insect| Time after insect] Dose 1 Dose 2 p-value
introduction (hr) (mg Al/pot) (mg Al/pot)
BGSS 3 0.2 Control 0.026
0.05 0.002
0.8 0.029
3.2 0.020
4 Control 3.2 0.007
0.8 0.010
0.2 0.026
0.05 3.2 0.007
0.8 0.010
0.2 0.026
5 0.05 3.2 0.011
0.8 0.040
48 0.8 Control 0.017
0.2 0.019
GWSS 6 3.2 Control 0.003
0.05 0.009
0.2 0.023
12 3.2 0.05 0.027
0.8 Control 0.026
0.05 <0.001
0.2 0.007
96 0.8 Control 0.034
0.05 0.031
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Table 5. Significant Fisher’s exact test results on insect location:vsteaff + petiole

Insect | Time after insect Dose 1 Dose 2 P-value
introduction (hr) | 1,4 A11380g soil) | (mg AI/380g soil)
BGSS 9 control 0.2 0.026
24 control 0.8 0.005
0.2 <0.001
0.05 <0.001
48 control 0.2 < 0.001
0.05 <0.001
72 control 0.2 0.003
0.05 0.022
96 control 0.2 0.002
0.05 <0.001
GWSS 2 control 3.2 0.008
0.8 0.004
3 control 3.2 <0.001
0.8 <0.001
4 control 3.2 <0.001
0.8 <0.001
0.2 0.011
0.05 0.027
5 control 0.8 <0.001
0.2 0.009
0.05 0.8 <0.001
0.2 0.8 0.027
6.5 control 3.2 0.018
0.8 <0.001
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0.2 0.012
0.05 0.8 0.003
0.2 0.8 0.022
9 control 0.8 <0.001
0.2 <0.001
0.05 0.002
12 control 0.8 0.010
0.2 <0.001
0.05 0.005
24 control 0.8 0.004
0.2 0.001
48 control 0.2 0.011
0.05 0.040
96 control 0.05 0.003

Table 5. Continued
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Fig. 1. Cumulative mortality rate of BGSS exposed to different amounts adcioprid.

Unit of doses are expressed in mg imidacloprid/380 g soil.
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Fig. 2. Cumulative mortality rate of GWSS exposed to different amounts of ikl
through systemically-treated grape seedlings at different doses.

Units of doses are expressed in mg imidacloprid/380 g soil.
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Fig. 4. Number of excreting BGSS exposed to different amounts of imidattbpsugh grape
seedlings systemically-treated with different doses.

n = 50 test insects per dose.

Units of doses are expressed in mg imidacloprid/380g soil.
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seedlings systemically-treated with different doses.

n = 50 test insects per dose.

Units of dose are expressed in mg imidacloprid/380g soil.
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n = 50 test insects per dose.

Units of doses are expressed in mg imidacloprid per 380g of soil.
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Chapter 3

Effects of imidacloprid and kaolin particle film on host preference byHomalodisca
vitripennis and Graphocephala atropunctata and transmission ofXylella fastidiosa

Abstract

Imidacloprid is a necotinoid insecticide that is widely used in Californiadotral of the glassy-
winged sharpshooteHpmal odisca vitripennis Germar. Hemiptera: Cicadellidae), an important
vector for Pierce’s disease (PD) of grapevines. This insecticiddliknegvn for its
effectiveness against piercing-sucking insects and has been employed adgrge variety of
pest insects and of diseases spread by insect vectors. In order to betteanchdenstthis
pesticide works against PD, we compared the relative effects of imidactopuiolethal effects
on H. vitripennis and another native vect@raphocephala atropunctata (Signoret) with respect
to their host acceptance and transmissioXylélla fastidiosa (Xf), the causal bacterium of PD.
For comparison, a known repellenttifvectors, kaolin particle film (SurroufidEngelhard
Corp. NJ), was also tested. In laboratory trials, the kaolin film repelledsrisem landing on
plants. The incidence of PD among kaolin-covered plants was significantly leavethat for
controls. Even when given a choice between imidacloprid-treated and untreatedvplaots
mortality increased with time, suggesting that the insects were rotisating between
treated and untreated plants. Transmission experiments provided no evidence that subletha
doses of imidacloprid substantially reduced the transmission efficiériéymttripennis. The
observed efficacy of imidacloprid against PD appears to be most likely dudetbatisty to
vectors.

Introduction

The glassy-winged sharpshooter (GW38)mal odisca vitripennis (Germar) is an invasive
insect in California (Sorensen and Gill 1996) that is an important vector of Bidisease (PD),
a lethal disease of grapevines that is caused by the bachkyidiha fastidiosa (Xf). As part of
efforts to control PD, the insecticide imidacloprid has been applied to soilgstensc uptake
by plants in GWSS breeding areas and vineyards. Because of the low cdlgriofueylem sap
and the high energy outlays required to ingest it, xylem sap-feeders thateme for PD must
ingest huge volumes of xylem sap (Mittler 1967; Raven 1984). Thus xylem sapsfeaderas
GWSS should be especially sensitive to systemic insecticides applied td foe gpiake
through roots.

Historically, insecticidal control of PD vectors has been of little or no ussurcmg PD
spread. Application of DDT to vineyards during the late 1940s was not effective inngthei
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spread of PD (Hewitt et al. 1949). Experiments in Napa Valley during the 1970s shatved t
insecticidal reduction of populations of the blue-green sharpshooter (BGSS) vector
Grapholacephala atropunctata (Signoret) outside vineyards during early spring (i.e. before or as
the vector moved into vineyards from adjacent riparian habitats) reduced the subgagaent s

of PD in some but not all grape varieties (Purcell 1979). In sum, insecticidal aufrfail

vectors has been erratic and of limited success in PD prevention.

Fortunately, the imidacloprid applications and careful monitoring in response to the
newly-introduced GWSS have so far successfully suppressed the vector population and
subsequent spread of PD (CDFA, 2009). Still, the threat of pathogen transmissiorSi$ycamw
be year-round, even during winter (Almeida 2005), when the concentration of the dliemica
which the insects are exposed would be much lower than initial concentrations (Byrne a
Toscano 2007). In addition, there are concerns of insecticide resistance builduplegidadc
safety of neonicotinoid insecticides (CDPR 2009); therefore, it is important tptkiad
chemical’s effect at a wider range of application rates.

Sublethal doses of imidacloprid sharply reduced feeding activity by GWSISBet al.
2001 and Ch 2 of this dissertation). This raises a number of questions. First, does thareduct
in feeding directly lead to reduced transmission rates (transmissiaereffit by the vector?
Second, does the anti-feeding effect make the vectors avoid the plant as a feedthgsost
making imidacloprid work as a repellent? Third, if it does, would it lead to sedgalant to
plant movements of the vector searching for acceptable hosts within vineyaote@sed vector
movement among vines may increase the number of vector visit per vine and increasetke
of pathogen acquisition/inoculation. In such a case, imidacloprid may counteract PD
management, if it fails to kill the insects quickly enough before they could adbeicausal
bacterium or inoculate it into plants.

However, a repellent doesn’'t necessarily increase pathogen transmissionyablgpra
suspension of kaolin clay particles (Surrofineingelhard Corp. NJ), which has proven to be
highly repellent to some insect pests of tree crops (Glenn et al. 1999, Putérk®@dpr proved
to be effective against GWSS in field trials (Puterka et al. 2003, Tubajika2®i04l) and was
claimed to reduce the spread of PD (Tubajika et al. 2007). By coating the plantswridica
thin layer of mineral barrier, kaolin particle film deters insectvds, such as feeding and
oviposition (Puterka et al. 2003). When the insects were given no choice but kaolin-coated
plants to feed on, they were not able to settle on the plants and died faster (Pute@@08).a
Although there was no description of whether the vectors actually engagedfaedimg
activity on the treated plants, or the coating simply eliminated vector lantdengeduction of
PD incidence observed in the study suggests that the repellency and reduceddaeskd by
kaolin treatments led to decreased spread of PD. Therefore, it would be wortbvidde t
whether imidacloprid’s anti-feeding effect at sublethal doses is compduathiat of this known
repellent.

In our previous study, the test insects were confined in small tube cag#ésetogith the
test plant, thus the insects were to some extent forced to be on the plant. The slgéttige
study were to 1) investigate whether the anti-feeding effect of imidaclopkésrthe insects
abandon or avoid the plant when either an increased space and/or a choice otipitettare
available 2) compare the behavior of insects exposed to imidaclopricidtpgartes to that of
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insects exposed to a repellent-treated plants, and 3) determine whethdi-fibeding effect of
imidacloprid can reduckf transmission by the vectors at sublethal doses. For these purposes
we observed imidacloprid’s effects on host acceptance by GWSS and BGSS ofrg®pevi
systemically treated with imidacloprid. To address the effects of subttbas of imidacloprid

on vector efficiency in transmittingf to grape, we evaluated transmission rates at several
dosages of the insecticide, both in choice (with both treated and non-treated plants) and no-
choice (with either one of treated and non-treated plants only) conditions. AEGSISS and
BGSS, the latter of which is less threatening than GWSS but morerdfiitéf transmission.
Because the insects quickly stop feeding on treated plants yet retain gineialfiility after such
exposures (Ch. 2), we expected that with the presence of alternative host plantectbe ins
would move to other, untreated plants. In comparison with the kaolin-coated plants, the major
difference between the two is whether they can repel insects from landing plant or not.
Depending on how well the kaolin prevents landing, and how the combined effect of reduced
feeding and potential changes in plant visit frequency, some difference iniligirta prevent
pathogen transmission was expected. We were particularly interested in loaelaprid might
induce behavioral changes and how these might affect PD transmission.

