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Abstract

Leptinotarsa decemlineat®ay) is the most important defoliating pest of pofatanum
tuberosuni., in North America and Europe. Management of this pest relies heavily on
chemical control and insecticide resistance is a persistent problesiphenomenon has
increased the need for developing novel insecticides, resistance evaluation, and the
development of alternative control strategies regarding this insectfresh. 2010 to
2013, field and lab experimenigere conducted to evaluate theiedty of a novel
insecticidetolfenpyrad orl. decemlineataln leatdip assaystolfenpyrad wasighly
toxic toL. decemlineatavith LCsp values of 0.013 and 0.164 g ai/L for larvae and adults
respectively.Tolfenpyrad was also toxic &gg with 0% hdching after being dipped in
a field rate concentrationin field efficacy trials, potato plots treated with tolfenpyrad at
ratesas low asl53g ai/haeffectively controlled.. decemlineata

In 2012, populations df. decemlineatavere collected fronthe Eastern Shore of
VA and subjected to toxicity assays to deterndagentsusceptibility tgpermethrin and
oxamyl. Theoxicity assaysndicated an increase in toxicity permethrin inL.
decemlineatdarvae (LGo= 3.931 g ai/L) and an increase axicity to oxamyl in adult
beetles (LGy = 9.695 g ai/L) compared with Lsgvalues previously reported in 1990. In
2012, populations df. decemlineatérom Cheriton, VA, New Church, VA, Painter, VA,
and Plymouth, NQvere also evaluated for enzyme acyiafter exposure to stbthal

concentrations of permethrin, oxamyl, and tolfenpyrad. Aukdtlesvere subjected to



enzyme assays to measure the activitgypbchromeP450monc-oxygenase (P450)
glutathioneS-transferase (GSTyeneraksterases, argtotein content. Results from the
enzyme assays indicated significantly greater esterase activity in beetles from Painter
VA exposed t-oapatmet h(Fr [L0O. 66, -naphthol 4, 20, F
(F= 11.86, df= 4, -nhéhtholR 00.60,0f84, 0] P<0.086d)a my | [ U
andnabpht hol (F= 6.94, df = -4gpht®IQF=4H60d-0 011 ) ] ,
1, 8, P<O0-n&btdlyA=2&15,dlif= b, 8, P=0.0007)], and the untreated
c o nt rnaghthdl (B= 28.14, df= 3, 16, B< 0 0 0 1-naplatholdF= B8.86; df= 3,
16, P<0.0001)] compared to most of the other populations tested. GST activity was
significantly greater in tolfenpyrad exposed beetles compared to theeaded beetles
from Painter VA (F= 17.66, df=5, 24, P<0001).

Through laboratory assays and field experiments in potato, the efficacy of a new
bio-pesticide derived from the bacteri®hromobacterium subtsugaes evaluatetbr
the control ofL. decemlineata Results from the laboratory assahowedL.
decemlineatdeeding was inhibited bthe biopesticide derivedrom C. subtsugae
However, fieldefficacy trialsin 2010, 2011, and 2012, indicated control ofL.
decemlineata

Methyl salicylate is an organic compound produced by potato and othes plant
response to insect herbivory. Abundance of predatory arthropods dademlineata
life stages were measured in plots treated with and without 5 grelease packets of
met hyl salicylate (95% met hyl s aimenthad ate (Pr

no impact on predator recruitmentaumulativemortality of L. decemlineatan potatoes



This research has provided us with a new toolLfatecemlineatananagement,
as well as more information about resistance trends and alternative stratiejies from
which we can build on to reduce resistance developméntdacemlineatand

ultimately formulate a stronger integrated pest management strategy for this insect pest.
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Chapter 1:
The Colorado potato beetle: A literature review

The Colorado potato beetlegptinotarsa decemlineatgsay) (Coleoptera:
Chrysomelidae), is one of the most important pests of p&atanum tuberosuin, in North
America and Europe. The severe damage potential of this insect coupled with its ability to
develop resistance to inseades has made it the focus of much research over the years. Useful
reviews of its biology, ecology and pest management can be found in Radcliffe 1982, Hare 1990,
Capinera 2001, and Alyokhin 2008).

History and Distribution

Colorado potato beetle wasdi described by Thomas Say, who found the beetle on
buffalo bur,Solanum rostratuniDunal), in Missouri and Arkansas; he originally placed the
beetle in the genu3oryphora(Say 1824). The insect is native to Mexico and probably migrated
into North Amerca in the early 1800&apinera 200JAlyokhin 2009. Once the beetle
incorporated the cultivated potato into its range of hasitp| it spread rapidly and quickly
became the most destructive pest of potato in North Amg@tiaee 1990h Original reports of
Colorado potato beetle causing potato damage came from Nebraska ibyl &894, the pest
could be found attacking potatoes from the Great Plains region to as far east as Connecticut and
Virginia (Capinera 200l Today, Colorado potato beetle has a wide spread distribution and is a
global pest of solanaceous crops, especially potato. It can be found across 8 mfliion km
North America(Hsiao 1985Alyokhin 2008 and 6 million knfin Europe and Asi&Jolivet
1991). Most recently this insect pest has been found in China an{Algokhin 2008, and has
the potential to spread to other parts of the w@rldsova 1978Worner 1988Jolivet 1991

Alyokhin 2008.



Lifecycle and Description

Colorado potato beetle overwinters in the adult stage and emerges from the soil in the
spring(Capinera 2001 In Virginia, this typically occurs in late April or early May. Colorado
potato beetle is multivoltine and can complete a generation in approximately 30 days. In the
U.S., the insect has between one and theeerations per yeéCapinera 20001 Towards the
end of the summer adult beetles will feed and reproduce uatgditbtoperiod shortens causing
beetles to begin diapaué&lyokhin 2008. The major factors involved in diapause are day
length, temperature, and to a lesser extent, host qu@ahgyinera 2001 Longer days promote
continued reproduction; whereas, short day lengths induce diafi2afseera 2001l However,
there is a lot of variability in diapause behavior and physiology among populatibns of
decemlineatan the U.S. leading to summer diagaunduction, overwintering populations that
can include more than one generation, and some overwintering adults that remain in diapause for
more than a yegHorton and Capinera 1988auber et al. 1988/0ss et al. 1988Hare 1990b
Capinera 20011
Egg

The eggs are oval and elongated between 1.7 and 1.8 mm in length and about 0.8 mm in
width (Capinera 2001l Eggs are usually deposited on the underside of leaves in clusters with an
average between 20 and 60 eggs per clgsiare 1990bCapinera 2001 The development
time for the eggs is variable depending on temperature, 10.7, 6.2, 3.4 and 4.6 days with
corresponding temperatures of 15, 20, 24, afl@ 3@spectivelfCapinera 20011 The eggs
within a cluster typically hatch simultaneously and first instars begin feeding on leaf tissue
immediately (Hare 1990).

Larva



The larva is reddish in color, and has a plump convex abdomen with two rows of black
spots down each sid€apinera 2001Jacques Jr and Fasulo 200Bigure 1). Larvae come
equipped with three pairs of thoracic legs as well as a proleg at the tip of the al{Gapieera
2007). Colorado potato beetle has four instars distinguishable by the width of their head
capsules, 0.63,.09, 1.67 and 2.55 mm for instars one through four, respectively. Each instar
increases in body length as well as head capsule width as it progress to the ndapstara
200)). Larval development can occur at a minimum temperatur&ofvith an optimal
development temperature of°€3(Capinera 2001 After the larva has completed feeding and
development, the prepupa drops from plants to the soil, where it burrows to a depth of 2to 5 cm

where it will pupatgJacques Jr and Fasulo 2D09

T w4 3&) :

Figure 1. Colorao p ato beetle Iae eed'ing on pétat(; Ieves.
Pupa

The pupae measure about 9.2 mm long and 6.4 mm wide and are orange colored and oval
in shapgCapinera 200l The aerage development time for the pupal stage is about 5.8 days

(Capinera 2001l The prepupal, pupal and post pugabe of development also varies with



temperature and takes an average of 22.3, 14.9, 11.7 and 8.8 days at 15, 20, 2€,and 28
respectively(Ferro et al. 1983Capinera 2001
Adult

After pupation is complete, Colorado potato beetle adults emerge from the soil and seek
out host plants on which to feed upon. Hdelt is approximately 1 cm in length with light
yellowish coloration, five black longitudinal stripes down each elytra, and are generally robust
and convex oval in shagg€apinera 2001Wilkerson et al. 2005Jacques Jr and Fasulo 2D09
(Figure2). The head has a triangular black spot and the thorax is littered with 10 dark markings
(Capinera 200l Colorado potato beetle over winters in the soil as an adult between 7.6 and
12.7 cm until it emerges the follang spring(Lashomb et al. 1984are 1990h As soon as the
overwintering adult emerges it walks to the nearest host plant and begins tdde=d 990h
Overwintering females will feed for 5 to 10 days before they mate and oviposit on the undersides
of hostplant foliage(Hare 1990h Beetles will continue to feed and reproduce until

environmental conditions are conducive for diapause.

Figure 2. Colorado potato beetle adults.



Host Plants

Colorado potato beetle is an oligophagous insect that feeds on plants in the family
Solanacea@Radcliffe 1982Hsiao 1988Hare 1990h In the early 1800s, the beetle was
typically found feeding on budlo bur(Radcliffe 1982, but upon encountering cultivated potato
in North America, it adjustedd host preference to include that plant species by thel &lifs
(Radcliffe 1982. Leptinotarsadecemlineatdas been observed feeding on the following
solanaceous weeds: bitterswegblganum dulcamari.), buffalo bur , horsenettlé&( carolinense
L.), hairy nightshadeS. sarrachoideSendtn.), silverleaf nightshad®. (elaegnifoliunCav.),
westen horsenettleS. dimidiatunRaf.), and henbit{yoscyamus nigdr.) (Hsiao 1988Weber
et al. 1995Capinera 2001

Among cultivated cropd,. decemlineatéeeds on potato, tomat&g¢lanum lycopersicum
L.), eggplant $. melongend.), and rarely on peppe€apsicum annuurh.) (Capinera 2001).
Hitchner et al. (2008conducted field and laboratechoice tests to better understand host plant
choice byL. decemlineatan Virginia. In laboratory olfactometer studigés,decemlineatadults
oriented to potato over both tomato and eggplant foliage and eggplant over tomato foliage. Field
choice tests revealed mdredecemlineatadults, larvae, and egg masses on eggplant than on
tomato, and virtually none occurring on pep. However, field studies using counts of live
beetles on untreated paired plants and counts of dead beetles on imiddaped plants
found no difference ih. decemlineatmumbers between potato and eggplant, but there was a
significant attractia to eggplant over both tomato and pepper.

Other studies have shown that Colorado potato beetle can adapt its host range to accept

the locally abundarfsolanumspeciegHorton et al. 1988MenaCovarrubias et al. 1996



Capinera 2001 This ability to adapt to locally abundant hosts increases thealuot beetle
populations.
Damage

Leptinotarsa decemlineata a voracious leaf feeder. The fourth instar is typically
responsible for most (~77%) of total leaf consump{©apinera 200)L Larvae consume
approximately 35 to 45 chof leaf tissue, and adults consume around 7 to fpemday(Ferro
et al. 1983Alyokhin 2009. If larval densities are high enough, they can completely defoliate a
potato crop; however, the stage of the plant has a dramatic impact on the amount of actual yield
loss that occur@Cranshaw and Radcliffe 1988are 1980a Poato is most susceptible to
defoliation injury when plants are blooming and shortly after bloorffigelds and Wyman
1984). Defoliation at this stage of plant development could result in significant logbeof t
production and an economic loss for a grower. Based on a decade of insecticide efficacy
experiments conducted on the Eastern Shore of Virginia, approximatéljedyield loss will
occur to potatoes if Colorado potato beetle is not contr@etiar et al. 20062008 Kuhar and
Doughty 2009. In tomato, a Calrado potato beetle density of one beetle every two plants can
reduce yieldgSchalk and Stoner 1978apinera 2001l In eggplant, densities of 8 larvae per
plant can reduce yiel@Cotty and Lashomb 1982 With any crop, the size and stage of the plant
is a major factor affecting yield loss by Colorado potato beetle.

Management

Colorado potato beetle is notausly difficult to control. There are a variety of control
strategies that can be used in an integrated pest management program. Before growers can
determine the appropriate control tactic to be utilized, accurate sampling must be conducted to

assess thmsect pressure within a given season.



Sampling

Populations of Colorado potato beetle within potato fields have traditionally been
evaluated visually or through the use of sweep nefiegangake and Holliday 1988Boiteau
2000. Research has concluded that visual estimation was as effective at monitoring Colorado
potato beetle populations as whole plant bag sampling and more effectisavinapnet
estimategSenanayake and Holliday 19880verwintering adults typically infest fields by
walking into them(Hare 1990h A sampling strategy to accurately monitor early season
populations of adult beetles would be vital to population estimates which aid in timely and
effective management decisions. Pitfall trapgehiaeen used to monitor and estimate walking
populations of Colorado potato beetle ad(Msss and Ferro 199@oiteau and Osborn 1999
Noronha and Cloutier 1998oiteau 200D Field research has demonstrated that adding a
synthetic aggregation pheromone,-85}-dimethyt2-oxo-oct-6-enel,3-diol ((S}CPB I), to
pitfall traps increased the catch rate of Colorado potato beetle adults by more tHaldfive
compared with pitfall traps not baited with the aggregation pheroiarter et al. 2006a
This increased catch rate provides a more sensitive estimate of the adult activity in fields at the
beginning of a growing season, which could help growers make a more a@notaffective
early season management decision.
Cultural control

Research has shown that cultural practices, such as crop rotation, altering planting date,
and the use of straw mulches can significantly reduce Colorado potato beetle frdgskten
2009. Crop rotations are most effective when fields are 0.3 and 0.9 km(\Afestz et al. 1994
HoughGoldstein and Whalen 199%/eisz et al. 19965exson and Wyman 2008lyokhin

2009. Planting early in the season helps eliminate the impact of the second generation larvae



because as they emerge, the crop is being removed from th@Neter and Ferro 1994
Alyokhin 2009. The same is true for late planted crops, the summer generation of Colorado
potato beetle emge later in the season and the shorter photoperiod induces a reproductive
diapause reducing the impact of second generation |gaakhin 2009.

Mulches can also have a dramatic impact on Coloradagogegetle populations within
potato fields. Research has shown the use of straw mulch can reduce the defoliation in potato
fields by two to five fold compared with fields without mul@ehnder and Houglsoldstein
199Q Brust 1994 Alyokhin 2009. Another cultural technique that can be used to take
advantage athe behavior of Colorado potato beetle adults is the use of trenches lined with
plastic and surrounding fields. Research has demonstrated that trench walls with angles greater
than 45 can capture 50% or more of Colorado potato beetle adults that watkénfields
during the early season invasi{@oiteau et al. 1994Capinera 2001
Chemical control and insecticide resistance

Since the late 1800s, the use of insecticides has been the mostipeliechethod for
controlling Colorado potato beetl®eviews of chemical control in potato can be seen in
Gauthier et al. (198JandKuhar et al. (2018 The use of insecticides to control Colorado potato
beetle dates back to the 1800s with the use of Paris green (CoppegfhrsenitgRiley
1871). Other types of arsenical compounds such as lead arsenate and calciumamsddate
continue to be used for its control into the 19@Bauthier et al. 1991 However, arsenical
insecticides were difficult to mix, difficult to apply effectively, did not have a long residual life
on plants, and sometimes caused phytotox{&tyhar et al. 2018 Thus, alternatives to the use
of arsenicals in potatoes were sought througtiwiearly 1900s. These included botanical

insecticides such as veratrine alkaloids from Sabadilla, ryania extract, and rd@ronme



1951). Although rotenone demonstrated sufficient efficacy against Colorado potato beetle, the
focus on botanical insecticides asplacement for arsenicals would soon be overshadowed with
the arrival of DDT in 1939Hitchner 1952Gauthieret al. 1981Alyokhin 2009. However, by

the 1950s, Colorado potato beetle had developed resistance t¢Quibiton 195%and was

soon resistant to other chlorinated hydrocarl{eltsmaster et al. 196 Alyokhin 2009. Since

the development of resistance to the chlorinated hydrocarbons, Colorado potato beetle
populations have developed resistance to all or some of the compounds classified in the
arenical, organochlorine, carbamate, organophosphate, and pyrethroid classes of chemistry
(Alyokhin 2008.

