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CHAPTER|

INTRODUCTION AND RESEARCH PROBLEM

I mportance of the Indianmeal moth

The Indianmeal moti®lodia interpunctellqHubner) (Lepidoptera: Pyralidae), is an
important pest in bulk stored grain and seeds (LeCato, 1976, Storey 1983, Vick 1986,
Cuperus 1990, Doud and Phillips 2000, Narsteal. 2004), dried fruits and nuts
(Johnsoret al. 1992), dried saw palmetto berries (Arbogatstl. 2002), seed stores
(MacFarlane and Sylvester 1969), stored groundnuts (Corby 1947, Howe 1952, Hayward
1955, Hallyday 1967, 1968, Daveyal. 1959) cited by Mbata and Osuji (1983), military
rations (Cline and Highland 1985) and garlic bulbs (Perez-Mendoza and Aguilera-Pena
2003). The infestation and damagefbynterpunctellaand similar species of the pyralid
subfamily Phycitinae are present in confectionary factories, in warefiouesail stores,
food processing facilities, stored food commodities (Hinton 1943, Seddaedkl 996,
Arbogastet al. 2002), flour mills (Doud and Phillips 2000), dried vegetables
commodities (Hyun and Il 2000). It is also reported as a potential pest in soy kldan me

commodities (Cox and Simms 1978).

| dentification

Plodia interpunctellacan be differentiated in the stages of larva, pupa, and adult. The
main characteristics for the identification of the adulPointerpunctellaare wing
coloration, the scales of the apical half of the fore wing are brown and thénbHisak

copper. Additionally, the hind wings exhibit gray scalBs.interpunctellaadults are



about 10 mm long and have a wingspan of 1.25 cm (Mason 2003). In this stage, feeding
is not common and the span of life is short (5-7 days); they usually rest on therwalls
other indoor dark regions and are more active during the night (Richards and Thomson
1932). Adult males can be distinguished from females because they have thinner
abdomens and are smaller in size.

The larval stage has been identified for its coloration that varies from teqank;
this variation in color depends on the diet. Late instar males present a dark patch on the
dorsal side of the body representing the testes (Beetnaitt1988).

The pupa may be protected in a silken cocoon or remain loose in the food source.
Pupa measure from 6-11 mm long and are pale brown coloration (Fasulo and Knox

2004).

Damage

P. interpunctellas the most common moth in stored food facilities and is the cause of
most complaints from the food industry, and sellers and consumers (R#tikip2000).
Occasionally, the larvae produce silk-webbing in the grain and on the bags, causing
heating and molding of the grain. High concentrations of moisture promotes the growth
of Aspergillusspp on seeds (Abdel-Rahmanal. 1969). Kaneet al. (1977) mentioned
that webbing produced by larvae®fkuehniellacauses clogging of the machinery in
flour mills resulting in a reduction of yield. Furthermore, webbing is usé¢alyteggs and
as diet for larvae (Abdel-Rahmanal.1969) and becomes attractive to other pests
including the Confused flour beetlEibolium confusunbuv., the Broad-horned flour
beetle Gnathocerusornotus(F.), and the Flat grain beetleryptolestes turcicus

(Grouv.) (Kaneet al. 1977). However, main losses are due to the presence of feces,



secretions, and pieces of insect bodies as well as whole bodies that hedguality of
food. Additionally, quantitative losses are due to larvae directly feeding on fdwd. T
larvae tend to prefer the grain embryo and will attack this area in undamaged @daie
larva can destroy the germ in a relatively large number of grains. Mbdt@suji

(1983) determined that the material eaten by the larvae results in losirg ofeig
groundnuts. The construction of a tunnel in garlic bulbs also reduces weight (Perez-

Mendoza and Aguilera-Pena 2003).

Development

A single female dP. interpunctellamay lay up to 400 eggs that may be individually
or in groups (Brower 1975). Once the egg is laid and depending on food source and
environmental conditions, the larva takes 4-7 days to hatch (Mbata and Osuji 1983).
There are critical conditions to consider like at 15 °C and 70% R.H. the larvae do not
hatch (Bell 1975). Also, at conditions of 70% R.H. and temperature of 20 °C the egg
hatches in 6-9 days, at 25 °C in 3-5 days, at 30 °C in 2-4 days. Once the larva hatches it
immediately looks for available food and makes silky tunnels (Richards and dhoms
1932). However, when there is no food source available, the larvae may feed on
conspecific egg shells, unhatched eggs, and dead adults via “cannibalism’e havea
five instars as determined by head capsule width (Imura and Sinha 1986, Afidtey a
Goswani 1990). Previous to pupation, the last instar larval “wandering stagdiesea

for a suitable pupation site and it takes up to 7 days to emerge as adult (Bell 1975).