Materials and Methods

Insects and plants

We collected BGSS from wild grapevind&t(s californica Benth.) growing in an urban
park in Berkeley, California, after which the insects were maintained ieealgouse insectary
on California mugwortArtimisia douglasiana Bess. Ex Hook (Asteraceae)]. We collected
GWSS from citrus groves and eucalyptus trees southeast of Edison, Califoptiae Gaeeding
colonies of this species were maintained in the same insectary on a mdraped, mugwort
and basil Dcimum basilicum L. (Lamiaceae)]. We germinated grape seedliNgsitifera, cv.
Cabernet sauvignon) for experimental trials in a flat of vermiculitetlisgs were transplanted
into UC soil mix (50% peat moss and 50% sand) after at least two true leaargeeémTwo
weeks before insecticide treatments, we selected seedlings of sizels (about 18 cm),
trimmed their roots in the shape of 5 cm diameter half-sphere and transpbaitexd them into
380 g of test soil (air-dried weight; collected from a single location in NapeyManeyard) in a
10 cm diameter (360 ml) round plastic pot. Because the soil type was loamy santbaand
with low organic matter content (2.3% C) imidacloprid adsorption to the soil orgartier wats
expected to be small; because water was not added to excess, most of the lagplieal ¢
should have been available to the roots.

Prior to the experiments, the insects for transmission tests were put in cdgeBw
symptomatic grapes for 4 days to let them acgXiireom the plant. This duration has been
shown to be sufficient to ensure the insects’ pathogen acquisition, and aboubhémocentber of
insects actually needed for the experiments was placed on the symptomatito @aeocdunt for
the mortality that occurred during the acquisition period. The PD plants wéensiialy to
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encourage the insects to change feeding locations within the diseased plamiaiseitice
chances oKf acquisition.

Comparison of effects of imidacloprid and kaolin coat on host acceptance axd
transmission by GWSS and BGSS.

We set 8 arenas (60 x 60 x 45 cm) constructed of thin white mesh cloth, each containing
2 plants, inside in a greenhouse insectary. There were 3 different combinaticsyseof g
seedlings Vitis vinifera, Pinot Noir) available in the enclosures: 2 arenas each of Noecfigit,
2 treated plants per arena) and No-choice (-/-, 2 untreated plants per arenayecaag 4fa
Choice (+/-, one treated and one untreated per arena). The treatments applhestdeither
imidacloprid (Admire 2B, Bayer CropScience LP. NC), 0.2mgAl/pot applied to the soil 7 days
prior to the experiments) or Surround WP (6% kaolin, sprayed for full coverage thefolay be
the experiments).

We released 4 insects (GWSS or BGSS) in the center of each arena for tictopnidia
experiments, and 4 GWSS or 2 BGSS per arena for the kaolin-coat expeFanghe latter
experiment, it was difficult to locate the BGSS in arenas due to the coatitjeamesh cover,
so the number of insects per arena was reduced. The insects were markespuatithf @olor so
that each individual could be distinguished. Observations of the insect location (on aither pl
or on arena) and mortality occurred at 10 min, 30min, and 1, 2, 3, 6, 9, 12, and 23 hrs after the
insects were released. The experiment was replicated 7 times for timedcabltests, and 4
times each for the imidacloprid tests for each vector species.

For 4 of the replications on each insect, detailed data on their location on thegoant w
also recorded. The data from all replications were compiled for each spsests. We
compared the number of insects on treated plants and that on untreated plants irstvilg way
Between the treated/untreated plants from the two no-choice (+/+ arebt$-phd the choice
(+/-) test, and 2) Between the treated/untreated plants within the chojce$t/using t-test.

The insect mortality counts were compared at the end by Fisher’stesiacAfter each
experiment, the test plants were maintained in the greenhouse for subsegessiant of PD
by culturing, following the dilution plating method of Hill and Purcell (1995). Wel ésgher’s
exact test to compare the numbers of diseased/healthy plants for eanbritedfthis test was
chosen instead of the chi-square test, as the incidences of PD was very ledttet test.

Effect of imidacloprid treatement on the transmission oiXf by GWSS

For tests of the effects of imidacloprid applications<dtransmission by GWSS, we
treated grape seedlings with 0.8, 0.1 and 0 (control) mgAl/pot of Admfrea@Fdescribed
previously. A week after the application, each plant was covered with a plagiana 4
GWSS were introduced to the enclosure. The insects had been previously fed on grataek inf
with PD for two days to let them acquiXefastidiosa. At 1, 2, 3, 4,5, 6, 9, 12, and 24 hours
after introduction, the insect locations and the presence/absence of exemigsign of the
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small droplets from the tip of the abdomen) by each insect were recorded. After &¥hr
insects were removed and the plants were set aside for later diagnd3is of P

Statistical analyses

All statistical analyses were conducted using the statistical camgrivironment R (R
Development Core Team, 2009).

Results

Comparison of effects of imidacloprid and kaolin coat on host acceptance axd
transmission by GWSS and BGSS

Effect of kaolin coat on the host acceptance and mortality of BGSS

The mortality of the BGSS after 23 hr was markedly higher in the no-cheica aith
kaolin-coated plants being significantly higher than in no-choice untreatedlcanetnas (FET,
P =0.02) or choice arenaB € 0.01) (Fig. 1). The choice arena mortality was not significantly
different from those of no-choice, untreated only arenas (FET, P = 0.65) (Fié¢n 1he
comparison of the number of BGSS on plants (regardless of treatment) in eaclategogy/c
no-choice, kaolin-treated plants only arena was significantly lowarttieauntreated plants only
arenas at 1, 12 and 23 hr after insect introduction (tRes0).019, 0.007, and 0.02, respectively)
(Table 1). The numbers at 6 hr and in arena category combinations other than the above did not
differ significantly (Table 1). Within the choice arenas, comparison battixeenumber of
insects on kaolin-treated and that on untreated plants revealed thataBaestrong tendency
for the insects to land and remain on the control plants throughout the observation® (ttest
0.007 at 1 hr, and P << 0.001 thereafter) (Fig. 2). However, the number of insects per kaoli
treated plant did not differ between choice and no choice arenas (Table 2).

On arenas containing at least one kaolin-treated plant, there were 5 or $tinseatere
never observed landing on a plant, whereas all of the insects in no-choice, untredsechbja
arenas landed on a plant at some point (Table 3). However, such difference viasbyatis
significant only between the two no-choice arenas (FE¥0.02). Once landing on a plant,
either kaolin-treated or untreated, the insects did not actively movehelsewWhen the BGSS
on no-choice, kaolin-treated plants only arenas landed on a treated plant, only 2 out aft&1 inse
moved away from it (Table 3). In the choice arenas, 3 insects out of 26 that ever landed on a
plant were observed on kaolin-treated plants: one remained on the plant, another ah®omove
an untreated plant, and one moved from an untreated to a treated plant (data not shown).
Statistical significance was not tested for in these results, asithiger of these events was very
low.
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Effect of kaolin coat on the host acceptance and GWSS mortality

Mortality of the GWSS at 23hr in the no-choice arena with kaolin-coated plasts wa
significantly higher than in the no-choice untreated control arenas F&D,001) and choice
arenas® = 0.0001)(Fig. 3). The mortality rate was similar, at about 40% of that of BGSS,
adjusting for the mortality in the no-choice, untreated only arenas. The cheneenaortality
was not significantly different from those of no-choice, untreated only €& ,P = 1) (Fig.

3). In the comparison of the number of GWSS on plants (regardless of treatment) anesac
category, no-choice with kaolin-treated plants only arena was signifi¢anér than the
untreated plants only and choice arenas at 12 and 23 hr after insect introductigi ¢-te

0.0002 and 0.002 at 12 hr, and P = 0.013 and 0.04 at 23 hr, respectively) (Table 4). There were
no significant differences at 1 and 6 hr after insect introduction and between ng-ohtieated
only arenas and choice arenas (Table 4). Within the choice arenas, comparisen betwe
number of insects on kaolin-treated plants and that on untreated plants revealedethedsteer
strong tendency for the insects to land on and remain on the control plants throughout the
observations (t-test, P = 0.02 at 1 hr, and P << 0.001 thereafter)(Fig. 4). Similaresuttee r
from BGSS experiment, the number of insects per kaolin treated plant did not diffeebe
choice and no choice arenas (Table 5). More than half of the insects rele&gedarchoice,
kaolin-treated plants only arenas were not observed to be on a plant throughout theeexperim
(Table 6). There were no significant differences among the arenas on therrafnmsects that
landed on a plant then moved away, or the number of insects that switched between the two
plants within an arena (Table 6).