Today, potato and vegetable growers currently rely heavily on the neonicotinoid class of
insecticides to condt Colorado potato beetle. This group includes imidacloprid, thiamethoxam,
clothianidin, acetamiprid and dinotefuran. These compounds are typically appliefliaswn
or seeebiece treatments (insecticide applied directly to the potato seed piectpianting);
however, foliar applications are also effective. Resistance to imidacloprid in field populations of
Colorado potato beetle first appeared in Long Island, NY in the late {9%m et al. 2004
and has since been documented in other pgiaiving regions throughout the U ®lota-

Sanchez 2002 More importantly, there appears to be cnessstance between inadloprid and
thiamethoxan{Mota-Sanchez et al. 2008lyokhin et al. 2007.

This seemingly innate ability to develop resistance is greatly influenced by four major
factors. First, Coloradpotato beetle feeds oligophagously on solanaceous gtiaps 1990h
These crops have elevated concentrations of toxic glycoalkoloids in their foliage, requiring these
insects to develop effective nmesato detoxify and excrete their d{€erro 1993Bishop and

Grafius 1996Alyokhin et al. 2008 Secondly, the fecundity of Colorado potato beetle results in



large populations in a short period of tifitare 1990h A third reason is the host range of this

insect is narrow and in agricultural settings this host range comprises heavily managed, high

value crops such as potato, eggplant and tomato. This narrow host range reduces the amount of
safe refuge Colorado potato beetle can find so beetles that do supegéicide application are

mating with other survivors, decreasing the number of susceptible insects contributing to the

gene poo(Bishop and Grafius 1998Vhalon and Ferro 1998lyokhin et al. 2008 The fourth

reason is that these insects are continuously exposed to insedtitadesurt 197 1Casagrande

1987, Bishop and Grafius 199@&lyokhin et al. 2008. Col orado potato beetl
developing resistance has increased efforts by researchers and chemical companies to investigate
and develop new compounds with novel modes of action for managgrgsact pest.

In addition to the aforementioned broad spectrum insecticides and the neonicotinoids,
several other insecticides have demonstrated efficacy on Colorado potato beetle. These include
the following: 1) cryolite, an inorganic fluoride insextie (Noetzel and Holder 199&orensen
and Holloway 199¥% 2) abamectirfKuhar et al. 2006 ardickaet al. 2009, Sewell and
Alyokhin 2009; 3) azadirachtins found in the seeds of the neem Aamd({rachta indica
(Zehnder and Warthel988 Marcictaet al. 2009); 4) spinosyns such as spinosad and
spinetoranmKuhar and Doughty 200%ewell and Alyokhin 20022010; 5) novaluron, an insect
growth regulato(Cutler et al. 200,/Kuhar and Doughty 200%ewell and Alyokhin 2009
2010; 6) cyranazine, a triazine chitin synthesis inhibi{&irota and Grafius 1994induska et
al. 1996; 7) indoxacarlfLinduska et al. 200ZXuhar and Speese 2008) metaflumizone
(Kuhar et al. 2006/55ewell and Alyokhin 2002010 Hitchner et al. 2012 and most recently,

9) the anthranilic diamides, chlorantraniliprole and cyantraniligidignar and Doughty 2009

Sewell and Alyokinm 2009 2010.
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Biological control

There are a number of biological organisms that feed on Colorado potato beetle reducing
populations of this pest.

Predators. A number of generalist arthropod patdrs have been observed to feed on
Colorado potato beetle larvae and eggteber (201Bprovides an excellent review of the
natural enemies of Colorado potato beeflaree of the most important predators of Colorado
potato beetle in North America are the ground bdedlga grandisSay (Coleoptera: Carabidae)
and the predacious stink bu@erillus bioculatug=abricius (Hemiptera: Pentatomidae) and
Podisus maculiventsiSay (Hemiptera: Pentatomidae), which feed on small and large larvae.
There are a number of lady beetles that will feed on the eggs of Colorado potato beetle such as
Coleomegilla maculat®e Geer (Coleoptera: Coccinellidaeljppodamia convergerSuerin
Meneville (Coleoptera: Coccinellidae) and the seven spotted lady Heetieinella
septempunctath. (Coleoptera: Coccinellidae). All of these insects are commonly observed on
potato plants in Virginia (T. P. Kuharnpublished data

Parasitoids. There are three major parasitoids that utilize Colorado potato beetle as a
host (Weber 2013). These include the egg paradidayum puttlerGrissell (Hymenoptera:
Eulophidae), and two dipteran parasitoidlyjopharus aberrangTownsend) (Diptera:
Tachindae), andMyiopharus doryphoraéRiley) (Diptera: Tachinidae) (Weber 2013). Both
tachinid parasitoids oviposit in the larvae of Colorado potato beley@pharus aberrans
parasitizes larvae in the earlier part of the growing seasorVladdryphoraeparasitizes larvae
later in the season (Weber 2018)yiopharusaberrans has a distinguishing behavior fidm
doryphoaren that females will larviposit directly into adult Colorado potato beetles late in the

season. The parasitoid wdspputtleri can paasitize up to 71 to 91% of eggs in an individual
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Colorado potato beetle egg m@kashomb et al. 1987alyokhin 2009. However, the

traditional insecticidal and fungicidal control methods, typical in vegetable production, are not
conducive for use with these biological control agents. Thus, integrated pest management for
Colorado potato beetle has been a challéAgekhin 2009.

PathogensThere are also two specific organisms twild potentially be used in a
biological control system. First is the entomopathogenic fBeguveria bassianéBals-Criv.)
Vuillemin which is a generalist fungal pathogen. Research has shown this organism can reduce
Colorado potato beetle populat®ohy as much as 75 antwell et al. 1986Alyokhin 2009.
Overall the ability of the fungus tmntrol Colorado potato beetle has ranged from poor to
excellent(Hajek et al. 198 7/Poprawski et al. 1991 acey et al. 1999Nraight and Ramos 2002
Wraight et al. 200)/ The second pathogen is a bact®, Bacillus thuringiensivar.
tenebrionis, which has shown excellent activity on early instars of Colorado potato beetle
(Ghidiu and Zehnder 1998Veber 2013 However, there are drawbacks to udtg
thuringiensisvar. tenebrionis abiotic factors can have a dramatic impact on the efficacy of the
bacterium(Bystrak et al. 1994 acey et al. 1999NVraight et al. 200,AWeber 2013
Plant resistance.

Pelletier et al. (2013 provides a thorough review of potato plantstsice. There are
two main mechanisms of conventional potato resistance, glycoalkaloids, and tri¢Pethetger
et al. 2013 Gylcoalkaloids are compounds present in plants, specifically plants in the family
Solanaceae, to include potg@sman 198 Research has shown the nature of the
glycoalkaloids present in pleis significant to resistance conferral, rather than the amount of
glycoalkaloid presen(Tingey and Sinden 1983inden et al. 1991 yytinen et al. 2007

Pelletier et al. 2073 One such example of an effective group of glycoalkaloid conferring
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resstance to Colorado potato beetle is the leptine g(dumey and Yencho 199#®elletier et
al. 2013. CrossindS. tuberosurandS. chacoensBitt., incorporates leptine into the plant
constituents of the resulting hybrid, conferring resistance to the Colorado potato beetle
(Lorenzenret al. 2001 Pelletier et al. 2013 The hybrids exhibited antibiotic effects on
Colorado potato beetle resulting in slower development, reduction in larval survival, reduction in
feeding, and aaduction in oviposition and adult surviydlorenzen et al. 20Q0Pelletier et al.
2013. A commerciallyavailablev ar i ety of potato O06Dakota Diamor
elevated levels of foliar leptin@hompson et al. 200@elletier et al. 201)3

Trichomes are unior multi-cellular structures found on the above ground parts of plants,
originating from epidermal cell$elletier et al. 2003 Three forms of trichomes have received
attentionfrom Solanunmspp.: 1) tall norglandular trichomes; 2) the short four lobed type A
glandular trichomes; and 3) the hair like type B trichomes, which secrete droplets of sucrose
esters of carboxylic acids from their tiBdanders eal. 1992 Pelletier et al. 2003 There are
three tuber bearing species with glandular trichoi@enum ployadeniu@reenmS.
berthaultiiandS. neocaardenasiawkes(Gibson 1976Tingey and Sinden 198Pimock et al.
1985 1986 Lapointe and Tingey 198&anford and Cantelo 1989anzlik etal. 1997 Flanders
et al. 1999Pelletier and Tai 20QHorgan et al. 2007 that exhibit reistance to Colorado potato
beetle, potato tuber moths, aphids, and other ingRetketier et al. 2003 However, like most
other control options for Colorado potato beetle, there are advantages and disadvantages to
trichomebased plant resistan@@elletier et al. 2013

Therewas success on a short term basis with geneticadlgified potato cultivars that
carried theBacillus thuringiensigenebrionisBerliner toxin(Wierenga et al. 199&apinera

200]). These geneticalynodified potato plants provided effective control of the small larvae of
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Colorado potato beetl€apinera 2001 However, these cultivars were discontinued after 5

years of use because of public concerns about genetically emgirieed(Alyokhin 2008.
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Researchobjectives

. To evaluate the toxicity and field efficacy of tolfenpyradloniecemlineatéarvae and

adults.

. To identify potential detoxification methods and resistance levdlsad¢cemlineata
populations in Virginia when exposed to dethal doses of tolfenpyrad, permethrin, and
oxamyl.

. To assess the toxicity and field efficacy of a novel biopestid&tived from
Chromobacterium subtsugdéartin et al, onL. decemlineata

. To evaluate the effect of methyl salicylate release packets on the population dynamics of

L. decemlineatén potato.
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Chapter 2:

Baseline susceptibility and field efficacy of tdénpyrad on Colorado potato beetle,

Leptinotarsa decemlineatéColeoptera: Chrysomelidae)
Abstract. Leptinotarsa decemlinea(®ay) is the most important defoliating pest of potato in
North America and Europe. Management of this pest relies heavilyeomcdl control and
insecticide resistance is a persistent problem. From 2010 to 2013, we conducted field and lab
experiments with the novel insecticide tolfenpyrad for toxicity and field efficady on
decemlineata Results from the leafip bioassays kealed that tolfenpyrad was toxiclto
decemlineatavith LCsg values of 0.013 and 0.164 g ai/L for larvae and adults respectively. In
addition,L. decemlineat@ggs masses treated with tolfenpyrad had a 0% hatch rate. In field
efficacy trials, potato pits treated with tolfenpyrad, at rates of 153, 186, and 230 g ai/ha, had
significantly fewer larvae, less defoliation, and higher tuber yields than the untreated control
plots. This research demonstrated tolfenpyrad to be an effective insecticide fgimgana
decemlineata Given its novel mode of action, this insecticide should be a useful resistance
management tool for regions with neonicotinoid residtadiecemlineat@populations.
Key words Toxicity, tolfenpyrad, Colorado potato beetle,gGesisgance management
Introduction

Leptinotarsa decemlineat{&ay) (Coleoptera: Chrysomelidae) is one of the most important
insect pests of pota®olanum tuberosuin  The beetle is native to Mexico and probably
migrated into the Great Plains of North Amerigahe 1800¢Capinera 200JAlyokhin 2009
and quickly became the most destructive pest of cultivated patatoghout the U.S. and
CanadgHare 199). TodayL. decemlineataan be found throughout much of North America,

Europe, parts of Asia, and parts of Central Amef@apinera 2001 Uncontrolled populations
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can completely defoliate potato fields and potentially cause a total loss of tuber pro(idaten
198Q Hare 1990. In Virginia, at least 50% loss of yield will typically occur in potatb.if
decemlineatas not manage¢Kuhar et al. 2008Kuhar et al. 2008Kuhar and Doughty 2009
In addition to being a voracious defoliator of potatodecemlineathas demonstrated an innate
ability to develop resistance to insecticides.

The seemingly innate ability to develop resistance is greatly influenced by multiple
factors. FirstL. decemlineatéeeds oligophagously on solanaceous cibfzse 1990. These
crops have elevated concentrations of toxic glycoalkoloids in their foliage, requiring these
insects to develop effective means to detoxify and excrete the{Féreb 1993Bishop and
Grafius 1996Alyokhin et al. 2008. Secondly, the fecundity &f decemlineataesults in large
populations in a shoperiod of time(Hare 199Q. A third reason is the crops this insect feeds on
in agricultural settings are traditionally heavily managed with conventional insecticides, high
value crops such as potatggelant, and tomato. Feeding on heavily managed crops reduces the
amount of safe refuge decemlineat&an find so beetles that do survive a pesticide application
are mating with other survivors, decreasing the number of susceptible insects contiibtteng
gene poolBishop and Grafius 1998Vhalon and Ferro 1998lyokhin et al. 2003
Leptinotarsa decemlineatas pr opensity for developing resist
researchers and the agricultural industry to investigate and develop new compounds with novel
modes of action for managing this insecstpe

Chemical control of arthropod pests in potato has been the standard pest management
practice for more than a centuiguhar et al. 2018 and will likely be the future of potato pest
managemenfAlyokhin 2009. Tolfenpyrad is a broad spectrum insecticide that was discovered

by the Mitsubishi Chemical Corporation (now the Nihon Nohyaku Co. Ltd.) in 1996, and in
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Japan was labeled for use in vegetables and ornamentals in 2002, and fruit treegNo2aka
2003. Tolfenpyrad, 4hloro-3-ethyt1-methytN-[4-(p-tolyloxy)benzyl]pyrazoles-
carboxamide, is a novel broad spectrum insecticide currently being developed by the Nihon
Nohyaku Co. Ltd. It has been classified by the Insecticide Resistance Action Committee (IRAC)
in Group 21. Specifically tolfenpyrad inhibits cellular respirationntybiting complex | of the
mitochondrial electron transport chain. Insect response from exposure to tolfenpyrad is rapid
and includes termination of movement and feeding, lack of fecundity, and death of the pest.
Tolfenpyrad has a positive mammalianitmtogy profile with an acute oral toxicity of 386 mg
kg, acute dermal toxicity of 2,000 mgkgand an acute inhalation toxicity of 2.21 mg‘kg
Tolfenpyrad was registered as an insecticide in Japan in April of 2002 and until recently, there
was litie knowledge of or development of the insecticide in the U.S. Nichino America, Inc.
(Wilmington, DE) is currently developing tolfenpyrad for use in agricultural markets in the U.S.
Tolfenpyrad is a novel insecticide with no reported cross resistanad) shiighly attractive for
use againdt. decemlineatéAnonymous 201R This research reports the 440f tolfenpyrad
onlL. decemlineatdarvae and adults, as well as the ovicidal activity and the field efficacy of
tolfenpyrad at different rates for managihgs pest.
Materials and Methods

Insecticide. All experiments were conducted with commercially formulated tolfenpyrad
15 EC (15% a.i.; 150 g ai/L) obtained from Nichino America, Inc.

Leaf-dip bioassays.Experiments were conducted from 2010 to2@i the Virginia
Tech Eastern Shore Agricultural Research and Extension Center (ESAREC) in Painter, VA.

Leptinotarsa decemlineatdults and small larvaetand ¥ instars) were collected from
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insecticidefree potato plots at the ESAREC, and useeatdip bioassays evaluating the
toxicity of tolfenpyrad.

Leaf-dip bioassays were conducted separately on small larVa@{ihstars) and adult
L. decemlineata An initial (stock) rate of tolfenpyrad was calculated from a suggested field
application ate of 230 g ai/ha. This was equivalent to a concentration of 4.57 mL product/liter (=
0.685 g ai/L). Six rates (serial dilutions) were evaluated in these experiments including a water
control. Each rate was replicated four times and each replicatisistad of a single dipped
potato leaf and ten small larvae. Unblemished potato leaves were completely submerged in each
treatment and allowed to air dry. Once the leaves were dry, 10 larvae or 10 adults were placed in
either a9 cm or a 15 cm diameteatiPdish with each treated leaf, respectively. Adult
decemlineatassays included two leaves per Petri dish. Mortality was assessed after 72 hours of
exposure to the leaves. Larvae and adults were considered dead or moribund if they did not
respondo gentle probing or could not right themselves if turned upside down.

Egg mass bioassaysin 2012 and 2013,. decemlineat@gg masses from Virginia and
Michigan were collected and exposed to either water or the high field rate of tolfenpyrad, 230 g
ai/ha. Egg masses were completely submerged in tolfenpyrad or inteeated water control.

Once exposed, the egg masses were placed in Petri dishes and observed for 3 to 5 days to
determine the number of egg masses that hatched. Egg masses frohe patipations were
evaluated to include some lab reared populations resistant to neonicotinoid insceticides (Table
1).