Behavior in closed environments

Once the adult emerges from the pupa, it drops to the floor and walks or flies to
resting areas on the wall or undersides of pallets (Silhetcak2003). The females
begin to release the sex pheromone for calling males when they reach a sestaide
area (Lum and Brady 1973). Once the male detects the pheromone plume, he
immediately starts the flutter dance behavior for mating and flies upwisekek out
females (Brady and Smithwick 1968, Lum 1974). When a fluttering male makes
physical contact with a calling female this is termed “mati@ilh@ceket al.2003). The
level of female sex pheromone decreases during the second and third daypti$eana
mated, and only a few unmated females continue calling (Lum and Brady 1973).

The female releases pheromone molecules that form a plume and a®ais cur
disperse them, these plume filaments expand with distance from their @durtie
1986, Murliset al 2000). The plume filament is detected by a flying insect depending on
the pheromone concentration and spacing (Murlis and Jones 1981). After delecting t
female, the male flies upwind and the orientation is made in a zigzaghpatieswind to
increase the contact with filaments of pheromone (Baker 1990).

The wind tunnel is a helpful tool to observe and understand behavior of moths. Justus
et al (2002) saw that the ground speed and track andgle cdutellaflight were similar
in plumes at 10 Hz and in continuous plumes, but when the plume is pulsed or turbulent
in C. cautella the ground speed and flying track is faster (Mafra-Neto and Cardé 1994).
Also, Schofieldet al. (2003) showed in wind tunnel studies that the concentration of
female sex pheromone influenced the flight track, course and drift anglecatitella

males, and these results helped to explain the mechanism of mating disruption. Another



application of the wind tunnel is the response of males to attract-and-kill foionglat
different concentrations and active ingredients against Oriental fatitsyérapholita
molesta(Evenderet al 2005) and the Indianmeal moth, interpunctellaNansen and

Phillips 2004).

Sanitation

The females of storage moth species prefer to lay eggs on substrates or foed source
contaminated by conspecific larvae (Corbet 1973, Phillips and Strand 1994).
The removal of larval rearing sites may result in significant eradicatiBnaafutella
females to infest the same sites (Bowditch and Madden 1996). In order to prevent
infestation byP. interpunctellain inaccessible area of warehouses it is necessary to
remove debris from those areas (Arbogdstl. 2002). In Korea, for example, fumigants
and other insecticides are prohibited on vegetable commodities because of consumer
safety issues and manufacturers must rely on sanitation and physical methodthf

control (Na and Ryoo 2000).

Chemical control

There have been several methods of control used in moths but still the effectiseness i
limited. Also, the continuous conventional application of insecticides in stored products
has been associated with health hazards (Muller and Pierce 1992, Siiss anerieremat
1986). Fumigation is a costly method due to the difficulties of sealing, and only the
milling machinery area is treated and reinfestation occurs from noedraetas (Kanet
al. 1977). The removal of debris from complex machinery sometimes is impractdal

fumigation techniques are needed (Bowditch and Madden 1996) like fumigation with



phosphine to treat stacks of dried botanicals in warehouses (Arledgh2002).

Another fumigant regularly used is methyl bromide that is widely used to cotaretls
insects but was banned in 2005 and alternative techniques of control are needed except
for quarantine treatments (Phillipsal 2000, Fields and White 2002). Alternatives such

as protective sprays of synergized pyrethrins mixed with technical dkarg applied

on stacks of bagged wheat aga@atra cautella(WIk.), but it caused excessive staining

of stored bagéMcfarlane and Sylvester 1969). Another alternative is the fogging
applications of pyrethrin in a chocolate-based consumables factorytdfjamasitella

that reduced the use of pesticide as much as 80-90%, but the failure of foghatg is t
non-exposed insect stages are unaffected (Bowdith and Madden 1996). Another
technique used to control stored product pests is the applications of Dichlorvos using
slow-release strips or pellets, oil sprays, or aerosols (@&teadn1966, 1968; Childst al

1966; Somme 1968; McGaughy 1973) cited by Keinal (1977). Disadvantages are
deposits of oil on machinery, wastage of insecticidal vapor, and that work areas need to
be vacated for 12 hr or more. However, in order to prevent infestations by

P. interpunctella C. cautellaand several species of beetle pests in grains for food or seed
that will be stored for a long period of time, it is necessary to protect them with
applications of “grain protectants”, which involve the direct application of residual
insecticides (Giga and Canhao 1991, Arthur 1994, 1997 and 1999) or insect growth

regulators (Arthur 2003, Thomas W. Phillips, unpublished) to the commodity.