Effect of imidacloprid treatment on the host acceptance and mortality c5BGS

Mortality data among the arenas with three different combinations cédreat!
untreated plants were not consistent, and a Fisher’s exact test of 23 hr data vggusficans
(Fig. 5,P = 0.93). In two of the four experiments, no insect died in any arenas. The numbers of
BGSS on plants (regardless of treatment) remained nearly constant tiubtighpost-
introduction sampling period, and there was no significant difference amongnlecategories
(ANOVA, P=0.87,0.70, 0.6, and 0.66 at 1, 6, 12, 23 hr, respectively) (Table 7). Within the
choice arenas, there was no difference between the number of BGSS orl#uobolonid-treated
and untreated plant® & 0.33, 0.85, 0.68, and 0.68 at each 1, 6, 12, and 23 hr, respectively) (Fig.
6). There were only a few insects that were never observed on a plant (Table 8). Theohumbe
location changes or plant switching by the insects did not differ among treeGategories =
0.54 and 0.81, respectively) (Table 8).

Effect of imidacloprid treatment on the host acceptance and mortality ofSGWS

Mortality of GWSS in no choice, imidacloprid-treated plant arenas and choitasare
were similar and higher than that in no choice, untreated plants only arenas (Figistestilt
was reflected in the per arena number of insects on plant data, as the numbeldseame
toward the end of the observation period for the former two arenas because ewisediesl in
them (Table 9). Consequently, at 23hr, per arena number of insects was sitiyfifiicgner for
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the no choice, untreated plants arenas than the no choice, treated only arsh&s£tt®1)

and choice arena® & 0.01). Within the choice arenas, initially there were no significant
differences between the number of GWSS on the treated plant and that on thediotreat(t-
tests at 1 and 6 hP,= 0.22 and 0.21, respectively), but at the end of the observation, the number
of insects was higher for the untreated plaBts 0.03) (Fig. 8). After landing on a plant,

GWSS moved away to somewhere else in the arena or to the other plant more thetivether
insect-treatment combinations, especially in the no choice, imidaclopatett plants only or
choice arenas (Table 10). Among the 26 plant switches by the insects in choas 8 moved
from an untreated plant to an imidacloprid-treated plant, and 17 moved the other way around.
Three insects switched location (at least) twice, each of which was cosrded awitching, and
those all landed on an untreated plant first, moved to a treated plant, then back to #teduntre
plant again (data not shown).

Effect of kaolin coat and imidacloprid off transmission

GWSS did not transmit PD to any of the 112 kaolin treated/un-treated plan&s(
plants for each of them). With BGSS, which had half the number of insects per areneedompa
to the GWSS experiment, 13 plants tested positive for PD, among the total of 64gsitmus t
Two of the infected plants were kaolin-coated plants in the no choice, kaolin-coatsdopiky
arenas, and none of the kaolin-coated plants in the choice arenas was diseased. hémong t
untreated plants, 4 from the no choice, untreated plants only aren&8 (plants), and 7 from
the choice arenas € 28 plants) became infected. Therefore, the largest difference wasehetw
the treated and untreated plants within the choice arenas, and this differeribe waly one
that was statistically significanP(= 0.01).

There was no significant difference between the number of PD plangadhen
imidacloprid-treated plants and that among the untreated plants, for eitrerspsties. With
BGSS, 5 treated plants and 3 untreated plants were infected, out of 32 plants each éxistte
test,P = 0.67) (the information on whether the infected plant came from choice or no-choice
arenas were lost). With GWSS, 6 imidacloprid-treated plants wereadfdwlf of which were
from no-choice arenas (with treated plants omysF (L6 plants), and the other half were from
choice arenas(= 16 plants). There were 8 untreated-plants infected, 3 of which were from no-
choice, untreated only arenas, and 5 were from choice arenas. There was narsignific
difference among these combinations of treatment and arena categbey $Féexact tes® =
0.87)

Effect of imidacloprid treatment on the transmission ofXf by GWSS

In each of the three experiments, the higher doses achieved over 50 % mort2ditigrby
after insect introduction, and the lower doses either had low or comparable to contso(fig
9 - B, E, and H). Except for the lowest dose (0.1 mg Al/pot) tested, GWSS feeding on
imidacloprid-treated plants diminished within 3 hr (Fig. 9 — C, F, and I). The PDianfeate
relationships among the treatment groups were not consistent, but in g€heeadsmission
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rates of imidacloprid-treated plants were either lower than that of wedreantrol plants or not
significantly different from it (Fig. 9 — A, D, and G).
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Discussion

In accordance with the previous studies (Puterka et al. 2003, Tubajika et al. 2007), kaolin
particle films on the grape seedlings reduced the number of BGSS and GWdB1§ lon the
plants. Although the significant differences were found only after > 12 hrs past inse
introduction, this may be due to the time it took for the insects to settle after thbalste of
handling and the small sample numbers. However, we should note that the number abrinsects
the treated plants in the no-choice, treated only arenas did not decreasdez\the afsect
mortality of over 40% occurred. When the insects were given no choice but kaolid pizatis,
they did land on these plants, and did not move away from the treated plants. In the case of
BGSS, transmission off did occur, though only in few cases, indicating that the insects actually
fed on the kaolin-treated plants. The difference between the per plant numbectobimtde
kaolin-treated plants from choice and no choice arenas was not significant; haveeseof the
kaolin-treated plants from choice arenas were infected, whereas 2 frkatts out of 16 were
infected in the no-choice arenas. In fact, all ofXh&gansmission in the choice arenas occurred
on untreated plants, which was statistically significant. This may suggekatiiat coat can be
more effective in preventing PD in vineyards where alternative host plantsaabg.ne

In contrast, BGSS landed on the imidacloprid treated and untreated plantdysimila
Their mortality was low, and the number of diseased plants among the treated aatgdintre
plants was not significantly different. The number of GWSS on imidaclopriddrpktets
eventually become significantly lower than that on untreated plants, but this ceenosthe
mortality from the insecticide reducing the number on the treated plants. Bhwahevhigh
mortality of GWSSXf transmission rate did not differ between treated and untreated plants.
Therefore, the sub-lethal dose of imidacloprid does not repel the insects fidinglan the
treated plants. Also, it seems that reduction of total feeding does not seem to lefenoug
reducing the transmission. One notable thing was that both sharpshooter speaedlyespe
GWSS, moved around on or off plant or switched between the plants more often in arenas with
imidacloprid treated plant(s) than the insects in kaolin-treated plantésisVASS did not infect
any of the plants in kaolin coat experiment, and our sample numbers are yewvenmadly not
be able to draw conclusion on the effect of insect relocation on PD transmission, butisach ac
does increase the insect visit per plant and potentially increase the chXhteasmission.

This is the first report of Surround repelling BGSS. Such repellency may besafud
where BGSS is the main vector. Puterka et al. (2003) found that white was one a$the le
attractive color to GWSS. Therefore, with the color and barrier effegésiter, kaolin treatment
at the border of vineyards facing BGSS overwintering areas may reitseof BGSS as they
move into vineyards during spring months (Purcell, 1975). Because the vector inoculation of
vines in coastal California establish chronic PD (vines do not recover overvankgijuring the
first 70 days of the growing season (Feel et al. 2003), the period that vines musebiegrot
from infectious vectors is relatively short. Puterka et al. (2003) reported \W&8Glid not
settle on test plants well under caged condition and remained on the cage untibtheifdeur
test study, GWSS took more time to settle on the test plants compared to B&8®By¢ the
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above mentioned tendency may be present. However, BGSS quickly landed on plants within the
arena, so they may not be prone to such issues and present more direct result fremathiemt
with the kaolin film.

In the results of our three experiments, effects of imidacloprid treatmetit on
transmission by GWSS were not consistent. Transmission rates éal tpéatts were not always
lower than to control plants, nor did the imidacloprid dosage show a positive relgiiwithi
the transmission. The treated plants at least never showed significghtty BRD infection than
the control plants, so imidacloprid applications did not increase transmissian rates

The transmission rate &f by GWSS was low and inconsistent (about 5-15%), as
previously reported (Almeida and Purcell, 2003). Information on the exact machaiwector
feeding and its relation to pathogen transmission, and subsequent diseasdatianiseEems to
be crucial to fully understand the potential of an insecticide like imidacloprithelmean time,
field insecticidal management program should be closely monitored and evatuadag hew
insight or change in the reaction of vectors to this chemical.
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Table 1. Number of BGSS (mearsd) on the plants in choice/no choice arenas with kaolin
treated/untreated plants.

Time after insect introduction (hr)
arena 1 6 12 23
No choice (+/+) 0.5+0.85 1+0.82 1+0.82 1+0.82
No choice (-/-) 1.4 +0.70 1.5+0.7% 1.9+0.3% 1.8+0.63
Choice (+/-) 1+0.6% 1.55 + 0.60 1.5+0.6%° 1.55 + 0.66°

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant withanesna. Number of
insects on plant data were accumulated for each arena category, and ANDvAttee per
arena number of insect on plant was performed at each hour. If the resultnifacsig each

pair of arena categories was compared using t-test. Values fdlloyhe same letter are not
significantly different ¢ = 0.05).
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Table 2. Number of BGSS (mearsd) on kaolin treated plants in choice/no choice arenas.