Field efficacy experiments. Experiments were conducted in 2010, 2011, and 2012 at the
ESAREC, to evaluate the field efficacy of tolfgmad onL. decemlineatéarvae. Potato seed

pieces OSuperior6 were planted on 25 March,
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respectively. Each trial was set up in a randomized complete block design; in 2010 and 2011
each treatment was remied four times and in 2012 each treatment was replicated 6 times.
Individual plots consisted of two rows of potato 0.9 m apart, 6 m long, with plants spaced 30 cm
down the row. Three suggested rates of tolfenpyrad were evaluated 153, 186, and 280 g ai/h
For each experiment, two foliar applications of insecticides were applied one week apart upon
the first observation of small larvae in the field. Applications of insecticides were made on 11
and 18 May, 20 and 27 May, and 12 and 21 May in 2010, 20d. 2@12, respectively. In 2010,
the tolfenpyradat es eval uated wer e c¢ o mpfluthroh, aswellas ¢ o mme
a nontreated control. In all three years applications were applied using pd@red
backpack sprayer equipped with a four nozzle boom with flat spray tips (110003 V&] spac
50.8 cm apart at 2.721 atm. Each treatment was evaluated by counting the number of
decemlineat@mall and large larvae found on 10 randomly chosen potato stems in each plot.
Defoliation was measured as a percentage in each plot through visuatiestiafter larval
feeding had ceased on 14 Jun, 10 Jun, and 6 Jun in 2010, 2011, and 2012, respectively. Yield
was evaluated by mechanical harvest and tubers were graded by size according to US standards
(Grade B, small A, large A, and Chéf)SDA 201]). Potato tubers were harvested on 1 July, 13
July, and 28 Jun in 2010, 2011, and 2012, respectively.

Statistical analysis. Leaf-dip bioassays were analyzed with standard Peotatysis
using statistical software, GraphPad Prism, versi@vidulsky 2007, to determine the
tolfenpyrad LGo and 95% confidence limits for small larvae and aduttecemlineata
Abbottds formula was used to corr ec(Abbdttor cont

1925.
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Data from the field gxeriments were analyzed using JMP 10 softy@ssS 2013.
Leptinotarsa decemlineatarvd counts, percentage defoliation, and marketable yield were
analyzed using ANOVA procedures. Insect numbers were square root (x + 0.05) transformed
prior to analysis. Defoliation data were arc sine, square root transformed prior to analysis. Mean
compair sons were conducte®POudDiNG Fievreér @ IsSOnaff
Untransformed data were reported in all tables.

Results

Leaf dip bioassays.Tolfenpyrad was highly toxic tb. decemlineat#arvae and adults
with corresponding L& values of 13 and 164 ppm, respectively. The 95% camelentervals
for the LG levels are 10.016.0 ppm for the larvae and 101.266.0 ppm for the adults. Thus,
tolfenpyrad was approximately 12 times more toxic to larvae than adults. Figure 1 shows the
combined concentratiemortality response df. decemlineatgopulations to tolfenpyrad in
Painter VA. The adult and larvaevalues were 0.9663 and 0.9584, respectively. Nonetheless,
at the proper application rate, this novel insecticide should provide control of both stages of
decemlineatan thefield.

Egg mass bioassaysl.aboratory bioassays evaluating the ovicidal activity of
tolfenpyrad proved to be successful. The high field rate of tolfenpyrad resulted in a 0% hatch
rate and the control of water had 100% of the egg masses hatch 5 Daimgortant to note,
of all the treated egg masses only a single egg hatched (Table 1).

Field trials. In the 2010 field seasoh, decemlineatpressure was moderate with an
average of 70 larvae per 10 vines in the untreated control plots. Ta®ie significant
treatment effect on numberslofdecemlineatéarvae (Table 2). In general, all tolfenpyrad

treatments provided effective controllofdecemlineata Three insect counts were conducted
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recording the number of small and large larvae @nahdomly chosen stems per plot. The first
count on 17 May indicated significantly less small larvae in the tolfenpyrad treated plots
compared to the nemmeated plots (F = 5.69; df =5, 18= 0.0039). On 24 May, there were
significantly fewer smalldrvae (F = 6.39; df = 5, 1¥,= 0.0023) and large larvae (F = 18.71; df

=5, 15;P < 0.0001) in plots treated with tolfenpyrad compared to the untreated control. There
was also a significant treatment effect on defoliation (F = 9.97; df = % 2%.002) (Table 2).

These data mirrored those of the larvae counts. Plots with the 230 g ai/ha rate of tolfenpyrad and
t he tol fenpy-cyfluthrinrréatmend yielded tsignifidantly more marketable potato
tubers compared to the control plots (F =934 = 5, 15 = 0.0411).

The 2011 field season had similar results to the 2010 field season. There was a
significant treatment effect on numberd.otdlecemlineatdarvae. All treatments of tolfenpyrad
provided effective control (Table 3). There vaasignificant treatment effect for small larvae (F
= 6.06; df = 3, 9P = 0.0152) and large larvae (F= 6.08; df = 3P$%; 0.0153) on 26 May and on
2 Jun (F = 31.05; df = 3, < 0.0001) (F =9.90; df = 3, ®=0.0033), respectively. There
was alsa significant treatment effect on defoliation (F = 23.01; df = 8,9;0.0001) (Table 3).
Plots treated with tolfenpyrad had significantly less defoliation than the control. There was no
significant treatment effect on tuber yield.

The 2012 field seas was similar to both the 2010 and 2011 seasons; in general, all
treatments of tolfenpyrad provided effective control oflecemlineatéarvae (Table 4). Plots
treated with tolfenpyrad had a significant treatment effect for small (F = 19.20; df =B<15;
0.0001) and large larvae (F = 53.40; df = 3,R5;0.0001) on 18 May. On 29 May, there was a
significant treatment effect on small larvae (F = 5.11; df = 3P¥50.0124) and large larvae (F

= 46.28; df = 3, 15P < 0.0001). There was also arsficant treatment effect on defoliation (F
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= 70.24; df = 3, 15P < 0.0001), mirroring the larval counts (Table 4). Unlike 2011, there was a
significant treatment effect on yield (F = 18.61; df = 3,”R%;0.0001) and the tolfenpyrad
treated plots prodied significantly more marketable potato tubers than any of the other
treatments.

Discussion

Leptinotarsa decemlineataas demonstrated a high propensity for developing resistance
to insecticides. Specifically,. decemlineat#s resistant to all or sonod the compounds
classified in the arsenical, organochlorine, carbamate, organophosphate, pyrethroid, and
neonicotinoid classes of chemis{iyota-Sanchez eal. 2006 Alyokhin 2008 Alyokhin et al.

2008. One strategy for delaying resistance development is to rotate insecticides, particularly
with novel nodes of action. Our research showed that the pyr&zoégboxamide insecticide,
tolfenpyrad, is highly toxic th. decemlineat&aggs, larvae, and adults. The larval stage of
decemlineatas more susceptible to tolfenpyrad than the adults. Larvaasyenore

susceptible than adults to many other insecticides including azadir@itigsiyono and Whalon
1999 Kowalska 2007Kuhar et al. 2018 Bacillus thuringiensisubspienebrionig(Ghidiu and
Zehnder 1993Kuhar et al. 2018 and cyromazinéSirota and Gafius 1994 Linduska et al.

1996 Kuhar et al. 2018 In all three field trials conducted, decemlineatavas successfully
controlled by tolfenpyrd at the lowest rate tested, 153 g ai/ha.

Research has shown tolfenpyrad to be effective on a number of insect pests in a variety of
crops. Tolfenpyrad is a broad spectrum insecticide that can control arthropod pests from the
orders, Hemiptera, Thysapiera, Lepidoptera, Coleoptera, Diptera, Orthoptera, and Acari
(Anonymous 201p For example, research Kyhar et al. (201l)ashowed significant fewer

green peach aphidgyzus persicaéSulzer) (Hemiptera: Aphididae) on broccBliassica
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oleraceal. treated with tolfenpyrad than the ntneated control Kuhar et al. (2012)also
reported significantly fewer potato leafhopper nymgdrepoasca fabagHarris) (Hemiptera:
Cicadellidae) in potato plots treatecthvtolfenpyrad compared to the ntneated control.
Researchers in California demonstrated significantly fewer western flower fnaipkliniella
occidentalisPergande) (Thysanoptera: Thripidae) and significantly more marketable heads, in
lettuceLectu@ sativavar.longifloria, Lam. treated with tolfenpyrad than lettuce treated with
just water(Natwick 2013. Research from Florida showed significantly fewer Asian citrus
psyllid (ACP)Diaphorina citri Kuwayama (Hemiptera: Psyllidaeddts 58 DAT and
significantly fewer ACP nymphs 30 DAT on tolfenpyrad treated orange @#ess sinensigL.)
compared with nottreated orange tre€Stansly andostyk 2013. In a study byurrack and
Chapman (2012 researchers reported significantly fewer thrips in tob&tcotiana tobacum
L. plots treated with tolfenpyratthan untreated tobacco plots resulting in significantly less
incidence of tomato spotted wilt virus in the treated plots. Additionally tolfenpyrad has been
shown to significantly control the tw&potted spider mit€etranychus urtica&och (Acari:
Tetranyhidae) in cottorfPeixoto et al. 2009

Potato pest management, wherelecemlineat#s present, relies heavily on insecticides.
Typically potatoes are treated with a sysieinsecticide at planting, usually a neonicotinoid in
recent years, with rescue applications of foliar insecticides if needed. Our field trials showed
that two foliar applications of tolfenpyrad provided season long protectionlfraiecemlineata
pressire. The success of tolfenpyrad in the field and its novel mode of action make it an ideal
candidate for resistance managemert.afecemlineata Potato producing regions, whére
decemlineatdas shown resistance to neonicotinoids and other insesjaduld benefit from

incorporating tolfenpyrad into pest management strategies.
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Figure caption
Figure 1.Baseline concentratiemortality response df. decemlineatpopulations to
tolfenpyrad. Plotted points are based on cumulative mortllt. decemlineatadults and

larvae for each concentration of tolfenpyrad from 2010 to 2012.
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Table 1. Number df. decemlineat@&gg masses that hatched after being exposed to tolfenpyrad (23
ai/ ha) or a no#treated control (NTC) of water. Egg ss@s from Virginia were collected from a field
population in Blacksburg, VA, in 2012. The remaining egg masses were from laboratory reared cc

established in Michigan and tested in Michigan in 2013.

Number of egg masses hatching/ten egg masseedrea

Treatment Evans Evans Hadley New York New Jersey Virginia
NTC 10 10 10 10 10 10
Tolfenpyrad 0 0 0" 0 0 0

? Laboratory populations resistant to imittaarid.
Y Laboratory populationesistant to thiamethoxam.
X Laboratory sscepible population.

" A single egg hatched out of the ten egg masses tested.
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Table 2. Mean + SEM di. decemlineat#arvae, percent defoliation, and yield in potatoes plots treated with foliar insecticides. All

treatments were sprayed on 11 and 18 Ntayainter, VA, 2010.

Mean nolL. decemlineaté& 10 stems

17-May (6 DAT 1) 24-May (6 DAT 2)

Treatment Rate (g ai/hd) Sm. Lary Lg. Larv* Sm. Larv Lg. Larv % Defoliation Yield (kg / m)
NTC 60.0+ 16.5a 12.0+ 8.7 47.0+21.4a 30.3x6.3a 48.8+11.7a 3.4+ 0.2a
Tolfenpyrad 153 10.8+ 5.6 bc 0.3+2.2 3.5+1.2b 0.0+ 2.5¢c 7.5+2.7b 4.2+ 0.2bc
Tolfenpyrad 186 16.3+ 6.2 bc 0.0£21 0.0+ 4.3b 0.0+ 2.5¢c 7.0x4.2b 4.3+ 0.3bc
Tolfenpyrad 230 12.5+ 5.1 bc 0.8+1.7 28+5.5b 1.5+ 1.5c 7.8+£1.8b 4.4+ 0.4bc
Tolfenpyrad+ 153 + 53+£6.5¢cC 0.8+1.6 0.0+ 4.3b 1.3+ 2.0c 3.5+ 4.6b 4,7+ 0.3c
b-cyfluthrin 14

b-cyfluthrin 14 30.8+ 8.6 ab 43+ 2.5 6.0+ 6.6b 9.3+ 2.3b 15,5+ 2.1b 3.6+ 0.3ab

P-Value from Anova 0.0039 ns <0.0023 <0.0001 0.0002 0.0411

ZAll treatments received 0.25% v:v naomic surfactant.
YWVal ues followed by the same | etter are not significantly

*ns = not significant

45



Table 3. Mear SEM ofL. decemlineat#arvae, percent defoliation, and yield in potatoes plots treated with foliar insecticides. All

treatments were sprayed on 20 and 27 May in Painter, VA, 2011.

Mean nolL. decemlineatéa 10 stems

26-May (8 DAT 1) 2-Jun (8DAT 2)
Treatment Rate (g ailha)  Sm. Lary Lg. Larv Sm. Larv Lg. Larv % Defoliation Yield (kg / mY
NTC 27.0+ 8.5a 44.0+ 12.2a 140+3.1a 17.0x4.7a 23.75t4.4a 2.0+£0.8
Tolfenpyrad 153 2.0+ 3.4b 3.0£6.2b 0.0+ 1.0b 0.0+ 1.1b 125+ 2.2b 3.1+1.0
Tolfenpyrad 186 0.0+ 2.7b 13.0£8.1b 0.0+ 1.0b 0.0+ 1.1b 0.0+ 1.1b 2.8+04
Tolfenpyrad 230 0.0+ 2.7b 0.0£6.1b 0.0+ 1.0b 2.0£2.8b 0.0+ 1.1b 1.8+0.5
P-Value from Anova 0.0153 0.0152 <0.0001 0.0033 0.0001 ns

“Values followed by the same letter are not significantly diffeeeatc or di ng t o Fi sher 6s LSD, U=20

Yns = not significant
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Table 4. Mean = SEM di. decemlineat#arvae, percent defoliation, and yield in potatoes plots treated with foliar insecticides. All

treatments were sprayed on 11 and 21 May in Painter, ¥12.2

Mean nolL. decemlineatéa 10 stems

18May (7 DAT 1)

29-May (8 DAT 2)

Treatment Rate (g ai/hd) Sm. Lary Lg. Larv Sm. Larv Lg. Larv % Defoliation Yield (kg / m)
NTC 127.0+17.4a 35.5+5.5a 19.8+5.7a 25.5+42a 73.33+6.2a 3.8+0.2a
Tolfenpyrad 153 20.2+ 10.6b 1.2+ 2.0b 4.2+ 3.5b 1.3+1.5b 5.8£2.2b 48+0.1b
Tolfenpyrad 186 8.7£5.3b 0.2+ 1.8b 0.8+ 2.4b 1.7+1.5b 6.7+ 2.0b 49+0.1b
Tolfenpyrad 230 12.0£ 5.0b 0.2+ 1.7b 3.0£1.9b 1.0+1.3b 5.8 2.5b 53£0.1b
P-Value from Anova <0.0001 <0.0001 0.0124 <0.0001 0.0001 <0.0001

Z All treatments received 0.25% v:v nawnic surfactant

YWVal ues foll owed by the same
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Figure 1. Baseline concentratiomortality response df. decemlineatgopulations to
tolfenpyrad. Plotted points are based on cumulative mortality @écemlineatadults and

larvae for each concentration of tolfenpyrad from 2010 to 2012



Chapter 3

Resistance evaluation oEeptinotarsa decemlineatéSay) (Coleoptera: Chrysomelidae)

populations on the Eastern Shore of Virginia and North Carolina

Abstract. Leptinotarsa decemlinea(®ay) is the most important insect deftdiaof potato in
both North America and Europe. Management of this pest relies heavily on the use of
insecticides and can be problematic because of resistance development in the pest. In 2012,
populations of.. decemlineatavere collected from the EasteBhore of VA (Cheriton, New
Church, and Painter) and subjected to toxicity assays to determine the presendodajuss of
permethrin and oxamyl. These values were compared to those from the same locations >20
years, when the beetle was resistanh&dforementioned insecticides. The 2012Jv@lues
from the Eastern Shore of VA indicated an increase in toxicity of permethrirdecemlineata
larvae (LGo = 3.931 g ai/L) and an increase in toxicity of oxamyl in adult beetles,®*8.695
g ai/L) compared with LG, values previously reported in 1990. In 2012, multiple populations of
L. decemlineatavere also evaluated for enzyme activity after exposure téesiodl
concentrations of permethrin, oxamyl, and tolfenpyrad. Adult populationsdgf@mlineata
from Cheriton, VA, New Church, VA, Painter, VA, and Plymouth, NC were subjected to
enzyme assays to measure the activity of P450s, GSTSs, esterases, and protein content. Results
from the enzyme assays indicated significantly greater esteragéyantbeetles from Painter
VA exposed tooapétimet h( Fs [LU. 66, -naphtkol (B=, 20, P <
11.86, df= 4, 20;naPx0t.ODI0L()HA= lox.aemy, - dfU= 4, 2¢C
napht hol (F= 6.94, df = -4gpht®IqF=4F8=10811)], t ol
P<0.000-hJapandchoh (F= 28.15, df= 1, 8- P= 0.000

naphthol (F= 28. 14, -nghthol (85 28.866df= 38 ©<00MD]L) and
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compared to most of the other populations tested. GST activétgigaificantly greater in
tolfenpyrad exposed beetles compared to thetreated beetles from Painter VA (F= 17.66, df=
5, 24, P< 0.0001). Resistance managemeht décemlineatmeeds to be evaluated on an
individual farm basis; making management reatendations on a regional scale would be a
gross underestimation of the variability that can occur from field to field.

Key words P450, General Esterases, Resistabeptinotarsa decemlineat&ST

Introduction
Since the 1950s, Colorado potato beetéptinotarsa decemlineat®ay) (Coleoptera:
Chrysomelidae), has developed resistance to over 50 different insediidigelshin et al.
2008. This major pest of potat§olanum tuberosuin, has been shown to use a number of
mechanisms that confer resistance to insecticides including: enhanced metabolism using
esterases, carboxylesterases and monooxygenases, targesesisiivity, reduced penetration,
increased excretion, and behavioral char{Bese and Brindley 1983rgentineet al. 1989
loannidis et al. 199loannidis et al. 1992Vierenga and Hollingworth 199Anspaugh et al.
1995 Hoy and Head 199%hu et al. 1996Lee am Clark 1998 Alyokhin and Ferro 199%Clark
et al. 2001Alyokhin et al. 2008 The most common mianism that.. decemlineataitilizes
for detoxification of pesticides is the cytochrome P450 monooxygenase (P450) pathway
(Alyokhin et al. 2008 One region that has been notorious for resistance probldms in
decemlineatas the Eastern Shore of Virginf@isler andZehnder 199)) where most oA
potato production occur s. Thé.decendireeatat i ci de r e
populations is out of date and needs to beveduated. Providing growers with an updated

insecticide resistance profile for decemlineatgpopulations will help growers to select the
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proper management tools and ensure potato production remains profitable for growers in the
State.

Metabolic mechanisms that confesecticide resistance can be classified into two
pathwaysjncreasd metabolicactivity and target site insensitiviiHemingway et al. 2004
Our research focuses on the metabfalators that can lead insecticide resistee, specifically
cytochromeP450moncoxygenase (P450yenerakesterase, and glutathioBdransferase (GST)
activities. Cytochrome P450 mowaygenases are importashetoxification enzymem living
organisms. They are phase | enzymes that can oidibeendogenous and exogenous
compoundgLi et al. 2007. Detoxification ofinsecticidessia P450s are accomplished via
oxidation reactiongLi et al. 2007. Research has shown that insect P450s can detoxify
compounds in the pyrethroid, neonicotinoid and carbamate classsgcticidegScott 1999.

Using a technique developed byrich and Weber (1972and later modified bZhauret et al.
(1999, for use with microassayte P450 activity of insects can be determined using the
substrate -thoxycoumarin (€C).

General sterases are hydrala enzymes capable of hydrolyzing compounds with ester
bonds, which in some cases, can reduce the toxicity of a compound as well as prepare it for
excretion from the inse¢Li et al. 2007. Many insects have demonstrated increased esterase
activity in response to pyrethroid, organophosphate, and carbamate inse(tieihsyway et
al. 2004. One method to test the general esterase activity within an insect is to measure the
esterase activity ona adnadhthyl acetatel Thesa dulsstratesidree s
hydr ol yzeerddnafghthobandlhcetic atiby insect esterases, and when in the presence
of fast blue B and SDS a strong blue color is emitted with a maximum absorbancenai 600

(Jin-Clark et al. 2008 The intensity of the blue color is directly proportional to the amount of
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esterase activity which can be quantified using a spectrophotofvetefAsperen 1962
Esterase activity df. decemlineata@an be determined by exposing the proteins (enzymes) of the
i ns e c-t s diaghthyacetate and using a spectrophotometer to measure the absorbance of
the blue color emitted f r-amdnapeholPieCleakietai ng c on
2008 Srigiriraju et al. 2009

GlutathioneStransferases (GSTs) are phase Il metabolic enzymed foliking
organismghat allow for the metabolism of multiple electrophilic substrétest al. 2007. In
general, the function of GSTs is thought to be thexifgtation of endogenous arekogenous
compounds either directly or by catalyzing the secondary metaboliarmohooxygenase or
esterasdasedesistance mechanisfdemingway 2000Hemingway et al. 2004 Glutathione
Stransferases promote conjugation reactions that prepare substrates for elimination from the
body. The overall reaction is a glutathionejogation reaction and the conjugated products are
usually more water soluble and easily excrétecett al. 2007. Insect resistance via GST
activity was first docuranted for organophosphate insecticides, but GSTs are active on
chlorinated hydrocarbons, pyrethroids, and play an important role in detoxifying reactive oxygen
species common from oxygen metaboli@temingway et al. 2004 These reactions are
important for the removal of toxic compounds that are electrophilic.

Research has shown resistance levels orecemlineat@opulationscanvary within
geographic regins(loannidis et al. 1991 There is variability in the metabolic processes used to
detoxifyinsecticidesvith a large amount of overlap between chemical class and metabolic
pathway conferring resistanfdemingway 2000Li et al. 2007. Herein we evaluate the

current resistance levels oR\populations ot.. decemlineat#o permethrirandoxamyl In
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addition we willprofile the metabolic enzyme activity of differdntdecemlineat@opulations

exposed to sulethaldoses of these compounds as well as to the novel insecticide tolfenpyrad.

Materials and Methods

Insecticides andL. decemlineatgpopulations. Commercial insecticides formulated for
agricultural use were used for all experiments and included the fojow) permethrin
(Permethrin 3.2 EC (38.4% ai) Helena Chemical Company, Collierville, TN; 2) oxamyl (Vydate
2L (24% ai) DuPont Crop Protection, Wilmington, DE; and 3) tolfenpyrad (Torac EC (15% ai)
Nichino America, Wilmington, DE. The latter insecticidea mitochondrial electron transport
inhibitor that is currently not registered for use in the U.S. (Nichino America, Inc. 2012). The
concentrations of each compound used in the bioassays can be seen in Table 1.

Table 2 lists thé.. decemlineatpopuations used in the bioassays and the compounds
each population was exposed to in 2012.

For each of the enzyme assays, five random adult beetles from each population and each
treatment were homogenized. For example, in the Painter VA populationg&tadtbeetles
were used, 5 permethraxposed beetles via ledip (LD), 5 permethrirexposed beetles via
beetledip (BD), 5 tolfenpyraeexposed beetles, 5 oxargkposed beetles via LD, and 5
oxamylexposed beetles via BD. The dethal concentration®f each compound used in the
enzyme assays can be seen in Table 1.

Adult toxicity assays. In 2012 multiple L. decemlineat@opulations were exposed to
concentrations of oxamyl, permethrin, and tolfenpyrad for toxicity evaluation (Table 2).
Bioassays ealuating permethrin and oxamyl toxicity for adult and first instats. of

decemlineatavere set up following the methodsTtler ard Zehnder (1990 AdultL.
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decemlineatavere exposetly completely submerging groups of ten beetles into various
concentrations of permethrin and oxamyl for 8@ sAfter 30 ¢ the exposed adults were
placed onto clean paper towels to absorb excesstume and then placed into Petri dishes and
evaluated for mortality 2lrsafter exposure. Three populations from the Eastern Shore of
Virginia (New Church, Painter, and Cheriton) were used to determine #evalGes for
permethrin and oxamyl based adult mortality. Adults pooled from each location (n = 120)
were exposed to each concentration of permethrin and oxamyl.

Leaf-dip toxicity assays. Additional adult toxicity assays were conducted using diaf
(LD) exposure methods in 2012. PopulasiafL. decemlineatdrom Painter, VA were exposed
to potato leaves treated with each of the following: permethrin, oxamyl, and tolfenpyrad.
Unblemished potato leaves were collected from insecticekepotato plots and completely
submerged in differerdoncentrations of oxamyl, permethrin, and tolfenpyrad. Treated leaves
were allowed to dry prior to beetle exposure. A-tr@ated control of water was used in all LD
bioassays. The concentrations of permethrin and oxamyl used in the LD bioassayg were th
same concentrations used in the bedieebioassays (Table 1). Mortality of adult
decemlineata@xposed to permethrin or oxamyl was evaluated 24 hrs after exposure.
Tolfenpyrad bioassays were only conducted via the LD method. Adults from Paitandv
Northampton County VA were exposed to potato leaves treated with 5 serial dilutions of
tolfenpyrad and a netreated control of water (Table 1). Adult beetles were assessed for
mortality 72 hrs after exposure.

Larval toxicity assays. In 2012,L. decemelineatdéarvae were exposed to permethrin
and oxamyl through a contact bioassay via treated filter paper according to the methods

described byfisler and Zehnder (1990 Egg masses were collected from multiple locations and
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observed for hatching. After hatching the neonates were isolated for 24 hrs prior to being

utilized in a bioassay. Serial concentrations of oxamyl andgibrin were prepared with

acetone (Table 1). A 08L volume of each compound at each concentration was pipetted onto
filter paper discs and allowed to dry. A nwaated control of acetone was used in all larval

assays. Each treated filter paper wtediinto Petri dishes and 0.5 mL of water was pipetted

onto each treated filter paper orared terL. decemlineatmeonates were added to each dish.

Mortality was assessed 24 hrs after insecticide exposure. For the larval bioassays the same three
locations were used as in the adult assays and tbgvaflies were calculated based on mortality
levels of 340 and 330 individuals, pooled from each location, exposed to each concentration of
permethrin and oxamyl, respectively.

Protein standard. In 2011, a &andard curve was established based on bovine serum
albumin (BSA) using theicinchoninicacid (BCA) assay discussed Bynith et al. (198p The
standard was prepared at a concentration of 1000 pg/mL of B8&ianized water. Once the
standard was prepared, seven protein concentrations were mixed by mixing 0, 5, 10, 15, 25, 35,
45 uL of the standard (BSA at 1000 pg/mL) with 100, 95, 90, 85, 75, 65, and 55 pL of 0.1M
sodium phosphate (pH7.8) containing 0.3%dniX-100, respectively. The mixtures
corresponded to seven protein concentrations 0, 50, 100, 150, 250, 350, and 450 pg / mL.
Twentymicrolitersof each protein concentration was pipetted into-av8b flat bottom
microplate along with 180 pL of a peah determination reagent (10 mL of BCA solution and
200 pL of 4% cupric sulfate solution 50:vy. There weré¢hreereplicates for each of the seven
protein concentrations. The microplate was then covered and incubatetC&b830 min.

After incubation, the microplate wasoledfor 5 min at room temperature (~Z7) and was then

read using a Dynex Triad kinetic microplate reader (Dynex Technologies, Chantilly, VA).
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Cytochrome P450 monooxygenase standardn 2011, a standard curve was made
usinga stock solution of 5.0 mg of umbelliferone in 5.0 mL of acetone. The stock solution was
diluted to a final concentration of 0.4 ng/uL with 0.04% (v:v) acetone. Serial concentrations of
umbelliferone were created and added to the wells of a 96 welbtam microplate. Each
concentration was replicatélareetimes and the concentrations ranged from O pL to 16 pL of
umbelliferone. Using 0.1 M phosphate buffer, the volume for each microplate well was adjusted
to 20 pL for each concentration. The weblseived 120 pL of acetonitrile 50% (v:v) with 0.05
M TRIZMA -base buffer and then read using a Dynex Triad kinetic microplate reader.

Esterase standards! n 2011, a s-haphthol wasonhde byimixing 16.2 U
mg enfphthbl into 5 mL of acet@ yielding a concentration of 2 pg / L. @$olution was
diluted into 0.1 M sodium p-hapigholin®.8@mlotif f er by
buffer giving a final concentration of-0.02 O
naphthol ad 0.1 M sodium phosphate buffer containing 0.3% TritetOR and different
concentrations of 0.1 M sodium phosphate buffer containing 1% acetone. There were 8 dilutions
containing 0, 0.2, 0. 6 ;naphthoQ eachMilutdon as fepliGated 2. 2, a
three ti mes. O n ¢ enaphihol wede pipetted eto d 96 lwelltfldt lmottommedo f U
microplate and 50 pL of fast blue 8DS were added to each well. The samples developed for
15 min at room temperature and the optical densig/nead at 60@nd 560nm using a Dynex
Triad Kinetic micropl ate r e a dmaphtholfollbwimythandar d
exact pr owaphthalr e for U

Protein. In 2012, the protein content was determineddar insect populations
(Cheritan VA, Painter VA, New Church VA, and Plymouth NC) exposed to three insecticides

following the methods discussed 8ynith et al. (198p Five insect specimens from each
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population exposed to each insecticideav@omogenized individually in 754L of 0.1 M
sodium phosphate buffer (pH 7.8) containing 0.3% v/v TritehOR. Insect homogenates were
centrifuged at 10,000 g for 5 min and 5@00f the remaining supernatant were collected and
stored on ice. Twenty pbf the insect preparations were pipetted into individual wells of a 96
well flat bottom microplate and then 180 pL of B&Apric sulfate solution were added to each
of the wells. Three replicates of each insect preparation were used in the assaycrdplatei
was incubated just like the standards and after 5 min at room temperature the plate was read
using a microplate reader. The protein concentration of each sample was calculated using the
standard linear regression of the BSA standard curve.

P450. Prior to running the experiments, a number of chemical solutions were prepared.
The first solution, 50 mM-EC, was prepared by dissolving 19.02 mg-&QC into 2.0 mL of
acetone. Anot heNABRPHutwas, m&2@e 5b ywnMdADBH ol vi ng
into 100 pL of deionized water (38). A 100 mM oxidized glutathione solution was made by
mixing 61.26 mg of oxidized glutathione in 1.0 mL of £IH

In 2012, experiments followed the general procedures us@adgrson and Zhu (2004
Insect homogenates from the protein assays were used in the P450 assays micneitgrsof
the insect preparations were added to-av8b flat bottomed microplate witthreereplications
per insect (60 pL total). A control of 20 pL of M. sodium phosphate buffer (pH 7.8)
containing 0.3% v/v Triton XLOO was replicated 3 times. A solution was prepared by mixing
100 pL of the 62.5 M -BIADPH, 50 pL of 50 mM 7EC, and 4.85 mL of 0.1 M phosphate
buffer. Each microplate well received 80 puL of the T a-NADPIH mixture and then the
microplate was agitated for 15 min at room temperature on an Eppendorf mixer (400 rpm)

(Eppendorf NorthrAmerica, Hauppauge, NY). After incubation, 10 pL of oxidized glutathione
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and 10 pL of glutathione reductase were added to each well. The microplate was held at room
temperature for another 10 min. After the second incubation period 120 pL of thatateton
and TRIZMA-base buffer solution were added to each well and the plate was read using a Dynex
Triad kinetic microplate reader. Relative fluorescence units (RFUs) were calculated to
determine the P450 activity of each samygeng the following equain:

RFU = fluorescenc®f each sample) / (protein mg / mL)

Esterase.In 2012, general esterase activity was measured according to the procedures of
Srigiriraju et al. (2009 which was modeled after the methodvah Asperen (1992 Esterase
activity was determined using the insect preparations from the protein assay. Oncatanpern
was collected 15 pL of each sample were pipetted into a 96 well flat bottom microplate and
replicated 3 times. A control of 15 pL of 0.1M sodium phosphate buffer (pH 7.8) containing
0.3% v/v Triton %100 was replicated 3 times. A 0.3 mM solutiorJafaphthyl acetate was
diluted by addi angphthyl atetatainto 8.9 mLI0sodiumi phosphate buffer
and 135 L were added to each well containing the insect supernatant. The microplate was
incubated at 3 for 30 min. After incubation,®uL of fast blue BSDS were added to each
well and developed for 15 mi n-naphthylacetaten t e mper a
foll owed the me tndpbthisacethte. sToerniictoplade whsaread uding a Dynex
Triad Kinetic microplate readefThe amount of hydrolytic product of each sample was
determined using the st amdhadhtidol stamdarcarves.rThegr e s s i
specific activity of general esterase activity was calculated using the following equation:

nmol/minf/mg=5 . 415 -oxr Oy rJémm hrlpwtein /

GSTs. Using the method described ¥y (1982 1984 GST activity inL. decemlineata

was determined using a model substrated®;#loronitrobenzene (DCNB). Two stock solutions

58



were made, a 10 mM glutathione (GSH) solutand a 150 mM DCNB solution. Insect
homogenates prepared in the protein assays were used in the GST assays. Once the supernatant
was on ice3.7 mL of the 10 mM GSH and 50 pL of the 150 mM DCNB were pipetted into a 15
mL centrifuge tube. Once thordug mixed the 180 pL of the GSHDCNB solution were
pipetted into individual wells of a 96 well flat bottom microplate. Aliquots of 20 pL of the insect
preparations (supernatant) were added to the microplate wells containing tHe@\&H
solution. Threeeplicates of each insect preparation and three replicates of the control, 20 pL of
0.1 M sodium phosphate buffer containing 0.3% v/v Triteh0%, were read at 340 nm at 10 sec
intervals for 10 min. Total GST activity was calculated in order to calctilatspecific activity
of GST for each samplesing the following equations:
Total GST activity ="1x1cm) xdb(dilotiondfatarcx/1000 n) / 9
Specific GST activity = total GST activity / mg protein / mL
Statistical analysis. Toxicity bioassays were analyzed with stand2nabit analysis
using statisticasoftware, GraphPad Prism, versio(Motulsky 2007), to determine the
permethrin and oxamyl Lggvalues for small larvae and adultdecemlineata Differences in
LCsp values between present day populations and those from 1990 were determined based on
whether or not there were overlapping standarore.
Data from the enzyme assays were analyzed using JMP 10 sqf8#8&013.
Geneal esterase specific activity, GST specific activity, protein concentration, and P450 RFUs
were analyzed using ANOVA procedures. Mean comparisons were conductef ussigh e r 6 s

LSDatthePO 0. 05 | evel of significance.
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Results

Resistance levelsResults from the bioassays comparingdl€vels of presentayL.
decemlineatgopulations from the Eastern Shore of Virginia to the 1990 populations for
permethrin and oxamyl are shown igéie 1. The L& values ofL. decemlineatadults and
larvae from each population in 2012 were averaged and compared to the avemgdues
reported.