Time after insect introduction (hr)
Arena 1 6 12 23
Choice (+/-) 0.25 + 0.44 0.2+0.41 0.15 + 0.37 0.25 + 0.69
No choice (+/+) 0.25+0.55 0.5+0.69 0.5+0.76 0.5+0.69
P-value 1 0.1041 0.07463 0.1817

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant withireaa.aNumber of
insects on plant data were accumulated for each arena category, anonttheshumber of
insect on plant per plant was performed at each hour.
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Table 3. Summary of BGSS location record on kaolin treated/untreated plants

Insects never observe
on any plants

d

Insects that changed
location after landing

Insects that moved
between the plants

on a plant
No(%hgiig)(-/-) 0 7 3
No ?r?O:iC186§+/+) 5b » 12
C(::cii%ez )(+/-) 620 58 2

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant. Tleeee2ZWlBGSS per
arena. Values were compiled for the 4 replications of 2 no choice (-/-), 2 no cheicafd 4
choice arenas, and n is the total number of insects released into each t@garg.cdhose
within a column followed by the same letter are not significantly diffdsgritisher’s exact test

(0. = 0.05)
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Table 4. Number of GWSS (mearsd) on the plants in choice/no choice arenas with kaolin treated/untreated plants.

Time after insect introduction (hr)

arena 10 min 30 min 1 2 3 6 9 12 23
No(f/rl())'ce 0 013+035| 025+0.70 025+070| 0254046 1+093| 1.25+1.04| 1.13+083 1.63 +1.30
No choice

0.63 +0.47 0.63 +0.48 0.88+0.5 0.88+0.62 0.88+0.99 225+0%2 2.63+0.68| 3.25+0.89| 3.25+0.89

(-1-)

Choice (+/-)| 0.5+0.52 0.56+0.63 0.88+081 0.81+0.83 1.13+1.15 1.75+1%8 2.44+121| 2.63+1.96) 2.88+1.18

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant. étexr mnmber of insects on plant data were accumulated for
each arena category. ANOVA tests were performed at 1, 6, 12, and 23 hr, and if trea®sidnificant, each pair was compared
using t-test. Values followed by the same letter are not significafiigyett @ = 0.05).



Table 5. Number of GWSS (mearsd) on kaolin treated plants in choice/no choice arenas.

Time after insect introduction (hr)
Arena 1 6 12 23
Choice (+/-) 0.19 +0.40 0.44 +0.51 0.56 + 0.51 0.5+0.52
No choice (+/+) 0.12+0.34 0.5+0.63 0.56 + 0.63 0.82 + 1.0
P-value 0.6396 0.761 1 0.4002

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant withireaa.aNumber of
insects on plant data were accumulated for each arena category, andnttheshumber of

insect on plant per plant was performed at each hour. Each arena categorgl lvdd €okaolin
treated plants tested.
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Table 6. Summary of GWSS location record

Insects never observe
on any plants

d

Insects that changed
location after landing

Insects that moved
between the plants

on a plant
No(%hgigg)(-/-) 6 172 R
No ?:(ii%ez)(+/+) 16 2 12
C(:rt‘gi%i)(” ) 9 18 7

A “+” denotes kaolin-treated plant and a “-” denotes untreated plant. TleeeedGWSS per

arena. Values were compiled for the 4 replications of 2 no choice (-/-), 2 no cheicaa(d 4
choice arenas, amtis the total number of insects released into each arena category. Those

within a column followed by the same letter are not significantly diffdvgriEisher’s exact test
(o =0.05)
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Table 7. Number of BGSS (mearsd) on the plants in choice/no choice arenas with imidacloprid treated/uth{péates.

Time after insect introduction (hr)
arena 10 min 30 min 1* 2 3 6* 9 12* 23*
No(f/rl())'ce 1.63+151| 1.75+0.89 2+1.31 2.88+1.25 3.1883| 3.5%0.53 3.5+0.53 3.5+0.53 3.5+0.5
NO(C/h)O'CG 1.88+099| 25+093| 225+128 238+1]19 227539 | 3.13+1.26| 35+0.93 3.38+0.92 3.38%91
Choice
(+/-) 1.06+1.00| 1.63+0.86 2+0.97 263+0.89 2.88% | 3.25+0.93] 3.81+138 3.81+138 3.81381

A “+” denotes imidacloprid-treated plant and a “-” denotes untreated pl#mhwain arena. Per arena number of insects on plant data
were accumulated for each arena category.

* For these observations, ANOVA tests were performed to congbamne treatment combinations, but none were signifidant Q.87,
0.707, 0.67, and 0.66 at 1, 6, 12, 23 hr, respectively).



Table 8. Summary of BGSS location record on imidacloprid treated/untreated plants

Insects never observed
on any plants

Insects that changed
location after landing

Insects that moved
between the plants

on a plant
No((;h:igg)(-/-) 1 16 7
No ?:Zi%eZ)(-'-/-'-) 0 14 5
(grt‘gi%i)(” ) 3 24 13

A “+” denotes imidacloprid-treated plant and a “-” denotes untreated plduate Tvere 4 BGSS
per arena. Values were compiled for the 4 replications of 2 no choice (-/-), 2 no cite)cartd

4 choice arenas, amds the total number of insects released into each arena category. Fisher’'s

exact test did not detect differences among the arenas with differentre&ntent
combinations (P = 0.81, 0.55, and 0.81 for the categories above, from left to right)
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Table 9. Number of GWSS (mearsd) on the plants in choice/no choice arenas with imidacloprid treated/untreatsd pla

Time after insect introduction (hr)
arena 30 min 1* 2 3 6* 9 23*
No choice (+/+)| 1.38+0.96 1.5+0.96 1.75+1.63 1.88 +2.06 1.75+0%8 | 2.13+1.29 1.63+1.73
No choice (-/-) 1+1.29 1.63+0.96 2.63+0.96 3+0.58 2.38+1%3 3.25+0.5 3.38+ 0%
Choice (+/-) 0.63+1.20 0.88+0.92 1.13+0.92 1.88+1.31 1.94+119| 1.94+1.28 1.94 +0.83

A “+” denotes imidacloprid-treated plant and a “-” denotes untreated pldnbwan arena. Per arena number of insects on plant data
were accumulated for each arena category.

* For these observations, ANOVA tests were performed to compare plant tneaon#inations. At 1= 0.19) and 6 hr
(P = 0.64), there was no significant difference in the per arena number of insects oarplamgsthe arena categories.



Table 10. Summary of GWSS location record on imidacloprid treated/untreated plants

Insects that changed
Insects never observegd . > Insects that moved
location after landing
on any plants . between the plants
on a plant
No choice (-/-)
(n=32) 2 20" 10
No choice (+/+)
(n=32) 5 35 17
Choice (+/-) b
(n = 64) 13 45 26

A “+” denotes imidacloprid-treated plant and a “-” denotes untreated plduate Tvere 4 GWSS
per arena. Values were compiled for the 4 replications of 2 no choice (-/-), 2 no cltejce (+
and 4 choice arenas, ands the total number of insects released into each arena category.
Fisher's exact test on the accumulated data did not detect differences thmanenas with
different plant treatment combinations (P = 0.20, 0.21, 0.09 for the above insect location
categories, from left to right). However, t-test on the insect movemeatqrea from the four
experiment dates found significance between the two no choice arenas|apridaceated
plants only and untreated plants orffy5 0.35)

* Some insects changed location twice, and both were counted.
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g No choice (+/1)
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§ o2 L Choice(+/-)
01 = = No choice (-/-)
0 ]

Hours after insect introduction

Fig. 1 Mortality rate of BGSS in the arenas with kaolin treated/untretgatsp A + means a
kaolin-treated plant, and a — means an untreated plant, indicating which plants wetipres
each arena category of choice/no choice. The data from all replicationaeeemulated for
each arena category. A * by the line denotes that the mortality count at 28écategory is
different from the unmarked oneB € 0.02).
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100%4
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Bdead
Bcage
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Onocoat

Fig. 2. Distribution of BGSS within choice arenas with kaolin-treated anceatett plants.
Insects are either on one of the plants, dead, or on other places (e.g. on the floortafttinene
arena). T-test was performed at each hour, and a “*” denotes that the differsveenbe
number of insects on kaolin-treated plants is higher than that on untreated pRrt$).ai
level. A “**” denotes the same differenceRik<0.001 % level.
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1 2 3 6 9 12

Hours after insect introduction

No choice (+/+)
------- Choice(+/-)

= = No choice (-/-)

Fig. 3. Mortality rate of GWSS in the arenas with kaolin treated/untreatedispl® + means a
kaolin-treated plant, and a — means an untreated plant, indicating which plants wareipres
each arena category of choice/no choice. The data from all replicationaceemulated for
each arena category. A “*” by the line denotes that the mortality count ati28hlercategory is

different from the unmarked ones.
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Fig. 4. Distribution of GWSS within choice arenas with kaolin-treated anceatett plants.