Adult LCs values for oxamyl in 2012 were not significantly different from those
reported by Tisleand Zehnder (1990). However, there was a significant decrease in the oxamyl
LCsp value in 2012 larvae compared with thesk@alue for the larvae in 1990 (Fig. 1A).

Results from the permethrin bioassays showedL.thd¢cemlineatadults collected in@1L2 had

a significantly lower LG, value compared to the adults in 1990. However, there was no
significant difference in L& value for larvae exposed to permethrin in 2012 compared to the
larvae LGg value in 1990 (Fig. 1B).

Enzyme activity. In 2012, @zyme assays were conducted on populations of adult
decemlineatdrom different locations in VA and a location from NC (Table 2). Enzyme activity
and protein content were compared in two ways; first, populations from different locations were
compared sparately by insecticide (Tables 3 t06). Secondly, the activity for the different
enzyme pathways (P450, GST, esterases, and protein) were compared across locations based on
insecticide exposure (Figs. 2 to5).

The Painter, VA populations &f decemlineta showed significant treatment effects for
b-napthol (F= 2.79, df= 5, 24, P=0.0399), GST activity (F= 17.66, df= 5, 24, P< 0.0001), P450
activity (F= 2.75, df=5, 24, P=0.0421), and protein content (F= 3.13, df= 5, 24, P=0.0258)

(Table 3). GST activityvas significantly greater in those beetles exposed to permethrin LD,
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oxamyl LD and tolfenpyrad compared to the +irzated beetles. Those beetles that were
exposed to permethrin BD, andnaphtboltiharthgsey r ad had
beetles rposed to oxamyl LD. In those beetles exposed to permethrin LD, the P450 activity was
significantly greater than most of the other treatments (Table 3).

The population of. decemlineat&ollected from New Church, VA had significant
treatment effectsfddNa p ht h o | ( F= 5. 8 3,-NapHthel (F223.81,df2, P= 0. 0
12, P< 0.0001), and GST activity (F= 14.67, df= 2, 12, P= 0.0006) (Table 4). Beetles exposed to
oxamyl BD from this | ocati oan Hnadhthodamganedtfoi cant |
the other treatments. Also, GST activity was significantly greater in théreated beetles
compared to those beetles exposed to permethrin BD and oxamyl BD.

TheL. decemlineatpopulations collected from Cheriton, VA had a significant trestm
effect for protein content only (F= 4.38, df= 3, 16, P= 0.0197) (Table 5). The untreated beetles
from Cheriton, VA had significantly more protein content than those beetles exposed to
permethrin BD and tolfenpyrad.

There was no significant treatmezftect for the population df. decemlineataollected
from Plymouth, NC (Table 6).

Results from the enzyme assays conducted in 2012, evaluating the different locations
whereL. decemlineat@opulations were collected, for esterase, GST, and P450 iastiaie
shown in Figures 2 to 5. Results from theti@ated beetles varied according to enzyme assay.
Those beetles from Painter, VA showed significantly greater esterase activity compared with the
ot her popul anaphthol¢§F=28s4 dfy¥ ed1 6 ,U P<Qnaghth®d (F3 and b
28.86; df= 3, 16, P<0.0001) (Fig. 2 A, B). However, GST activity was significantly greater in

the population from Plymouth, NC (F= 16.00, df= 3, 16, P<0.0001) compared to the other
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populations tested (Fig. 2 C). Thepulations from Plymouth NC and Painter, VA had
significantly greater P450 activity compared with the population from Cheriton, VA (F= 3.63,
df= 3, 16, P=0.0360) (Fig. 2 D). There were no significant differences among the untreated
populations tested fqrotein content.

Enzyme activity of thé.. decemlineatpopulations exposed to tolfenpyrad showed the
Painter, VA population had significantly greater esterasgigctompared to the Cheriton, VA
popul at i onna pthetshtoeld ,( FOf 4 07 . 6 2 ; naghthot (F=128.158df=1P <0 . 0 0
8, P=0.0007) (Fig. 3 A, B). There were no significant differences in GST and P450 activity
between the Painter, VA and Chen, VA populations exposed to tolfenpyrad (Fig. 3 C, D).
However, there was significantly greater protein content in the Painter, VA population compared
to the Cheriton, VA population (F= 8.14, df=1, 8, P=0.0214).

Results from the enzyme assays eaahg permethrin exposed populationd_of
decemlineatare shown in Figure 4. In these assays an additional population from Painter, VA
was evaluated based on the exposure method to permethrin, a LD population. Results from the
esterase assays showegh#ficantly greater esterase activity in the two Painter VA populations
compared to thenapihteholpopk+ atl.oh6, daphtkol 4, 20,
(F=11.86, df=4, 20, P<0.0001) (Fig. 3 A, B). The Plymouth, NC and the LD Painter, VA
popuations had significantly greater GST activity compared to the other populations exposed to
permethrin (F= 12.43, df= 4, 20, P<0.0001) (Fig. 4 C). The P450 activity of the populations
exposed to permethrin was greatest in the LD Painter VA populatiosigmticantly greater
than the Cheriton, VA and New Church, VA populations (F= 3.20, df= 4, 20, P=0.0349) (Fig. 4
D). The protein content among the populations exposed to permethrin was greatest in the New

Church, VA population (F= 3.32, df= 4, 20, P=003
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Enzyme activity of thé.. decemlineatpopulations exposed to oxamyl can be seen in
Figure 5. Like the permethrin assays, an additional population from Painter, VA was evaluated

based on the exposure method to oxamyl, a LD population. Esterasy as significantly

greater in the LD Painter, VA-naphtdol (F=h@64BD Pai n

df = 4, 20, P<0. 00 0 1)-naplihol gctivitypwaspgyeatest irHlee\BB v e r
Painter, VA population compared to the other papahs tested (F= 6.94, df= 4, 20, P=0.0011)
(Fig. 5 B). The GST activity among the populations exposed to oxamyl was significantly greater
in the LD Painter, VA and the Plymouth, NC populations exposed to oxamyl (F= 89.98, df= 4,
20, P<0.0001) (Fig. 5 C)The LD Painter, VA and Plymouth, NC populations had significantly
more P450 activity compared to the Cheriton, VA and BD Painter, VA populations (F= 5.83, df=
4, 20, P=0.0028) (Fig. 5 D). There was no significant difference in protein content among the
populations exposed to oxamyl.
Discussion

Leptinotarsa decemlineataastheability to overcome insecticides labeled for its control.
Current management practiced.odecemlineatén potato almost solely rely on the utilization
of chemical insecticice This has led to the development of resistance in this pest to almost
every compound labeled for its cont(@lyokhin etal. 200§. Without an adequate
management prograrh, decemlineatpopulations can cause up to 50% loss of yield in potato in
VA (Kuhar et al. 20062008 Kuhar and Doughty 2002010and in China as we(liang et al.
2010. A responsible pest management prograntfatecemlineatahould includensecticide
resistance management practices to mininmgecticideresistance development. Detection of
resistant populaties and then understanding the mechanism of resistance are vital for managing

L. decemlineatavhen resistant populations are suspected. The purpose of this research was to
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evaluate the current resistance levelk.adecemlineatpopulations in the EasteB8hore of VA
compared to the resistance levels in 1990 and to determine the specific activities of different
enzyme pathways whdn decemlineat@opulations were exposed to sigthal doses of
permethrin, oxamyl, or tolfenpyrad.

Results from the toxity assays comparing the k§values of Eastern Shoke
decemlineatgopulations from 2012 and 1990 varied by compound and beetle life stage. The
results indicated a significant decrease ofd¥@lue in adult beetles exposed to permethrin in
2012 compare to 1990. However, the Lsgvalue of the permethriexposed larvae in 2012 was
not significantly different from the L value in 1990; most likely due to the high amount of
variability observed within those particular assays (Fig 1 B). In the toxsgglys measuring the
LCsp value of oxamyl, there was a significant decrease in the larwgMaie in 2012 compared
to 1990. The results from the 2012 oxarayposed adults did not show a significant difference
in LCso value compared to the 1990 ¢fvalue. One possible explanation of why we saw a
decrease in L value of oxamyl exposed larvae and not adults is that adults typically are more
robust than the larvae and also may have more developed detoxification syiteoxset al.

(1985. Oxamyl and permethrin are two compounds thatecemlineat@opulations on the

Eastern Shore of VA have historically shown resistan¢&isber and Zehnder 1990 The

resistance to permethrin and oxamyl coupled with the introduction of the neonicotinoid
insecticides allowed grow® on the Eastern Shore of VA to stop using these compounds. The

lack of selection pressure from these compounds should logically reculiézemlineata

populations that are more susceptible to oxamyl and permethrin than when these chemicals were
frequently applied to potatoeAlyokhin et al. (2008 suggested that once growers stop using a

particular ingcticide that a population &f decemlineatds resistant to, there would most likely
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be a decline in the alleles that confer that resistance; however, the rate of that decline is
unknown. One of the recommendations for managing resistance in this fgestalude an
untreated area in a potato field to allow susceptible beetles to survive and contribute to the
genetic diversity of the population, preventing the development of homozygously resistant
populationgAlyokhin et al. 2008 This resistance management strategy is based on the need
for keeping susceptible populationslofdecemlineatan the gene pool of a giveield

population. Research Whalon and Ferro (1998suggested 20% of a potato field untreated

with insecticides should provide enough survival ofisceptible population to decrease mating
between resistant beetles. Although it is unlikely growers on the Eastern Shore of Virginia
incorporated untreated portions in their fields, it is likely permethrin and oxamyl were not
applied to potato fields begse the beetle had become resistant to those compounds and newer
more effective insecticides became available. The results from our toxicity assays determined
there is a decline in resistance to permethrin and oxanhyldecemlineat@opulations from ta
Eastern Shore of VA after 20 years of rsmlection.

Our results from the enzyme assays conducted seem to follow the trend that can be seen
in the literature regarding metabolic enzyawtivity as potential resistance mechanisms to
insecticides. Wan evaluating the data that examities enzyme activitjor a given population
of L. decemlineataregardless of insecticide exposure, we see variability between locations and
within populations from a location. A few examples of this variability in eregctivity can be
seen in ChingJiang et al. 2000 Michigan(loannidis et al. 1991 and Massachuseff&rgentine
et al. 1989 We sav significantly greater esterase activity in the population from Painter, VA
compared to most of the other locations examined. This was the case for the untreated beetles

and permethrisireated beetles regardless of exposure method, tolfenprgated betles, and
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oxamyl treated beetles. Research has shown inhibiting the esterase detoxification pathway
(Jiang et al. 200)and the P450 pathwd$ilcox et al. 198pcan increase pyrethroid toxicity in

L. decemlineata Increased toxicity of pyrethroids when inhibiting esterases or P450s implicates
these dxification pathways as potential resistance mechanisms to pyrethroid insecticides. The
untreated beetles from Painter, VA had significantly greater GST activity than untreated beetles
from Plymouth, NC. When comparing beetles exposed to oxamyl we eldsagnificantly

greater P450 activity in those populations from Painter VAdxposed and Plymouth NC,

compared to those populations from Cheriton VA and Painter VA BD exposed.

When we compare enzyme activity of the populations from each location based o
insecticide exposure we see another level of variability. For example, when examining the
results from the Painter VA location, beetles exposed to permethrin via LD compared to those
beetles exposed to permethrin via BD we see significantly greateaGisity in the LD
beetles. There appears to be no obvious trend in metabolic activity and insecticide exposure.
Painter, VA populations exposed to tolfenpyrad had significantly greater GST activity when
compared to the untreated beetles but signifigdotver GST activity compared to the LD
exposed permethrin and LD oxamyl treated beetles. In those beetles collected from Cheriton,
VA, there were no significant differences in esterase, GST, or P450 activities among beetles
exposed to permethrin, tolfeynad, and oxamyl compared to the untreated beetles. The research
shows that resistance mechanisms utilized.ljecemlineat@annot be generalized based on
insecticide or on location and that resistance to a certain insecticide class does not implicate a
specific resistance mechanism is responsible. In other words, insecticide résistant
decemlineatgopulations from individual farms, rather than regions, need to be evaluated to

make conclusions about which resistance mechanism is being employed.
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Our research identified GST activity as a potential pathway for resistance development in
beetles exposed to tolfenpyrad in Painter, VA. Tolfenpyrad is a novel insecticide class with a
novel mode of action. Tolfenpyrad is currently not a registered ingkein the US; however, it
is registered for use on vegetables in Jgpaonymous 201p This early realization of a
potential mechanism for resistance development should help with developing insecticide
resistance management (IRM) approaches.

Our researchi®wedL. decemlineatadults exposed to permethrin had significantly
greater esterase activity in the Painter, VA location compared to the other locations. When
compared to the untreated beetles from Painter, VA, there was no significant difference in
eskrase activity. These results suggest other factors may be contributing to increased esterase
activity. An example of other factors contributing to changes in metabolic activity can be seen in
a study byZhang et al. (2008 Researchers evaluated the effect of diet on the enzyme activity of
L. decemlineatand reported changes in P450 activity based on changes in diet. Elevated
esterase activity seen in the RamVA populations may be an ominous indication of potential
resistance development. Esterase detoxification pathways and subsequent resistance
development have been implicated in a number of insect species resistant to organophosphate,

carbamate, and pgthroid classes of insecticid@s et al. 2007.
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Figure captions
Figure 1. A.) Mean L& values (g ai/L) of oxamyl for Eastern Shore of VA populatiofiL.
decemlineatan 1990 and 2012, (*) indicates significance. B.) Meandv@lues (g ai/L) of
permethrin for Eastern Shore of VA populations oflecemlineatan 1990 and 2012, (*)
indicates significance.
Figure 2. Enzyme activity for untreateddecemlineatp o pul at i on s-Naphthol2012. A.
specific activity expr es sNaghthadl specificactivity expressech / m
in nmol / min / mg protein. C.) Specific activity of GST expressed in nmol / min / mg protein.
D.) Relative fluoresad units of P450 activityfiluorescencé (mg protein / mL).
Figure 3. Enzyme activity for tolfenpyrad expodediecemlineatp opul ati ons- in 201
Napht hol specific activity e xNaphthd specific activity n mo |
expressed in nmol / min / mg protein. C.) Specific activity of GST expressed in nmol / min / mg
protein. D.) Relative fluorescent units of P450 activityofescencé (mg protein / mL).
Figure 4. Enzyme activity for permethrin exposediecemlineatpopu | at i ons i-n 2012.
Napht hol specific activity e xNaphthd specific activity n mo |
expressed in nmol / min / mg protein. C.) Specific activity of GST expressed in nmol / min / mg
protein. D.) Relative fluoresceunits of P450 activityfluorescencé (mg protein / mL).
Figure 5. Enzyme activity for oxamyl expodeddecemlineatp o pul at i ons- i n 2012.
Napht hol specific activity e xNaphthd specific activity n mo |
expressedh nmol / min / mg protein. C.) Specific activity of GST expressed in nmol / min / mg

protein. D.) Relative fluorescent units of P450 activiltyofescencé (mg protein / mL).
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Table 1. Insecticide rates evaluated in bioassays conducted on the Basterof VA

investigatingL. decemelineateesistance and toxicity in 2012.