Insects are either on one of the plants, dead, or on other places (e.g. on the floortafttiene
arena). T-testwas performed at 1, 6, 12, and 23 hr, and a “*” denotes that the differenee betwe
the number of insects on kaolin-treated plants is higher than that on untreated pRaqte,Git

level. A “**” denotes the same differenceRik<0.001 % level.
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7 el
N = = No choice (-/-)
7 -
0.05

Hours after insect introduction

Fig. 5 Mortality rate of BGSS in the arenas with imidacloprid treatgtéated plants. A +
means a treated plant, and a — means an untreated plant, indicating which plapteseetdan
each arena category of choice/no choice. The data from all replicationaeeemulated for
each arena category. The mortality count at 23 hr in the category was ratasiggidifferent
(Fisher’s exact tesE = 0.93).

68



100%

80%

60%
Bdead

40% Oother
00.2 mg ATpot
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20%
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10min 30min 1hr 2hr 3hr & hr Shr  12hr 23hr

Time after insect introduction

Fig. 6. Distribution of BGSS in the choice arenas with imidacloprid-tigaigh 0.2 mg Al/pot)
and untreated plants. Insects are either on one of the plants, dead, or on other glacethée.
floor or the net of the arena). T-tests were performed at 1, 6, 12, and 23 hr, to compare the
number of insects on imidacloprid-treated plants and that on untreated plants, but sheoe wa
significant difference® = 0.33, 0.85, 0.68, and 0.68 at each hour above, respectively).
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Fig. 7. Mortality rate of GWSS in the arenas with imidacloprid tc¥atéreated plants. A “+”
means a treated plant, and a “—" means an untreated plant, indicating which ptarjgsasent
in each arena category of choice/no choice. The data from all replicatieaczemulated for
each arena category. A “*” by the line indicates that the mortality @28 hr in the category
is different from the unmarked one € 0.01).
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Fig. 8. Distribution of GWSS in the choice arenas with imidacloprid-ugateh 0.2 mg

Al/pot) and untreated plants. Insects are either on one of the plants, dead, or on cekgepia
on the floor or the net of the arena). T-test was performed at 1, 6, and 23 hr, to compare the
number of insects on imidacloprid-treated plants and that on untreated plants. There was no
significant difference for 1 and 6 HP £ 0.22 and 0.21), and the number of insects on the
untreated plants was significantly higher at 23fhe(0.03).

71



Infection rate

Number of GWSS feeding

GWSS mortality rate

100%

80%

60%

40%

20%

0%

120
100

0.8

0.6

0.4

0.8mgAl/pot

0.2mgAl/pot

control

Dose of imidacloprid

4

3 4 8 24

Hours after insect introduction

L 2

(37

5

3

Hours after insect introduction

4

72

OPD(-)
EPD(+)

—f— control

0.2

mghl

fpot
=== (.3

mghl
fpot

‘ —p— 011t 0]

0.1

mgAl

/pot
g.e 08

mgAl
/pot



Infection rate

Number of GWSS feeding

GWSS mortality rate

100%
D
80% —
60%0 E—
OPD(-)
40%0 E— mPD(+)
20%
a a a
0% -
control 0. 8megAl/pot 0.2megAl/pot
Dose of imidacloprid
E
120
100 —— contr ol
80 - /f
0.2
60 \ / mgAILpot
40
\/\ / ——d—=0.8
20 V mgzATpot
B I
1 2 3 4 5 9 12 24
Hours after insect introduction
F
1 ——&-—-—-—-—-—-—ﬁ-—-—-—r-—-—ﬂ-n—n—n&_h - - =5
Q === control
0.8 .
0.6 = = 0.2
- mgATl/
0.4 pot
- -_t"_-._- e 08
0.2 mgATl/
pot
0 T T T T T T T 1
1 2 3 4 6 9 12 24

Hours after insect introduction

73



Infection rate

Number of GWSS feeding

GWSS mortality rate

100%

80%

60%

40%

20%

0%

80

60

40

0.8

0.6

04

G
OPD(-)
mPD(-+)
control 0.4meAl/pot 0.1 mgAl/pot
Dose of imidacloprid
H
e control
_ /' 4&—\ r o
4 mgAT/
pot
] . ==A==04
mgATL/
i pot
" N
S e LTS IRPY W
1 2 3 4 5 6 9 12 24
Hours after insect introduction
|
— il y aarrr 8 3 2
e A
F 3 e o1t 0]
A,
._‘.
", 0.1
'L mghl
/pot
ssagees (04
mgsT
fpot
1 2 3 4 5 6 9 12 24

Hours after insect introduction

74



Fig. 9. Transmission rates Xylella fastidiosa by Homalodisca vitripennis to plants with or
without soil-applied imidacloprid. PD = test grapevines with (+) or withowRiéice’s disease

in three trials (A, D, G). Columns followed by the same letter are not signily different
(Fisher’s exact test; = 0.05). (B, E, H) — Number of excreting insects observed at each time,
and (C, F, I) — Survival rate of the test insects.
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Chapter 4

Flight Performance of Glassy Winged Sharpshooter (Hemiptera: Cicadidlae) exposed to
Imidacloprid-treated Grapevines

Abstract

Adults of field-collected glassy-winged sharpshooter (GWSS) wérertl on a computer-
linked flight mill system, and their flight performances were monitorecterthine their flight
characteristics. Flight varied substantially among the individuals, butahthstir flight activity
occurred in the first 4-5 hours. The average maximum distances flown by malemaltetfe
were 14.92 km and 9.56 km, respectively. There were no significant differencesrbetales
and females in the flight parameters we observed. In subsequent experBWRIS were
exposed to grape seedlings treated with different doses of imidacloprid, andttezed flights
were then monitored. The insects that survived on the imidacloprid-treatedgblawsd flight
activities comparable to those of the control insects, indicating that if tke imidacloprid
exposure failed to kill the insect, it did not hinder its further dispersal.

Introduction

The Pierce’s disease vector (Adlerz and Hopkins 13¥@&jalodisca vitripennis (Germar)
[formerly, H. coagulata (Say)] (glassy-winged sharpshooter, GWSS) (Takiya et al. 2006)
(Hemiptera: Cicadellidae) was first detected in California inate1980’s (Sorensen and Gill
1996). A new epidemic of Pierce’s disease on grapevines in Temecula Valleyhars
California (Blua et al. 1999) in the fall of 1997 was associated with this newdygluted insect.
Another epidemic followed in the southern part of the Central Valley, and theseneggside
resulted in a magnitude of losses typically not experienced with native vefisiesgon 2009).

Pierce’s disease has been in California since the 1880s (Gardner andlid@djit Until
the arrival of GWSS, native sharpshooter (Cicadellidae: Cicadellea&)rs of its pathogen,
Xylellafastidiosa (Wells et al., 1987) were considered the most important vectors for the spread
of PD. This include®raeculacephala minerva Ball (green sharpshooter) aKgphon fulgida
Nott (red-headed sharpshooter) in the Central ValleyGraghaecephala (Hordnia)
atropunctata (Sigmoret) (blue-green sharpshotter) in coastal region (Hewitt et al. 1949).
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However, this new epidemic by GWSS showed some different characteristitassie vector
moving further into the vineyards (Blua et al. 1999), effects of surrounding environment, such as
proximity to citrus groves (Blua et al. 1999, Perring et al. 2001, Tubajika et al. 2004) and the
spatial pattern of disease incidence within vineyards (Tubajika et al. 2004). dragplexcitrus

proved to be a major breeding habitat for GWSS and was associated with PDeéntadjac
vineyards, but gradients of diseased vines were not as pronounced (Perri2f@t )ehs were
epidemics involving native vectors (Purcell 1974, Hewitt et al. 1949).

As such, movement of GWSS into and within vineyards is considered a key factor in the
PD epidemics caused by this new vector, and there have been studies on thamdlidispersal
(Blua, M. J., et al. 2001, Blua and Morgan 2003, Blua et al. 2005, Blackmer et al. 2004, Petit et
al. 2008). Petit et al. (2008) studied invasion dynamics of GWSS in French Pobmesia
concluded that long-distance dispersion (e.g. between islands) was via human trattsgort
than long-distance flight by the insects. They also found that shorteredistepersal (e.g.
within islands) is affected by the availability of host plants in favorabbe (vell irrigated)
conditions. Blua et al. (2001) monitored the seasonality of GWSS flight actj\atid Blua and
Morgan (2003) found that the peak GWSS dispersion into vineyards occurred in summer. A
comparative study of GWSS and smoke-tree sharpshooter (8568@lodisca liturata (Ball))
dispersal by Blackmer et al. (2004) showed STSS could move further and /omfaiséefield
than GWSS, suggesting that factors other than flight capacity, such as an expahdatyleos
higher densities, and possibly a greater tendency to move short distanceslmiyesition
and feeding sites may be contributing to the faster spread of PD by GWSS.

The first aim of our study was to test the feasibility of a flight syistem to provide
basic information on the GWSS'’s flight performance. Flight parameters suctabflight
distance, longest single flight distance, speed, and frequency of flighiamitsdnould provide
insight about the flight potential of this insect. Although our GWSS sample wasditddted
and mixed in age and likely in mating status, influence of sex on flight is alstatfaconsider
when dealing with an invasive species. Flight mill studies on lepidopteraespaond
females flew longer in total and per single flight (Shirai and Kosugi 2000, HagloeSorn
2002, Elliott and Evenden 2009) and had more flight events (Sarvary et al. 2008). Other studies
on lepidopteran (Ishiguri and Shirai 2004) and coleopteran flight found few or no significant
difference between sexes, and Van Dam et al. (2000) found varied results amongdegidopt
species. A study on leafhopp@lephotettix virescens (Distant)) flight by Cooter et al. (2000)
showed no effect of sex on flight duration. Our work examined if GWSS male and fégtdle f
characteristics differed.

Laboratory experimentation using a flight mill differs from naturahfligonditions, as
the insects are tethered and forced to fly (Yamanaka et al. 2001). Absencetbfrepiodand
on (Yamanaka et al. 2001), or other flight-related cues, might greatly iféeinitiation and/or
termination of flights (Wilson 1961, Edwards 2006). Riley et al. (1997) pointed out thaetsns
don’t need to generate as much lift to support their flight on the mills, yet mavertcome both
pivot friction and the aerodynamic drag on the mill arm. In their experimemcarh
leafhoppeDalbulus maidis (DeLong & Wolcott), Riley et al. (1997) estimated that the insect’s
energy expenditure on the mills is only 20-30% of that needed for free flight. Westhiered
and untethered flight dfygus spp. were compared, their longest flights on flight mills were 17 —
18 times longer than the longest flight in the flight chamber.(Blackmer 20@4). On the other
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hand, Tsunoda and Moriya (2008) compared the bean bug flight speed observed with flight mill
and with hand-held speed sensor and found that the former speed is lower than the latter,
Nevertheless, Taylor et al. (1992) suggest that flight mills may be used in cangpsinadies,

where relative estimates of flight parameters are obtained. Steblih@2905) conducted such
comparative studies on the sublethal effect of methyl-parathion in reducingathigjibyt of

western corn rootworm. Alyokhin and Ferro (1999), examined the effect of Bt hgaation

on the flight of susceptible and resistant Colorado potato beetles and found that&ttres

beetles significantly increased flight activity when fed on transgenic gxgméssing Cry3A (Bt
toxin), compared to non-transgenic plants.

Such a comparison is our second objective. We examined how exposure to sublethal
doses (here, “dose” is not the amount the insects receive, but the amount applied paratant)
insecticide imidacloprid affects the flight of GWSS. This neonicotinoigdinside is often used
for GWSS control in citrus and grape for prevention of PD (Byrne et al., 2005). The p&ants t
insects were exposed to were systemically treated with a seriesesfafomidacloprid, which
are known to have an anti-feeding effect. Flight distance and duration of olivigyfruit
Bactrocera oleae (Rossi) (Diptera: Tephritidae) decreased when its pre-flight suppbod and
water were limited (Wang et al. 2009). Therefore, either through the cdendicect toxic
effect or the food deprivation through an anti-feeding effect, we expected charnigesnsect’s
flight activity. If the flight mill system can differentiate the fiiig of GWSS with or without
insecticide exposure, the data should provide information on how the chemical affects the
dispersal of this insect.

Materials and Methods

Study insects and plants

We collectedH. vitripennis adults from citrus groves and eucalyptus trees southeast of
Edison, California, and maintained breeding colonies in an insectary on aenukgnapes,
mugwort and basil@cimum basilicum), kept under natural light conditions. We transplanted
bare-root grape seedlings into 10 cm diameter pots when the plants were about @@ cRots
contained 380 g clay-loam soil from just north of Napa, CA. Two weeks later anceeke w
prior to the test, the plants were treated with randomly assigned dosagesaatoprid (Admire
2F, Bayer Co). We covered the soil surface with coarse sand after inseapigidations to
avoid insects’ direct contact with the soil, and watered the plants twice datlgnough to
thoroughly moisten the soil and not wash the chemical from the soil.
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Flight mills

To measure flight performance, we constructed a flight mill system, ieddidm a
previously described flight mill design (Gorder 1990; Schumacher et al. 1997). Wéreraine
channels of the flight mills connected to a computer through the printer port. Theeefo
maximum of nine insects per day were tested, and the tests were repeatathtsubfitient
numbers of samples. GWSS adults were glued at the highest arch of their ttmthrdseads
of insect pins using Beacon Hold the Foam! Glue (Beacon Adhesives, Mt. VernonoNNgt s
the glue did not touch any part of wings during their movement. The pins werednséotthe
end (5 mm from the edge) of a plastic straw that served as the mill arm aed ortat jewel
bearing. At the other end of the straw was a balancing piece of aluminuravfered piece of
thick paper, which cut the flow of infra-red beam into an electronic detectmigdhe insect
flight-driven rotations and were recorded on a computer as the time pfetan of each
revolution. Revolutions were counted on a per minute basis, and a bout (single congghual fli
event) was counted where there was more than one rotation per minute.

Flight measurements: male/female

For the male/female comparison, the insects were randomly drawn frotvotre a
mentioned colonies. Each experiment started around 10 am, and the flight events (number of
rounds in a bout and length of time of the bout) were recorded in a computer. The insects were
left on the system for overnight (~ 22 hours). A total of 31 males and 25 femalegstede t
The time to flight cessation (time since the start until when the lalst fegminated), total flight
duration, and total number of flight bouts were recorded, and total flight distance, unaxzinal
median (as the distribution is positively skewed) single flight distance, anchomaxand
median flight speed were calculated from the number of rotations data.

Flight measurements: effect of exposure to imidacloprid-treatedlpnts

For the imidacloprid effect study, we conducted 2 series of experiments. Fostthe f
experiment, about 30 males (numbers varied due to availability of the insectsyavenefrdm
the colonies 24 hr prior to the start of each flight mill test, and were placed in dwetbfde
smaller cages which contained two grape seedliiggrfifera, cv. Cabernet sauvignon) that
were either 1) untreated or, 2) treated with a low dose of imidacloprid (0.1 m38@d soil), or
3) treated with a high dose of imidacloprid (0.8 mg Al/380g soil). The low dose erdsysly
determined (chapter 2) to drastically reduce feeding in both GWSS and anothshsbter,
Graphocephala atropunctata. After 24 hrs, we record mortality and then screened the percentage
of non-fliers among the survivors by tossing them about 50 cm vertically int@ tkean the
individuals from each cage that attempted to fly, we selected 3 animals wrie then tethered
onto the flight mills and their flight behavior recorded as in the male/femplriments. For
the second experiment, we followed the same procedure but with differenbflosetacloprid
(0.2 mg Al for lower dose, 0.4 mg Al for higher dose, and untreated control). The total number
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of insects tested on the flight mill for each dose, including the number of non-flgersl &
GWSS per dose for the first experiment, and 15 GWSS per dose for the second experiment.

Statistical analyses

Flight performance data were compared using one-way analysis afoa(laNOVA) to
test for the differences between sexes or exposure to imidaclopredtpants, unless it is
noted otherwise individually. Statistical analyses were performed Rs{RgDevelopment Core
Team 2009). All data, except for that of non-flyers, are included in the stdtestialysis.

Results

General characteristics of flight and sex differences

There was a great variability in flight characteristics of both feraatl male GWSS
(Table. 1) Among the insects that were not weak fliers (i.e. flights perteni less than 40 or
with only a few of >40 rpm bouts) there were three general patterns of flgghbdiion (Fig. 1):
1) continual flight at the beginning, without many pauses, 2) pulses of fligltsott,
somewhat regular pauses, with the flight activity extending longer, and 3)lareylses of
flights with longer pauses over longer periods (>5 hrs). On average, about 95 % ofgtutlyfli
individual insect occurred in the first 5 hr, as exemplified by Fig. 1A and B. Thibdigins of
flight parameter data, except for the flight velocity, are positively skewith a few outliers
flying for an exceptionally long time (and thus long distance). The longestdodiviight
distance during a single bout of uninterrupted flight was 3.11 km, and the longest ctemulati
flight distance was 14.93 km for males and 9.55 km for females (Table 1). ANE&A\did not
detect statistically significant differences between males analésnn any flight parameter
(Table 1). Log frequency distributions of number of rounds in a single bout (i.le. sing
uninterrupted flight event) show that most of the flights occurred in short burgt)Fi
Approximately 75 % of female and 60% of male flight bouts had 20 or fewer revolutions per
minute € 12.6 m distance). Total distances and times flown were well correlated, as would be
expected. The very close correlation of total distance and total flight tinoatesithat one
could be a reasonable proxy for the other. However, the duration of an insect’s dubtdinhe
capability (the “last flight” data) was not significantly correthte any other flight parameter.
Figure 3 shows the scatter diagrams for correlations among flight pararfieetemales (Fig 3A)
and females (Fig. 3B). There were no significant correlations betwedmtwhber of bouts and
median single flight distance (Pearson'’s product moment correlatiorcardifi= -0.33,P =
0.10) or total flight timen(= 0.24,P = 0.24). Therefore, the insects that flew more often did not
fly longer total durations, yet the distance flown per single flight did notdse significantly.
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Average speed and total flight time were weakly negatively correlaigd3 and Table 2),
which makes sense energetically

Effect of exposure to imidacloprid-treated plants

In the first series of experiments, the high dose (0.8 mg/pot) of soil-appiigakcloprid
killed about a third of the GWSS fed on these plants. Among the survivors (after 24 hrs) in the
high dose group, about 60 % did not pass the simple screening test for “fliers.” This was
significantly different from the control and the low dose (0.1 mg Al/pot), and tiee tevo
groups were not significantly different @t< 0.05, Table 3). In the second series of
experiments, although the higher dose did yield a higher average mastditthe value varied
day to day, and as a result, significant differences were not detected dmaloges (Table 3).