Permethrin (g ai/L) Oxamyl (g ai/L) Tolfenpyrad (g ai/L)
0.0 0.0 0
0.06 0.09 0.000685
0.31 0.47 0.00685
1.53% 2.37 0.0685
7.67 11.86 0.685
38.34 59.3 6.85

?Survivors fozen at80 °C for enzyme assays.
Y Survivors frozen at80 °C for enzyme assaysaf-dip exposed only.

X Survivors frozen at80 °C for enzyme assays.
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Table 2.Leptinotarsa decemlineaopulations and the insecticides exposed to each popula

andlife stage in 2012.

Population Adults Larvae

Painter, VA Tolfenpyrad, Permethrin, Oxamy  Permethrin, Oxamyl
New Church, VA Permethrin, Oxamyl Permethrin, Oxamyl
Cheriton, VA Tolfenpyrad, Permethrin, Oxamy  Permethrin, Oxamyl
Plymouth, NC PermethrinOxamyl Permethrin, Oxamyl
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Table 3. Mearesterase, glutathiorf® transferase (nmol / min / mg proteinytochrome P450
monooxygenase activity (fluorescence units / mg protein) and protein content (mg protein

for the Painter VA population @f. decemlineatan 2012 (n = 5).

Insecticidé UNaphtol  b-Napthol GST P450 Protein
Untreated 25.19 1334 a 0.35c¢c 75.10 bc 3.13 abc
Permethrin 27.77 1433 a 4.08 bc 86.16 ab 2.87 bc
Permethrin LD 25.23 11.46 ab 20.90 a 101.79 a 2.64c
Tolfenpyrad 22.06 12.48 a 8.11b 72.95 bc 3.57 ab
Oxamyl 20.92 12.02 ab 4.69 bc 57.20c 3.88a
Oxamyl LD 21.44 9.29b 26.81 a 83.40 bc 3.06 bc
P-Value ns 0.0399 <0.0001 0.0421 0.0258

LD indicates the insecticide was administered via-tBafmethod.
Y ns =not signifcant
X Means followed by the same letter are not significantly different accordiagts h e r,B® s

O 0.065.
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Table 4. Mearesterase, glutathiorfe transferase (nmol / min / mg proteinytochrome P450

monooxygenase activity (fluorescence units / mg protein) and protein content (mg protein

for theNew ChurchVA population ofL. decemlineatéen 2012 (n = 5)

Insecticide UNaphtof ~ b-Napthol GST P450 Protein
Untreated 15.34 b 7.01b 8.83 a 65.09 3.52
Permethrin 1552 b 7.14 Db 0.47b 62.44 3.53
Oxamyl 16.16 a 8.46 a 250 b 65.90 3.49
P-Value 0.0170 <0.0001 0.0006 ns ns

“Means followed byhe same letter are not significantly different according tos h e r, B @

0.05.

Y ns = not significant
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Table 5. Mearesterase, glutathiorfe transferase (hnmol / min / mg proteinytochrome P450

monooxygenase activity (fluorescencetsith mg protein) and protein content (mg protein / m

for theCheriton,VA population ofL. decemlineatan 2012 (n = 5)

Insecticide UNaphtof ~ b-Napthol GST P450 Proteirf
Untreated 13.71 8.42 5.73 54.70 3.59 a
Permethrin 14.37 8.45 5.02 66.39 3.34Db
Tolfenpyrad 14.43 8.10 4.40 65.26 3.35b
Oxamyl 13.88 7.79 5.48 63.81 3.43 ab

P-Value ns ns ns ns 0.0197

“ns = not significant

Y Means followed by the same letter are not significantly different accordirgts h e r,B® s

O 0.065.
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Table6. Meanesterase, glutathiorfe transferase (nmol / min / mg proteinytochrome P450

monooxygenase activity (fluorescence units / mg protein) and protein content (mg protein

for thePlymouth,NC population ofL. decemlineatén 2012 (n = 5)

Insecticide UNaphtof ~ b-Napthol GST P450 Protein
Untreated 15.28 8.03 26.32 76.07 3.34
Permethrin 16.60 8.80 24.76 79.61 3.20
Oxamyl 16.24 8.50 25.89 77.57 3.19
P-Value ns ns ns ns ns

“ns = not significant
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Chapter 4:
Field efficacy of an expeimental bio-pesticide containing metabolites o€hromobacterium
subtsugaestrain PRAA4-1T, for controlling Colorado potato beetle

Abstract. Leptinotarsa decemlinea(®ay) is an important pest of pot&olanum tuberosum

in many regions of the worldspecially the US and Europe. Its ability to develop resistance to
insecticides makes management of this pest difficult where resistant populations are present.
One alternative is the use of ipesticides. Through laboratory assays and field experinrents
potato, we evaluated the efficacy of a newésticide derived from the bacterium
Chromobacterium subtsugdéartin et al. for the control df. decemlineata Results from the
laboratory assay showéd decemlineatéeeding was inhibited b§. subtsgae However,

when the compound was taken to the field in 2010, 2011, and 2012, the results ir@licated
subtsugadreated potato plots were not significantly different in controllindecemlineata

compared to notreated potato plots.

Key words Bio-pesticide,Leptinotarsa decemlineat&hromobacterium subtsugae

Introduction
Chromobacterium subtsuga&ain PRAA41T is a grarmegative, violepigmented bacterium
that was isolated from soil under an eastern hemlock Teegé canadensit.)) in central
Maryland(Environmental Protection Agency 201L1Scientists at the USDARS discovered
that this bacterium produces one or more active metabolites that possess insecticidal activity
(Martin et al. 2008 In laboratory studies, treipernatant metabolite obtained fr@n
subtsugaeNRRL B-30655, was shown to be orally toxic to a wide range of insects including,
Leptinotarsa decemlinea{&ay), corn rootwornbiabroticaspp. (Coleoptera: Chrysomelidae),

diamondback motPlutella xylogella (L.) (Lepidoptera: Plutellidae), whiteflid®emisia tabaci
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(Gennadius) (Hemiptera: Aleyrodidae), and the southern green stinkleézay,a viridulalL.
(Hemiptera: PentatomidagMartin et al. 200y. Additional testing showed that
Chromobacterium subtsugatrain PRAA41T-treated diet resulted in reduced feeding in beet
armyworm Spodoptera exigyacabbage loopeil (ichoplusia ), tobacco budwormHeliothis
virecend , di amondback moth, and southern corn
insecticidal activity is due to reduction in weight or inhibition of feedtgvironmental
Protection Agency 2031 In 2009, the supernatant©f substuga&lRRL B-30655 was
formulated byMarrone Bio Innovations, Inc. (Davis, CA) into an experimental product called
MBI-203. Research trials in Texas showed that the material was highly efficacious against
potato psyllid providing 90% control. The objective of this study was to investigateld
efficacy of MBI 203 €ontaining metabolites of C. subtsugae strain PRARY for control ofL.
decemlineata
Materials and Methods

Laboratory bioassays and field efficacy experiments were conducted from 2010 to 2012
at the Virginia Tech Easte Shore Agricultural Research and Extension Center (ESAREC) in
Painter, VA. All specimens df. decemlineataised in the experiments were collected from
untreated potatoeSélanum tuberosutn. ) var . O6Superiord planted
naturally on field plots located at the same location.

Insecticide. All formulations of MBI 203 were obtained from Marrone Bio Innovations,
Inc. (Davis, CA). Formulations were changed in each year of the study at the discretion of
Marrone Bio Innovations, IncThe experiments in 2010 were conducted with commereially
formulated MBI 203 supernatant. In 2011, the experiments were conducted with a new

formulation of MBI 203 that included an experimental microbial sunblock, MBI 501, in the
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formulation. The experients in 2012 were conducted with Grand&y@ commercial granular
formulation of MBI 203 (30% a.l.).

Leaf-dip bioassay, 2010.A potato leafdip bioassay was conducted londecemlineata
small larvae in the laboratory following the methods describétitahner et al. (2012 The
bioassay was set up on 17 May and included (dilutions of 1/10 and 1/20 of the formulated of
MBI 203 product in water and a nareated control of water. Four leaves were completely
submerged in each treatment and allowed to air dry for > 1hr. Once dry, a single leaf was placed
into a 9cm diameter Petri dish along with 10 small larvae; a total of four dishes (40 insects)
were testegber treatment per bioassay. Mortality of the larvae and the amount of feeding that
had taken place was assessed at 4 days and 7 days after exposure.

Field-treated leaf bioassay, 2010 The objective of this bioassay was to evaluate the
efficacy of MBI203 after application in the field. Potatoes were planted on 25 March at the
ESAREC. Seed pieces were spaced 0.3 m within rows and rows were spaced 0.9 m apart. On
10 Jun, potato plots consisting of twarbrows were sprayed with one of the following thre
treatments: MBI 203 (1/10 dilution), MBI 203 (1/10 dilution) mixed with MBI 501 (at 4% v:v),
or an untreated control. All treatments were applied usingg08®ered backpack sprayer
equipped with a four nozzle boom with flat spray tips (110003 VS)kesia@.8 cm apart at
2.721 atm. At 0, 4, 9, 24, and 48 hours after treatment, a sample of four random leaves were
collected from each plot. Once the leaves were collected, the leaf area was measured using a leaf
area meter (L-COR model no. 1-3100) (LFCOR, Lincoln, NE). Once the area was determined
for each leaf, it was placed in a Petri dish along with 5 dmalécemlineatéarvae. Leaf area

was then reassessed after 48 hrs to estimate leaf consumption rate by the larvae.
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Field efficacy experiments Experiments assessing the efficacy of M3 at
controlling natural populations &f decemlineatan the field were conducted in 2010, 2011, and
2012. Potato seed pieces O0Superioré were pla
2011, and @12, respectively. Each trial was set up in a randomized complete block design; in
2010 each treatment was replicated four times, and in 2011 and 2012 each treatment was
replicated 6 times. Individual plots consisted of two rows of potato 0.9 m apatgr&, with
plants spaced 30 cm down the row. In 2011, the plot size was shortened to 4.6 m in order to
include two additional plots per treatment. Two suggested rates of MBI 203 were evaluated in
2010 and 2011, 9.35 L/ha and 18.7 L/ha. In 2011, thé 2B formulation included the
sunblock MBI 501. It is important to note, in 2011 insecticides applications were made at dusk
in order to minimize UV exposure from the sun. In 2012, MBI 203 was formulated into the
commercial granular product, Grandeva avas evaluated at 1.008 kg ai/ha. For each
experiment, two foliar applications of insecticides were applied one week apart upon the first
observation of.. decemlineatamall larvae in the field. Applications of insecticides were made
on 11 and 18 Mayl.8 and 25 May, and 12 and 21 May in 2010, 2011 and 2012, respectively.
Foliar treatments were applied as described in the previous experiment. Beginning at 7 days
after treatment, the numbers of livedecemlineatamall and large larvae were countedl@n
randomly chosen potato stems in each plot. Defoliation was visually estimated as a percentage
after larval feeding had ceased on 14 Jun, 10 Jun, and 6 Jun in 2010, 2011, and 2012,
respectively. Yield was evaluated by mechanical harvest and tubergraeed by size
according to US standards (Grade B, small A, large A, and QWSDA 201). Potato tubers

were harvested on 1 July, 13 July, and 28 Jun in 2010, 2011, andefdsttively.
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Statistical analysis. Data from the field treated leaf bioassay and field experiments
were analyzed using JMP 10 softwéBAS 2013. Leafarea consumed data was analyzed
using ANOVA procedures, and meansPOwdr &5s ¢ para
of significance.

Leptinotarsa decemlineatarval counts, percentaglefoliation, and marketable yield
were analyzed using ANOVA procedures. Larvae data were square root (x + 0.05) transformed
prior to analysis. Defoliation data were arc sine, square root transformed prior to analysis. Mean
comparisons were conductesli ng Fi shePOs0OL®®D laeveélheof signidf
Untransformed data were reported in all tables.

Results

Leaf-dip bioassay, 2010.After 96 hours of exposure to treated leaves, mortality. of
decemlineatdarvae averaged 10 and 23% in the 1/20 and 1/10 dilutions of BEBI 2
respectively and 0% in the untreated control (Table 1). By 168 hrs after treatment, virtually all
larvae had died in the MBI 203 treatments. Also very little feeding was observed on the potato
leaves that were treated with MBI 203 as opposed to >&0¥e leaf consumed in the control
dishes (Table 1).

Field-treated leaf bioassay, 2010 There was a significant treatment effect on the
amount of leaf area consumedlhydecemlineatdarvae (F = 29.49, df = 2, = 0.0001).
Potato leaves treatéa the field with MBI 203 and MBI 203 + MBI 501 and collected 24 hrs
later and exposed to larvae for 48 hrs had significantly less leaf area consumed compared to
untreated leaves (Fig. 1).

Field efficacy experiments.In the 2010 field trialL. decemlieatadensities averaged

70 to 80 larvae (small and large) per 10 stems in the untreated control plots. There was no
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significant treatment effect on numberd.ofdlecemlineatdarvae on any sample date or on %
defoliation and yield (Table 2). In 2011,iaghe previous year, there was no significant
treatment effect on numberslofdecemlineatéarvae on any sample date or on % defoliation
and yield.

Experiments in 2012 testing the granular formulation also revealed no significant
treatment effects oany variable.

Discussion

Leptinotarsa decemlineata of great concern to potato growers where this pest occurs.
Current control recommendations rely heavily on chemical insecticides for managing this pest.
However, the history df. decemlineataontiol can be characterized by success followed by
failure due to its ability to develop resistance to insecticides. One alternative to synthetic
chemical control includes using entomopathogens in an integrated pest management strategy.
Benefits of using enimopathogens as control agents for insect pests include lower risk-to non
target species, reduction of synthetic chemicals entering the environment, lower pesticide
residues on crops, etc. The fungal entomopathBgémmophaga maimaiga a good example
of providing control of gypsy mothymantria dispaiL. (Lepidotera: Erebidae) while not greatly
affecting other lepidopterans. ResearctHayek et al. (2000 reported low levels dE.
maimaigainfection for nontarget lepidopteran larvae compared to gypsy moth larBaeillus
thuringiensisuse in agreecosystems for control of lepidopteran, coleopteran and dipteran pests
allows for the survival of beneficial insects like predators, further increasing the impact on pest
insectyLacey et al. 200l The use of a broad spectrum insecticide usually not only controls the

target pest, but also disrupts naturally enemy populations. This disruption of natural enemies
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changes the entire dyn&mof the agreecosystem in question and can cause increased pest
pressure from secondary pedtacey et al. 2001

This research investigated the effectiveredss biopesticide C. subtsugasupernatant,
at controllingL. decemlineata Although a reduction in leaf feeding leading to death of larvae
was evident in bioassays conducted in the laboratory, the same effectiveness was not realized in
any field efficay test with this material. After MBI 203 neither controllecdecemlineata
larvae nor reduced leaf feeding in the field, it was believed that {olegg@dation of the material
was inhibiting its efficacy. Photdegradation can be a limiting factor whio-pesticides.
Research byhang et al. (200)Qreported a greatly reduced hbdé of the biopesticide
pyoluteorin upon exposure to Uirfadiation. In the 2011 field experiment, application€of
subtsugaeupernatant were made at dusk to minimize theraldtly exposure from the sun.
Also a sun blocking material was added to the formulation. Even with these adjustmedts, the
subtsugadio-pesticide still performed poorly in the field. The formulation changed again in
2012, but theC. subtsugabio-pegicide remained ineffective at controlling decemlineata
The laboratory results indicate there is da#ding activity inL. decemlineat@xposed to this
bio-pesticide. Research indicates there is potential foCtlseibtsugabio-pesticide; however
further research is needed to understand some of the underlying factors that could be contributing
to the lack of efficacy when evaluating this compound in the field. It is possible tiat the
subtsugadio-pesticide although effective against potaysliid and southern green stink bug is
not an effective compound for managingdecemlineataa formidable pest for even

conventional pesticides to control.
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Figure caption
Figure 1. Potato leaf csumption by.. decemlineatdarvae exposed to leaves treated with the
Chromobacterium subtsugaerived biepesticide, MBI 203, with and without the sun blocking

agent, MBI 501.
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Table 1. Percentage mortalitylofdecemlineatdarvae and leaf feeding potato leafdip

bioassays evaluating MBI 208lromobacterium subtsugadESAREC, Painter, VA,

2010.