The number of GWSS that did not fly on the flight mill were: 1) In the first ex@at
series § = 18 for each dose) 4, 0, 0 for each of 0.8, 0.1, and 0 (control) mg/pot groa@s029
with Fisher’s exact test (FET)), and 2) In the second sarieslb for each dose). 4, 1, 0 for 0.4,
0.2, and 0 mg Al/pot groups (P = 0.069 with FET). There were small differences nedethe
flights among the surviving insect groups exposed to grapes treated withndliffeses of
imidacloprid and none of these were significant (Table 4) except for the ighaltime and the
total flight distance, for which the GWSS exposed to 0.4 mg Al/pot flew longer en(Eig,=
5.39; P < 0.01) and distance, (7= 8.12; P < 0.01)(Fig. 4-c, d).

Discussion

In general, the flight parameters that we recorded varied greatiygamdividuals, with
a few exceptionally strong fliers flying for long time and distancevery group, including the
ones exposed to higher doses of imidacloprid. Although such flight performance hetéyoge
with a small number of high-end outliers does not seem to be rare (SaraargG£8), the high
variability in our results may be, at least partially, due to the heterdgeméhe life stages of
insect population we used, whose influence has been noted in other insect specgest(abpe
1995, Sarvary et al. 2008, Lopes et al. 1995, Ishiguri and Shirai 2004, Alyokhin and Ferro 1999).
In any case, in the field, insect populations will vary by age and mating steer time. With
that fact in mind, future studies should control for distinct insect age groups, their kntiwg ma
status, time of year, body size, female egg load/body fat content, nutrit@isl @uch as
feeding on different hosts), ad infectivity in order to estimate how much effect these factors
have on the insect flight. Other environmental factors, such as temperaturedighess
regime, visual/olfactory cues around the flight mills, could also be incorpardtethe system.
Refining the mill and its program should also be considered, as with the current, systeould
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not detect a brief (< 1 min) break between the flights. Recording the flight \a&b way help
to document the details of GWSS flight behavior.

The three patterns of flight observed in our study (continual, pulses with short brebks, a
pulses with longer, varying length of breaks) are similar to those desbgligdizzone et al.
(2009). Using a time-series analysis method called “wavelet analysis whis first applied
to tethered flight data series in their study, they numerically analyzélythtepatterns of
woodwasps, correlated these patterns to individual wasp body mass, and suggested its
implication to the insect’s local and regional dispersal. Such analysis caefbeiusurther
understanding GWSS flight characteristics, and may provide insight intedbkeral spread
pattern of this vector insect. Detecting flight patterns, finding whether ¢hdils can switch
between the patterns and if there is any cue for such switching, and most mttygartennecting
such pattern to the actual movement of GWSS in the field, we may be able to cafbtieat
strategies for preventing vectors from entering the vineyards, or seanté&aPD spread within
vineyard and consider effective method for its prevention or care

Most GWSS that fed on either treated or untreated plants completed their fligsav
few hours. Exhaustion of their food reserves for flight is a plausible explanatidnsfantited
time span. However, it doesn’t fully explain the absence of differences betweeW®$ on
untreated and untreated plants. Even given the variability of flight abiliby@itine individuals,
failure to detect differences between imidacloprid-exposed and unexposed sunsectg ivas
somewhat unexpected, especially with the higher mortality rates aategoercentage of non-
fliers among the insecticide-exposed animals. Imidacloprid has adintgeffect (Nauen et al.
1998, Bethke et al. 2001) and can deter feeding of GWSS at sublethal doses (chapter 2).
Therefore, the GWSS placed on imidacloprid-treated grapes are expeotetboal-deprived.
Moreover, once tethered, insects did not have access to food. The GWSS on untreated plants
had been feeding until just before the flight and those on treated plants whose lieedisgn
deterred for nearly 24 hours on top of the food deprivation during the flight.

The fact that imidacloprid-exposed insects displayed comparable flight torttrelc
insects suggests that those insects exposed to imidacloprid treatedaitiagre 1) avoided
feeding on xylem fluids with high titer of imidacloprid, and were able to obtdfitient energy,
or 2) conserved energy well even when their feeding was deterred, and/qi8yeatighe result
as combinations of flight stimulation by imidacloprid and adaptation to ym@ake limitation.
Taking the observed individual variability into account, much higher number of insects should be
tested to confirm our results.

Although tethered flight data tend to overestimate the flightristand time (Riley et al.
1997, Bruzzone et al. 2009), our study confirmed the strong flight capacity of GWS$8,cahi
be sustained for several hours in time and cover up to several kilometers witholg.fe€tiese
data document maximum flight potential, not actual flight, as environmentatdatould
greatly affect their performances in the field. However, the short daratimost frequent bouts
seems very similar to the flights of disturbed GWSS observed in vineyards and qrchards
suggesting the usefulness of a flight mill system in monitoring some aspéuots dlight
behavior.
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Imidacloprid appears to have little potential for disrupting disease spreéte txyga
vector flight behavior, either through its toxic or anti-feeding effectshéRathe main effect on
disease spread seems to be its effect on vector mortality. Although thersones non-fliers
among the survivors exposed to imidacloprid-treated plants, many of themdleanaugh to
disperse the pathogen within a vineyard or orchard or escaped to the untreaf€deaetare,
imidacloprid’s killing efficacy in the field should be carefully monitored in otdemaintain the
successful insecticidal management of the Pierce’s disease.
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Table 1. Basic flight parameter results of GWSS males and females.

Total Total Time to Max. Med. Max Ave.
GWSS | Total . . flight single Single . flight
flight flight . ; , flight
tested | bouts (m) (min) cessation flight flight speed speed
(min) (m) (m) P (m/s)
Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean Ranae Mean Range Mean
9| +sE 91 +sE 9| s+sE 9 | +sE 91 +sE 91 +sE 9 1 +sE 9 +sE
male | , ,0,| 6152 | 85.95-|3930+| 1.15- 70;34 124.3 - 57+4'5 10.74- | 603+ | 4.78- | 25.84 | 1.34-— 1'+74 0.91 - 1'+20
n=31 £7.20 | 14932 | 569 | 2375 | .- 1247 4810 | 3111 142 116 | £4.31| 274 | joco| 166 | oo
female | 13- | 81921 9670 | 3048| 13- | %77 | 106- | °0| 716. | 300+ | 478- | 2015 | 119- | 17> | 088 | 12O
n=25| 207 | o | 9555 | 487 198 | 1004 1059 s394 | 2662 105 124 | £513| 239 | joe| L73 | o4,




Table 2. Correlations among flight parameters

Male (n = 31)
Other parameters with Correlation
Parameter o . . p-value
significant correlation coefficientr
Total number of bouts none - -
_ _ Total flight time 0.97 2.2e%
Total flight distance ) ) ) o7
Max. single flight distance 0.77 5.0e
) ] Ave. speed -0.53 0.0021
Total flight time . . ) 07
Max. single flight distance 0.79 1.4€
Ave. speed Max. speed 0.68 2%Be
Female (n = 25)
Other parameters with Correlation
Parameter o . . p-value
significant correlation coefficientr
Total number of bouts none - -
. . Total flight time 0.97 1.8e-15
Total flight distance ) ) )
Max. single flight distance 0.65 0.00041
) ) Ave. speed -0.49 0.012
Total flight time ) ) )
Max. single flight distance 0.73 2.9e-05
Ave. speed Max. speed 0.73 3.2e-05

The paired parameters with correlation coefficient near and above 0.5 aagetispith their

statistical significance level.
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Table 3. GWSS survival and the survivors’ flight ability after 24 hr exposure tosiheldats.

Experiment| Imidacloprid dose pef GWSS Average Average rate of

series plant Sample siz¢ mortality rate survivors that

n +SD did not fly+SD

0.8 mg/pot 57 0.33+0.34 4 0.59+0.38

1 0.1 mg/pot 48 0.09+£0.09b 0.07 £0.09
control 48 0.03+0.08 b 0.03+0.08 1

0.4 mg/pot 59 0.43+0.42 4 0.20 £0.40

2 0.2 mg/pot 58 0.32+0.46 4 0.03+0.08
control 59 0.12+0.14 a 0.02 £0.04 3

Within the same experiment series, the values followed by the same fettat aignificantly
different ata = 0.05 level.
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Table 4. ANOVA results of flight parameters of GWSS with/without inmjared exposure.

. Total Time to
Experiment Ave. Max. Total Total flight flight

series speed speed bout distance : .
time cessation

F-value| 1.9173 1.5366 1.573 0.1587 0.0308 1.452

(df = 2)
P(>F)| 01583| 02257 02181 08537 09697  0.2444

F-value| 1.4207 0.5508 0.4209 8.1243 5.3927 2.8292

(df = 2)

O

P(>F) 0.25 0.58 0.66 0.0012{* 0.008§ * 0.07

Experiment series 1 tested the doses 0.8, 0.1, and 0 (control) mg imidacloprid/380g soil, and the
series 2 tested the doses 0.4, 0.2, and 0 mg imidacloprid/380g soil. A “*” by the P-value
indicates that there was significant difference within the series.
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Fig. 1. Typical patterns of flight distribution: (A) continual flight, (B) pulsghits with short
pauses, (C) pulse flights with varying pauses. Each vertical line rafgdélse number of rounds
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Fig. 4-a. Distribution of average flight speed by GWSS individuals exposedpe gr
seedlings treated with different doses.
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Chapter 5

Overview of the studies, in relation to the Pierce’s disease epidarsi

In the course of events resulting in the transmissiofyle|a fastidiosa (Wells) (Xf) to

grapevine Yitisvinifera L.), an adult vector insect must: 1) acquifédrom its Xf-hosting
plant(s) through feeding, 2) initiate a flight, 3) locate a new host (grapeqatah it, 4) assess
the new host and accept it, 5) probe superficial tissues and make a gustatoon deeiscept it
as a feeding host, 6) locate and insert stylets at the appropriate faedifjgsalivate and initiate
committed sap ingestion (Backus and McLean 1985, Perring et al. 1999, Fereres and Moreno
2009). As it is generally recognized that disease incidence is a functioctaf &kundance
(Purcell 1981), insecticides are primarily used to directly reduce ttery@opulation in
attempts to control plant diseases caused by vector-borne pathogens. Howeethasob-|
even non-lethal effect of insecticide can potentially interfere witi Yimathogen acquisition
through anti-feeding effect, 2) flight through paralysis or loss of musdelmation, 3) host
location and 4) host acceptance through disrupting the cues for the vector, makiost ghiant
unacceptable or repellent for it, and 5-7) by anti-feeding effects or wetehs of feeding
processes, possibly affecting the crucial step(s) involved in the actual patlepgsitidn step.

In order to numerically express the relationship between the vector abundance and
Pierce’s disease (PD) infection, Purcell (1981) formulated a model

Pnt - 1_ e—niEt

WherePy; is the probability of infection bg vectors int unit of time,i is the probability that the
insect has acquired, andE is the vector's<f transmission efficiency per unit time: the
probability of transmission if the vector is infective. According to this moddliciag each
term,n, i, E, t, would mean suppressing the disease incidence. Mortality by insecticidi®s mos
directly reducen, and interference with flight and repellency can also reduce the number of
vectors arriving at or staying on the plant. The infectivityay be reduced through decreasing
Xf acquisition by mortality or anti-feeding effects. The transmissificiegicy E may be

reduced through interference with feeding processes. The contribution of durdgediod,
however, to theXf transmission probability is not clear. In Daugherty and Almeida’s (2009)
meta-analysis oXf transmission experiments, effects of inoculation access periag was not
significant. Depending on at which stage of feeding process the passagenébeells from

the vector precibarium and/or cibarium to the grape xylem tissue occurs and hothaltte
happens in a single feeding bout, the relative contribution of feeding time and fregfiency
feeding bouts will change. An antifeedant will certainly reduce feeding timsopg but how

it affects the feeding process may depend on the chemical. If it ithesfricy of the feeding
bout that increases the chance of transmission, then an antifeedant may desdjtgabout

and make the vector choose another feeding site/host, in which case the chamsengddian
could increase. If the chemical disturb the feeding process itself, iinteafere or facilitate the
inoculation process, and possibly acquisition process, too. For example, when Shanks and
Chapman (1965) treated tobacco with parathion and DDT, aphids fed longer on parathidn-treate
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foliage than on un-treated leaves while DDT had the opposite effect. However, neither
insecticide affected acquisition of potato virus Y (PVY) by aphids, yet paratehded to
decrease and DDT increase the virus transmissions to treated plants. €hérsforucial to
find the details of transmission mechanisms, and test each chemical on hewets aiffdifferent
points.

With glassy-winged sharpshootdrgmal odisca vitripennis (Germar) (GWSS), Backus
et al. (2009) monitored its feeding with electrical penetration graph (BRfidentified a
distinctive pattern of activity designated as X waves. This phenomenon’s tineistrwas
previously associated with the transmission of maize chlorotic dwarf viruafivolger probing
behavior by Wayadande and Nault (1993). Further study is under way to associatailhefde
the X wave with specifics of the feeding process, and until such studies arenednfive can
only construct hypotheses with circumstantial evidence.

In our study, a neonicotinoid insecticide imidacloprid (Bai, 1991) suppressed thegfeedi
of both of the two vector insect species, GWSS@raphocephala atropunctata (Signoret)
(BGSS) at sub-lethal levels, where the mortality effect was nofisigmily different from
untreated controls (Chapter 2). Such anti-feeding effects became signifittan a few hours
of insect exposure to the treated plants. As the insects survived longer thaodlegypormally
without feeding (Backus et al. 2006), imidacloprid seems to affect more thamitie act of
xylem fluid ingestion, e.g. GWSS and BGSS physiology related to theiryeexpgnditure.

Imidacloprid also affected the location of vector feeding sites within a. pktitough the
differences were smaller for BGSS which already preferred to feexhoad, the vectors
exposed to treated plants tended to feed on the leaves rather than stems. This m#&y be du
differential distribution of imidacloprid titer within the plant, and may affeetttansmission
efficiencyE of the vectors.

How such changes affeXt transmission by the vectors, tBeerm in the equation, was
not clear from our transmission experiments (Chapter 3). As observed in some okiser wor
(Bextine et al. 2004, Jackson et al. 2008), the effects on transmission were varidbbest it
our study, however, the transmission rate of imidacloprid-treated plants arediffioses from
sub-lethal to moderately (below current field rate mortality) lethal, didh@cdme significantly
higher than that of untreated controls. This suggests that the effects of imidiactotire
leafhoppers are unlike those of DDT on aphids with PVY (Shanks and Chapman 1965) or of
pymetrozine on GWSS (Bextine et al. 2004).

The results of experiments to determine if imidacloprid-treated pleypétled
sharpshooters (Chapter 3) also did not detect any substantial repellencgfaffedacloprid for
sharpshooters. This was somewhat unexpected, as the treated plants werdyapparent
unacceptable as a feeding host, and not all treated plants had an imidacloprightiezrouigh to
intoxicate the vectors quickly, giving them a chance to move to a better host. (B@S&&lI
1981) and GWSS (Felix et al. 2007, Brodbeck et al. 2007) have been observed to display host
preference among different varieties of grapes. However, vectors landedlaoloprid treated
and untreated plants indiscriminatingly, and even after the initial contidctheitreated plants,
the insects did not fly away from the treated plants. Such results werte@fie the rate of PD
incidence among the plants used for the test. Diseased plants occurred atthetesamong
the imidacloprid treated and untreated grapes, regardless of the vector insaxitrast, a
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known repellent, kaolin particle film, significantly reduced the landing ofoveain the treated
plants, feeding, andf transmission, although once a vector settled on a treated plant, movement
from treated to untreated plant was not significantly higher than the movem&atbeany

other combinations of plants. Therefore, reducitgrm of the transmission equation via
repellency is unlikely with imidacloprid.

Another unexpected result was the flight of GWSS exposed to the imidacl@atieletr
plants. Above the sub-lethal doses, imidacloprid killed GWSS and reduced the flight of
toxicated insects. However, flight ability of the surviving insects was nofiseymiy different
from those on untreated control plants. In one case, at a dose above the sub-lethaMsgel, G
flew longer than the control insects. Even though flight mill system tends to tovetesinsect
flight potential (Riley et al. 1997), considering that the fliglaisvperformed without food supply,
and further food deprivation due to the anti-feeding effect of imidacloprid, the ¢igability of
imidacloprid-exposed GWSS was substantial. If the effects of mortality aicdtior were to
be accounted for, the overall vector visitation rate would certainly decreasesver, the
impact of surviving (and escaping, as the insects may eventually takimateighbor treated
plants if they don’t fly outside of treated area) insects on spreading P@@riséasons should
not be ignored.

In conclusion, the disease management through imidacloprid application massy ste
from its mortality effect, especially at the current rates of apmica Imidacloprid cannot be
expected to have a repellency effect before or after the vector lands on the pdagutsi-
feeding effect does not seem to have an adverse effect on PD epidemics. iMee relat
contribution of the anti-feeding effect on disrupting transmission, and whetlaer liteceffective
against different levels of GWSS infestation should be better known once the detaglis of
feeding processes are deciphered.
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