96 hrs 168 hrs
Treatment % Mortality % leaf consumed % Mortality % leaf consumed
NTC 0 >50 37.5 >50
MBI 203 1/20 10.0 <10 90 <10
dilution
MBI 203 1/10 23.1 <10 100 <10
dilution
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Table 2. Mean + SEM numberslafdecemlineatdarvae, percent defoliation, and tuber yield in potatoes sprayed with
different treatments of MBI 203, a bmesticide containing metabolites@hromobacteriunsubtsugaetrain PRAA41T. All

treatments were sprayed on 11 and 18 May in Painter, VA, 2010.

Mean nolL. decemlineaté& 10 stems

17-May (6 DAT 1) 24-May (6 DAT 2)
Treatment  Rate (ha) Sm Larv Lg Larv Sm Larv Lg Larv % Defoliation Yield (kg/ m)
NTC 60.0£14.5 12.0+7.9 47.0+21.0 30.3+5.7 48.8+ 7.8 3.4+0.3
MBI 203 9.35L 55.0+153 4.8+54 42.3+18.0 33.0+11.0 60.0%+ 6.9 3.6+0.3
MBI 203 18.7L 72.5+10.1 10.5%2.8 26.0£9.4 18.8+15.0 37.5x7.1 40+0.1
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Table3. Mean = SEM numbers &f. decemlineatdarvae, percent defoliation, and tuber yield in potatoes sprayed v

different treatments of MBI 208ontaininga microbial sun block (MBI 501). All treatments were sprayed on 18 an

May, 2011 in PainteiVA.

Mean noL. decemlineatéa 10 stems

24-May (6 DAT 1) 31-May (6 DAT 2)
Treatment Rate (ha) Sm Larv Lg Larv Sm Larv Lg Larv % Defoliation  Yield (kg / m)
NTC 22.0£6.9 78.0+10.1 6.0+1.1 28.0+5.5 76.7+£ 3.9 0.8+0.1
MBI 203 9.35L 28.7£5.3 48.0+£9.3 10.0£2.0 51.3+3.0 68.3%+ 3.7 1.0+£0.2
MBI 203 18.7L 22.7+11.2 57.3+8.1 8.0+£1.8 35.3+5.8 66.7+ 2.0 1.1+0.1
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Table 4. Mean + SEM numberslafdecemlineatéarvae, percent defoliation, and tuber yielgpotatoes sprayed with
different treatments of GrandeV§ a commercial granular bigesticide containing metabolites @hromobacterium

subtsugaestrain PRAA41T. All treatments were sprayed on 12 and 21 May, 2012 in Painter, VA.

Mean noL. decemlinata/ 10 stems

18-May (6 DAT 1) 29-May (8 DAT 2)
Treatment Rate (g ai/lhd) Sm Larv Lg Larv SmlLarv  LgLarv % Defoliation Yield (kg / m)
NTC 127.0+ 25.3 35.5% 3.7 19.8+£5.8 255%+45 73.3x4.7 3.8+0.2
Grandevo 9.35L 196.8+ 26.8 238% 3.7 16.0£5.3 35.7£25 78.3+ 4.6 3.6£04

“Treatment received 0.25% v:v n@nic surfactant
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Figure 1.Potato leaf consumption ly decemlineatdarvae exposed to leaves treated with the
Chromobacterium subtsugaerived biepesticide, MBI 203, with and without the sun blocking

agent, MBI 501.
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Chapter 5:
Population dynamics ofLeptinotarsa decemlineatéColeoptera: Chrysomelidae): measuring

the effects of methyl salicylate and predatr recruitment in potato
Abstract. Methyl salicylate is an organic compound produced by potato and other plants in
response to insect herbivory. In other studies the compound has been shown to be attractive to
numerous predatory arthropods. Experimergse conducted in Virginia to evaluate methyl
salicylate lures for attracting natural enemies in potato plots, as part of a management strategy
for populations of_eptinotarsa decemlinea{®ay). Abundance of predatory arthropods land
decemlineatdife stages were recorded in plots treated with and without 90 day, 5 g slow release
packets of methyl salicyl ate (95%. deecemlineata s al i
eggs, small larvae, and large larvae was estimated by calculating the déferemenbers of
individuals recruited to subsequent stages using a stage specific life table approach. Methyl
salicylate treatment had no impact on predator recruitment or mortalitydetemlineat@ggs
and small larvae, compared with nwaated plots Cumulative mortality of. decemlineata
ranged from 97.5 to 99.2% in 2010 and 2011. The dominant arthropod predators observed on
potatoes includeddippodamia convergernsuerinMeneville,Coccinella septempunctata,
andPerillus bioculatugF.).
Key words Leptinotarsa decemlineat@aotato, population dynamics, methyl salicylate, natural

enemies
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Introduction
Methyl salicylate (MeSA), also referred to as oil of wintergreen, is an herbivore induced plant
volatile compound. Several studies have shdvah MeSA has the potential &dtractbeneficial
insectssuch as anthocorid®rukker et al. 2000 geocorids, syrphids, chrysopids, and
coccinellids(James 2003James and Price 2004s well agpredatory mitegDicke et al. 199D
This has led to the development of acommercially ai | abl e synt hetic MeSA
(AgBio Inc., Westminster, CO), to enhance biological control in gardens and crops by attracting
natural enemies. Methyl salicylate has also been shown to have a repellent effect on pest insects
such as aphid&slinwood and Pettersson 2Q0@allinger et al. 201l Also, Dickens (2000
2006 found that MeSA is one compound of a blend of potato plant volatiles that is attractive to
Colorado potato beetlegptinotarsa decemlinea{®ay) (Coleoptera: Chrysomelidae). Thus, it

is not known what effect Predalure could have in potato IPM systems.

Leptinotarsa decemlineata one of the most important insect pests of potatdahum
tuberosuni.) in North America and Europ@iare 1990Alyokhin 2009. Uncontrolled
populations can completely defoliate potato potentially leading to a total loss of tuber
productiorfHare 1980. Widespread inséicide resistance problems over the past 50 years have
created a strong interest in the development of integrated pest management approaches for this
insect(Casagrande 198Alyokhin et al. 2008Alyokhin 2009.

Leptinotarsa decemlineateas many important natural enemies that can reduce
population level§Weber 2013 These include the predaceous ground béethdéa grandis
Henz (Coleoptera: Carabidae) and several species of Coccinellidae as well as a few parasitoids
includingEdovum pittleri Grissell. Research has shown that mortality.afecemlineatfrom

natural enemies can be quite high. For example, the predaceous ladZbésitaegilla
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maculataDe Geer can cause up to 37.8% mortality in the first generationdefcemlineat
eggs and an additional 58.1% mortality of eggs in the second gendkdiwrard et al. 1991
Alyokhin 2008. In addition, inundated releases of the predatory stink BRegslus bioculatus
(Fabricius) (Hemiptera: Pentatomidae) &wtlisus maculiventri€Say) (Hemiptera:
Pentatomidae), reduced beetle densities by 62% and decreased defoliation of potato by 86%
(Biever and Chauvin 1992iough-Goldstein and McPherson 199dyokhin 200§. Moreover,
the parasitic waspg. puttlerican parasitizep to 91% olL. decemlineat@gg masses on eggplant
and up to 50% of egg masses on pofasshomb et al. 198 Ruberson et al. 199%an Driesche
et al. 1991 Alyokhin 200§. However, most natural enemieslofdecemlineataypically do not
sufficiently reduce densities to an acceptable level of cofitrate 1990, forcing growers to
rely on insecticides or other means of control.

Using a chemical such as MeSA to attract natural enemies into areas where the
decemlineatas present could contribute to control of the pégethyl salicylate has the
potential to protect and enhance natural enemies while at the same time reducing the number of
insecticide applications needed within a field. Thus, potato plots inundated with MeSA (via
Predal ureE (=95% Me.Setdm)ineatampulatibn dynarhids byeatiractng
or repelling adults, and by attracting natural arthropod predators that may cdnsume
decemlineataggs and larvae. Research has shown MeSA is attractive to natural enemies, but
may also be attractive ta decemlineata The purpose of this study, therefore, was to determine
the effect of Mk 8edem(inPatpepllatiorudynantids. o n

Materials and Methods

Field plots. The experiment was arranged in a randomized complete block design in two
fields at the Virginia Tech Eastern Shore Agricultural Research and Extension Center (ESAREC)

located in Painter, VA during the 2010 and 2011 growing seasons. Experimental plots of
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6Superiorbé6 potatoes were plant edspacad0®®mh Mar ch
apart with plants seeded 40.28 m within rows.
standard agricultural procedures including fertilizer, herbicide, and fungicide applications
according to the commercial vegetable guidelines fogikia (Wilson et al. 201 no
insecticides were applied &xperimental plots. Four replicate blocks were used in each
experiment with each block assigned a treated plot containing MeSA release packets and an
untreated plot without MeSA release packets. Plots were established as four planted rows of
pot at mwideand7.6 mlong and separated by a minimum of 10 m of bare ground.

MeSA application. The experiments were setup on 23 April and 10 May 2010, and on 3
May 2011 when the potato plants were <0.5 m and had not yet bloomdd,detdmlineata
adults hadust begun to colonize the field. In each of the experiments, treated plots of potato
receivedtwo90d,5gslewe | ease packets of PredalureE (95U
MeSA release packets were fastened with binder clips to wooden stakesa®bve the ground
and were placed every 2 m in the middle of the plot.

Sampling L. decemlineataand arthropod predators. Plots were sampled every2d
after the experiment began. Alldecemlineat@gg masses, small larvae (instars 1 and 2), large
larvae (instars 3 and 4), and adults were counted from 10 randetabited plants in each plot.
The average number of eggs per egg mass was determined by counting the number of eggs in 10
randomlyselected egg masses. The average number of eggs peasggwitiplied by the
number of egg masses was used to calculate the total number of eggs in each of the treated and
untreated plots at each sampling.

Visual counts of all predatory arthropods were recorded evéryg 3rom 10 randomly

selected plants inagh plot. In 2010, predators were collected and returned to the lab for
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identification. In 2011, predators were identified during sampling based on experience from the
previous year, but were not removed from plots. Parasitoids were not detected tsaabh
counts and, becaute decemlineat@gg masses were not collected, the impact of parasitoids on
L. decemlineatanortality could not be assessed.

Data analysis.The seasonal dynamics lofdecemlineatpopulations in the two
treatments was assessaslially by plotting the numbers in each life stage against accumulated
degreeday (DD). Degree days were calculated using the Wisconsin model developed by
Delahaut (199), which assumes a minimum developmergaiperature threshold of 11°C for
decemlineateaWe then analyzed the data on the numbers of eggs, small larvae, large larvae,
and adults collected in each treatment in each year using the KNig&suj-Manly (KNM)
method for multicohort datgKiritani and Naksuji 196,/Manly 1976 Young and Young 1998
The KNM method provided estimates of the area under the population cur@) {@teach life
stage, which represents the cumulative sum of individuals collected for each stage; the analysis
also provided estimates of the numbers entering and dying in each stage.

The data on the mean number of individuals entering and mean nuyiiggdeach life
stage under each treatment in each year were examined @Sitestof homogeneity of
distributions(Ott and Longnecker 200 Wwith the effect ofyear asa blocking factor tested using
the CochranMantelHaenszel testThe null hypothesis for the homogeneity test is that of no
difference in the distributions with respect to the proportion of individuals in each life stage
between treatmen(®tt and Longnecker 2001 When the test indicated that the null hypothesis
was rejected (P < 0.05), we conducted individual tests of the proportions of individuals in each

life stage & determine which stage or stages were responsible for the observed difference in the
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population distributions between the treatments. All statistical analyses were carried out using
JMP 10(SAS 2013.

The data on predators collected within the treatment plots were pooled across block and
year for each treatment. From these data, we caldulag¢erelative abundances of each taxa and
the ShannoiWeiner index of diversity as a measure of community structure in each treatment
(Krebs 1998Dively 2009. A significant differene in the estimated Shann@einer indices
for the two treatments were determined using a permutation/randomization approach as
described irManly (1997.

Results

Leptinotarsa decemlineatpopulations. The seasonal dynamics lof decemlineatéife
stages with respect to DD are shown in Fig. 1. Population levels were higher in 2011 compared
with 2010 (Fig. 1; Table 2). 18010, peak oviposition df. decemlineataccurred between 10
and 19 May and the peak of small larvae occurred between 14 May and 7 June (Fig. 1a and 1b).
In 2011, peak oviposition occurred between 10 and 23 May and peak small larvae populations
between 2 May and 1 June (Fig. 1c and 1d).

The results of the multohort analysis of the data with the KNM method are presented
in Table 2. The homogeneity analysis showed that there was a significant difference in the
distribution of the proportions of indidials entering each life stage € 746.58, df = 3P
<.0001; Table 2; Fig. 2A). There was also a significant difference between the distributions after
blocking for yeai(c? = 724.65, df = 1P <.0001) Individual analysis of each of the life stages
showed that overall the proportion of individuals entering the egg stage was significantly higher

in untreated plots compared with the Me8gated plotsq® =262.47 df = 1, P<0001).

However, a significantly greater proportion of small lar(@fe=4.559 of = 1, P =0.0327, large

104



larvae(c? = 162.87 df = 1, P <.000), and adult§c? = 15.25 df = 1, K000 entered the
respective stages in tideSA-treated plots.

The analysis also showed that there was a significant difference between the treatments in
the distribution of the proportions of individuals dying within the immature s{@jes731.18
df =2, P <.0001; Fig 2B A significantly greater proportion of individuals died within the egg
(c*=918.11, df = 1, P <.000and small larvald® = 7349, df = 1, P <.000)Lstages in untreated
plots compared witMeSA-treated plots

Natural enemy abundance.In both years, the three most abundant predatory insects
found in potato plots were the convergent lady beklilgpodamia convergenSuerinMeneville
(Coleoptera: Coccinellidae), sevepotted lady beetl€ occinella septempunctata
(Coleoptera: Coccinellidae), and the tgpotted stink budR. bioculatugFig. 3). Other
arthropod predators observed in low numbers incli®tladaculiventris, L. grandi C. maculata,
Harmonia axyridigPallas) (Coleoptera: Coccinellidae), chrysopid eggs, various spiders, and
predatory mites. The latter three groups were not identified to species. The
permutation/randomization analysis showed that there was no sagifidference (P = 0.331)
in the ShannotWeiner index for the predatory species collected in untreatb@q)and MeSA
treated (1.598) potato plots.

Discussion

Our experiments showed the cumulative mortalitylfodecemlineat®ased on the egg,
small and large larvae mortalities ranged from 97.6 to 99.2%, which is similar to the cumulative
mortality of 99.8% reported by Cappaert et(4991h, who observedl. decemlineata

populations on a native host plant in MexiddenaCovarrubias et al. (199@lso reported a
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cumulative mortality ot.. decemlineata&ggs and small larvae ranging from 82 to 99% on horse
nettle in Michigan.

Arthropod predators likely play a significant role in eastgge mortality of..
decemlineatgWeber 201R In a study evaluating natural enemies oflecemlineatan
Mexico, Cappaert et al. (199)1abserved that over Haf the insect natural enemies within their
field site consisted of Pentatomidae, Carabidae, and Coccinellidae. We also primarily observed
those same three families and some of the same species in Virginia. Heimpel and Hough
Goldstein(1992 observed a similar composition of predators in Delaware potato fields,
compared to the predators we observed in VA. ResearchersG@ounmaculataChrysoperla
carnea(Stephens) (Neuroptera: Chrysopidde)grandis P. maculiventrisandP. bioculatus
associated witlh. decemlineata In our study, the three most abundant natural enemies observed
wereH. convergensC. septempunctat@andP. bioculatus As previously mentionedp.
bioculatuscan reducé.. decemlineatpopulations in potato, specificalwhenL. decemlineata
populations are loTamaki and Butt 1978 Research has shown tlitatconvergenss
associated witlh. decemlineat@opulations in Mexic§Cappaert et al. 199)lnd feeds oh.
decemlineataggs(Cappaert et al. 1991HoughGoldstein et al. 1993

AlthoughC. septempunctataas one of the most abundant predators detected in our trial,
findings from other researchers indicate that this predator may not preferentially feed on
decemlineata Snyder and Clevenger (200&xamined the survivorship of four Coccinellidae,
two native speciell. convergenandCoccinella transversoguttatarown (Coleoptera:
Coccinellidae), and two exeatspecie€. septempunctat@andH. axyridiswhen fed diets of the
aphidMyzus persica&ulzer, oi.. decemlineataggs, or a mixed diet of both. Results indicated

thatC. septempunctataad the highest survivorship compared to the other Coccinellidaespec
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when fed the mixed di¢Enyder and Clevenger 2004However, all four coccinellid species in
this study had a significantly higher survivorship whenNegersicaeversusL. decemlineata
eggs or a miXSnyder and Clevenger 2004Additional research has shown tRat
septempunctatdoes not readily feed dn decerineatalarvae or eggéHeimpel and Hough
Goldstein 199
Thus,L. decemlineat&gg and larval populations incur a tremendous amount of natural
mortality and yet.. decemlineataemains a major pest potato year after year. In our plots,
over 50% of the potato foliage was consumed. bgecemlineata The resilience df.
decemlineatdnas caused a heavy reliance on chemical cofitdiar et al. 201B8and has
created a cycle of continuously developing negecticides with novel modes of action that are
effective for a number of years befdredecemlineataevelops resistance and new chemistries
are needed for their contr@\lyokhin 2009. The high level ohatural mortality should be taken
into consideration when selecting an insecticide or deciding whether or not a spray is warranted.
Methods to further enhance natural mortality could reduce that reliance on chemical control.
Use of chemical attractants recruit natural enemies is one approach to do just that.
Results from our experiments indicated that
number ofL. decemlineatadults in treated plots. These results indicate MeSA had attractant
propertes toL. decemlineata As mentioned earlier, Dickei200Q 2006 reported MeSA to be
a component of plant kairomones attractive.tdecemlineata Our results also showed

significantly greater mortalitin the large larvae stage in plots treated with MeSA; however,

mortality in the egg and small larvae stages was greater in the untreated plots. There was also no

effect of treatment on the abundance of arthropod predators. Although MeSA did not

significantly impactL. decemlineataumulative mortality or increase the number of natural



enemies within plots in this study, research evaluating the use of volatile compounds should be
part of the management bf decemlineata

Synthetic or naturalkgerived voatile compounds with attractant properties to natural
enemies can play an important role in biological control of pédtdlinger et al. (201
investigated the effects of MeSA lures in organic soybean fields. Researchers found MeSA
treated plots had significantly less soybean aphids and significantly greater numbers of syrphid
flies (Diptera: Syrphidae) and green lacewings (Neuroptera: Chrysopidae) adjacent to MeSA
lures compared to nemeated plots. When MeSA lures were included in exclusion cage studies
researchers saw no difference in numbers or population growth rates foars@ybeds
(Mallinger et al. 2011 James and Price (200ghowed that slow release MeSA increased the
number of natural enemies includi@rysopa nigricorniurmeister (Neuroptera:
Chrysopidae)Hemerobiussp.,Deraeocais brevis(Uhler) (Hemiptera: Miridae)Stethorus
punctum picipe€asey (Coleoptera: Coccinellidae), @xdus tristicolor (White) (Hemiptera:
Anthocoridae), and four insect families (Syrphidae, Braconidae, Empididae, and Sarcophagidae)
in hop yards andrgpes. Both of these crops naturally produce MeSA upon herliilames
and Price 2004 The interaction between plants and natural enemies is a complenstigi
dependent on numerous factors.

Research bivcCormick et al. (201 describe the relationship between herbivore
induced plant volatiles and natural enemy responses as very specific and dependent on dose,
blend of the volatiles produced, duration of release, and the type of predator receiving the signal.
Research indicates a greater utilization of plant volatilesgecialist predators compared with
generalist predato®cCormick et al. 201 It is important to note that herbivore natural

enemies are not exposed to just a single plant volatile compound in nature; but rather a mix of
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compounds produced by a plant in response to herbivory. For example, the predatory mite
Phytoseiulus persimilidthias-Henriot was attracted to MeSA, one of 5 mdjerbivore induced
compounds of lima bedPhaseolus lunatuk., but when presented with a blend of all the major
herbivore induced volatiles produced by lima bean there was a greater attraction compared to just
MeSA (van Wijk et al. 20082011). Therefore, incorporating a mixture of plant volatiles for

attracting herbivore natural enemies may be more succésafujust a single compound.

Plants produce a number of volatile compounds with the sole purpose of indirect defense,
usually in the form of attracting predaceous insects and arthropods to disrupt the herbivorous
insects feeding on these plantsptinotarsa decemlineatilas many natural enemies that feed
on its different life stages; manipulating this natural cycle to cobtrdécemlineat@opulations
during oviposition and as eggs hatch could be an effective biological control strategy within an
IPM program. However, from this research and the results found in other experiments it appears
MeSA alone may not be a useful tool for attracting predatory insects.idegcemlineata
infested potato fields. Future research should focus on deterrtheinlifferent volatiles,
concentrations of those volatiles, timing of when to apply, and ratios of the different volatile
blends, that could be used to attract natural enemiesdgfcemlineatén a potato field.

Additional research should also determivi@ch predators primarily feed dn decemlineata
and how each volatile as well as mixtures impact pregaty interactions including type of

damage and species specific volatile combinations.



References

Alyokhin, A. 2008. Colorado potato beetle biology and managemiatty..//potatobeetle.org/

Alyokhin, A. 2009. Colorado potato beetle management on potatoes: Current challenges and
future prospects. Fruit Veg. Cereal Sci. Biotech. 1120

Alyokhin, A. V., M. Baker, D. Mota-Sanchez, G. Dively, and E. Grafius. 200&olorado
potato beetle resistance to insecticides. Am. J. Potato Res. 881395

Biever, K. D., and R. L. Chauvin. 1992Suppression of the Colorado potato beetle (Coleoptera:
Chrysomelidae) with augmentative releases of predaceous stinkbugs (Hemiptera:
Pentatomidae). J. Econ. Entomol. 85: -72®.

Cappaert, D. L., F. A. Drummond, and P. A. Logan. 1991dncidence of natural enemies of
the Colorado potato beetlegptinotarsa écemlineatgdColeoptera:Chrysomelidae) on a
native host in Mexico. Entomophaga 36: 358.

Cappaert, D. L., F. A. Drummond, and P. A. Logan. 1991 opulation dynamics of the
Colorado potato beetle (Coleoptera: Chrysomelidae) on a native host in Mexi@nE
Entomol. 20: 15494 555.

Cassagrande, R. A. 1987 he Colorado potato beetle: 125 years of mismanagement. Bulletin of
the Entomological Society of America 33: 1420.

Delahaut, K. A. 1997.Colorado potato beetle. University of WisconBixtensionCooperative
Extension. A3678.

Dicke, M., T. A. v. Beek, M. A. Posthumus, N. B. Dom, H. v. Bokhoven, and A. d. Groot.
1990.Isolation and identification of volatile kairomone that affects acarine prégasy

interactions. J. Chem. Ecol. 16: 3826.

11C


http://potatobeetle.org/

Dickens, J. C. 2000Sexual maturation and temporal variation of neural responses in adult
Colorado potato beetles to volatiles emitted by potato plants. J. Chem. Ecol. 26: 1265
1279.

Dickens, J. C. 2006Plant volatiles moderate response to aggregation ph@emdColorado
potato beetle. J. Appl. Entomol. 130:-286.

Dively, G. P. 2005Impact of transgenic VIP3A CrylAb lepidoptereesistant field corn on the
nontarget arthropod community. Environ. Entomol. 34: 12BJ1.

Drukker, B., J. Bruin, and M. W. Sabdis. 2000.Anthocorid predators learn to associate
herbivore induced plant volatiles with presence or absence of prey. Physiol. Entomol. 25:
260-265.

Glinwood, R. T., and J. Pettersson. 200@hange in response Bhopalosiphum padipring
migrants to theepellent winter host component methyl salicylate. Entomol. Exp. Appl.
94: 325330.

Hare, J. D. 1980Impact of defoliation by the Colorado potato beetle on potato yields. J. Econ.
Entomol. 73: 6973.

Hare, J. D. 1990Ecology and management of the Colargbtato beetle. Annu. Rev. Entomol.
35: 8:100.

Hazzard, R. V., D. N. Ferro, R. G. V. Driesche, and A. F. Tuttle. 199Mortality of eggs of
Colorado potato beetle (Coleoptera: Chrysomelidae) from predactiGolbgmegilla
maculata(Coleoptera: Coccinatlae). Environ. Entomol. 20: 84348.

Heimpel, G. E., and J. A. HoughGoldstein. 1992 A survey of arthropod predators of
Leptinotarsa decemlinea{&ay) in Delaware potato fields. J. Agric. Entomol. 9:-137

142.

111



Hough-Goldstein, J., and D. McPherson. 1996omparison oPerillus bioculatusandPodisus
maculiventrigHemiptera: Pentatomidae) as potential control agents of the Colorado
potato beetle (Coleoptera: Chrysomelidae). J. Econ. Entomol. 8%:11P85

Hough-Goldstein, J. A., G. E. Heimpel, H. E. Beamann, and C. E. Mason. 1993Arthropod
natural enemies of the Colorado potato beetle. Crop Prot. 133024

James, D. G. 2003Synthetic herbivorénduced plant volatiles as field attractants for beneficial
insects. Environ. Entomol. 32: 9BB2.

James,D. G., and T. S. Price. 2004&ield-testing of methyl salicylate for recruitment and
retention of beneficial insects in grapes and hops. J. Chem. Ecol. 361533

Kiritani, K., and F. Naksuji. 1967. Estimation of the staggpecific survival rate in thesect
population with overlapping stages. Res. Popul. Ecol. IX:15&R

Krebs, C. J. 1998 Ecological Methodology, Addison Wesley Longman, Inc.

Kuhar, T. P., K. Kamminga, C. Philips, A. Wallingford, and A. Wimer. 2013.Chemical
control of potato pestpp. 375397. In P. Giordanengo, C. Vincent and A. Alyokhin
(eds.), Insect pests of potato: Global perspectives on biology and management. Elsevier,
Waltham, MA.

Lashomb, J. H., Y. S. Ng, R. K. Jansson, and R. Bullock. 198&dovum pulttleri
(Hymenoptera: Hlophidae), an egg parasitoid of Colorado potato beetle (Coleoptera:
Chrysomelidae): development and parasitism on eggplant. J. Econ. Entomok6®80: 65

Mallinger, R. E., D. B. Hogg, and C. Gratton. 2011Methyl salicylate attracts natural enemies
and redices populations of soybean aphids (Hemiptera: Aphididae) in soybean

agroecosystems. J. Econ. Entomol. 104-125.

112



Manly,B.F.J.1976Ext ensi ons to Kiritani and Nakasuji 6

frequency data. Res. Popul. Ecol. 17:-199.

Manly, B. F. J. 1997 Randomization, bootstrap and Monte Carlo methods in biology. Chapman
and Hall.

McCormick, A. C., S. B. Unsicker, and J. Gershenzon. 201Zhe specificity of herbivore
induced plant volatiles in attracting herbivore enemies. TrBtatd Sci. 17: 30310.

Mena-Covarrubias, J., F. A. Drummond, and D. L. Haynes. 199@opulation dynamics of
the Colorado potato beetle (Coleoptera: Chrysomelidae). Environ. Entomol -23: 68

Ott, R. L., and M. Longnecker. 2001 An introduction to stastical methods and data analysis.,
Duxbury, Thompson Learning, Inc., Pacific Grove, CA.

Ruberson, J. R., M. J. Tauber, C. A. Tauber, and B. Gollands. 199Parasitization by
Edovum puttler(Hymenoptera: Eulophidae) in relation to host density in thd.fetol.
Entomol. 16: 8189.

SAS. 2013JMP version 10, SAS Institute, Cary, N.C.

Snyder, W. E., and G. M. Clevenger. 200MNegative dietary effects of Colorado potato beetle
eggs for the larvae of native and introduced ladybird beetles. Biol. Contr@b33861.

Tamaki, G., and B. A. Butt. 1978Impact ofPerillus bioculatuson the Colorado potato beetle
and plant damage. U.S. Department of Agriculture Technical Bulletin: 1581.

van Driesche, R. G., D. N. Ferro, E. Carey, and M. Maher. 199Assessing augantative
releases of parasitoids using the "recruitment method", with refere&ctm puttleri
a parasitoid of the Colorado potato beetle (Coleoptera: Chrysomelidae). Entomophaga

36: 193204.

11¢c



van Wijk, M., P. J. A. de Bruijn, and M. W. Sabelis. 2008Predatory mite attraction to
herbivoreinduced plant odors is not a consequence of attraction to individual herbivore
induced plant volatiles. J. Chem. Ecol. 34: -Ba2B.

van Wijk, M., P. J. A. de Bruijn, and M. W. Sabelis. 2011Complex odor from plantsnaler
attack: Herbivore's enemies react to the whole, not its parts. Plos Oiie 6: 1

Weber, D. C. 2013Biological control of potato insect pests, pp. 38¥. In A. Alyokhin, P.
Giordanengo and C. Vincent (eds.), Insect pests of potato: Biology and mmamige
Elsevier.

Wilson, H. P., T. P. Kuhar, S. L. Rideout, J. H. Freeman, M. S. Reiter, R. A. Straw, T. E.
Hines, C. M. Waldenmaier, H. P. Doughty, and U. T. Deitch. 201Zommercial
Vegetable Production RecommendatieMsrginia. Virginia Cooperative Exansion,
Blacksburg, VA.

Young, L. J., and J. H. Young. 1998Statistical Ecology: A Population Perspective, Kluwer

Academic Publishers.

114



Table 1. Mean weekly temperature8)(recorded in Painter VA, 2010 and 2011.

Week 2010 2017
1 16.1 16.6
2 239 17.8
3 17.8 20.9
4 18.1 26.2
5 22.2 23.9
6 25.3 26.7

“Trial set up on 23pr., weekly temperature recordings start the day after trialset

Y Trial set up on aVlay, weekly temperature recordings start the day after trialset
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Table 2. Reults of the multcohort analysis with the KiritarilakasujiManly method for

data onLeptinotarsa decemlineatllected in potato plots at Paint®iA.

Mean Number

Mean Number

Year Treatment Stage AUCY
Entering Stage Dying in Stage
2010  Untreated Egg 40702.8 7638.2 5580.9
Small Larva 10887.1 2057.3 1131.4
Large Larva 6789.6 925.9 753.4
Adult 1428.6 172.6
2010 Treated Egg 42501.6 9627.2 7003.5
Small Larva 11836.2 2623.8 1582.0
Large Larva 5536.9 1041.8 806.9
Adult 2022.1 234.8
2011  Untreated Egg 76453.9 18837.5 13000.7
Small Larva 23457.8 5836.8 4864.9
Large Larva 13437.1 971.9 821.9
Adult 2313.6 150.0
2011 Treated Egg 74615.5 11832.3 6177.9
Small Larva 21965.5 5654.4 3511.6
Large Larva 13329.3 2142.8 1898.7
Adult 2983.0 2441
*Treated plots receivedtwo 90 d,5gslove | ease packets of Pr

Y AUC is the mean area under the stage frequency curves for 4 replicates (blocks).
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Figure captions
Figure 1. Mean number @eptinotarsa decenmleataeggs, small larvae, and large larvae per
ten plants per plot (n=8) in: A.) Untreated potatoes in 2010, B.) Potatoes treated with methyl
salicylate in 2010, C.) Untreated potatoes in 2011, and D.) Potatoes treated with methyl
salicylate in 2011 in &nter, VA.
Figure 2. Percent of eggs, small larvae, large larvae, and adults in untreated antdaesiA
plots of potato at Painter, VA; A.) Percent of total number entering each life stage. B.) Percent
of total number dying within each life stage.
Figure3. Arthropod predators collected per 10 plants in potato plots with and without release

packets of methyl salicylate in Painter, VA.
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Figure 1.Mean number ofeptinotarsa decemlineatggs, small larvae, and large larvae per ten plants pengi®) in: A.)
Untreated potatoes in 2010, B.) Potatoes treated with methyl salicylate in 2010, C.) Untreated potatoes in 2011, aoe®.) Pota

treated with methyl salicylate in 2011 in Painter, VA.
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Figure 2.Percent of eggs, small larvae, large ésyvand adults in untreated and Met®#ated
plots of potato at Painter, VA; A.) Percent of total number entering each life stage. B.) Percent

of total number dying within each life stage