Temperature management

The application of high temperatures is an alternative to disinfest and protett store
commodities fronP. interpunctellaeggs. Cold disinfestations often require long
exposure periods and it is more a preservation than disinfestation (Evans 1987).
In contrast, heat treatments can be carried out in hours rather than daysa(izdzsl.
1983). The combination of heat and cold treatments decreases disinfestatietsamor

heat or cold treatment alone (Lewthwaateal. 1998).

Pheromones

Burkholder and Ma (1985) state that the use of pheromones in enclosed environments
is favorable for management of insects. The species of the subfamily ey titat
includesP. interpunctellgporoduce the female sex pheromoBAg]-9,12-tetradecadienyl
acetate 49, E12-14:0Ac) better known as “ZETA”, which is attractive to males (Brady
et al. 1971, Kuwaharat al 1971, and Sowest al. 1974). ZETA was the first stored-
product insect pheromone commercially available (Phillips 1997). A second compound,
(Z,B)-9,12-tetradecadienak,E12-14:0H), which increases the response of male
P. interpunctellawas found in extracts of females (Soderstatral. 1980, and Viclet
al. 1981). Later, a third compound,E)-9, 12-tetradecadienaf9,E12-14:Ald) was
discovered by Teadt al. (1995). Finally, the most recent and fourth compouid{
tetradecenyl acetatéq-14:0Ac) and its homologu&)-11-hexadecenyl acetatél(l)-

16:0Ac were identified by Zhat al. (1999).



Monitoring

Pheromone traps have previously been successfully employed to detect and monitor
moths in food storage areas, processing factories (Hoppe and Levinson 1974, alick
1986), wheat storage bins (Hagstrum 2000), in and around flour Mills (Doud and Phillips
2000) and pilot feed mills (Roest al. 2003). Also the sticky trap offers advantages
over visual inspections (Mullen and Dowdy 2001), is a valuable tool for spatial and
temporal distribution and encourages the use of integrated pest management programs
(Mueller 1998). Additionally, the longevity of lures containing the femate se
pheromone can enhance trap catching (Muleal. 1991) and can suppress this pest

through either mating disruption or an attracticide technique (Phellips 2000).

Mating disruption

Large quantities of synthetic female sex pheromone emitted to the environment
disrupt the response Bf interpunctellamales (Rynet al.2001). These pheromone
point sources may compete with pheromone plumes from calling females, thusgcaeati
“false-trail following” by the males called “mating disruption” (Cardé aidks, 1995).
Mating disruption for stored-product moths has been evaluat&itfotoga cerealella
(Olivier) (Vick et al. 1978) ancEphestia cautell{Walker) (Mafra-Neto and Baker 1996,

Shani and Clearwater 2001) found in corn storage (Fadamiro and Baker 2002).

Attracticide
The “attracticide” is the combination of an attractant such as a sex pheromone and a
killing agent (pathogen or insecticide) (Lanier 1990), also known as “lure and kill”

“attract-and kill” and “attraction-annihilation.” This technique may leathe



annihilation of males, females or both. Its advantage over chemical applicaédr)s a
insecticides are not broadcast over large areas; 2) insecticides goplreat directly

onto food materials; 3) non-target insects (beneficials) are unlikely tibclotea; and 4)
only small amounts of pesticide are needed to treat a facility (Nansen disR2i0i04).

In Lepidoptera, efficiency of control has been shown by attracticidesrest trees and
Western spruce budworr@horistoneura occidentalisreeman (Sower and Shorb 1985);
European pine shoot moRhyacionia buoliandDenis and Schiffermuller) (Sukovata

al., 2004); for field crops with the Egyptian cotton leaf woBppdoptera litoralis
Boisduval (De Souzat al. 1992, Downhanet al. 1995); Pink bollwormPectinophora
gossypielladSaunders) (Haynext al. 1986, Milleret al. 1990); for fruit orchards with the
Codling mothCydia pomonellgL.) (Charmillot and Hofer 1997, Charmillet al. 2000,
Loselet al 2000, Krupkeet al. 2002); Oriental fruit motiGrapholita molestdEvenden
and McLaughlin 2004); light brown apple mdEpiphyas postvittan@/\alker)
(Brockerhoff and Suckling 1999, Suckling and Brockerhoff 1999); and in stored-products
with navel orange wormmyelois transitellgPhelan and Baker 1987); Mediterranean
flour mothEphestia kuehniellZeller (Trematerra and Capizzi 1991), and Indianmeal

moth Plodia interpunctella(Htibner) (Nansen and Phillips 2004).



RESEARCH PROBLEM

The Indianmeal motiPlodia interpunctellgHiubner) (Lepidoptera: Pyralidae) is a
very important pest in bulk stored grain and seeds, dried fruits, nuts, dried saw palmetto
berries, seed stores, stored groundnuts, military rations and garlic bulbs.tibriedig
P. interpunctellaand similar species of the subfamily Phycitinae are present in
confectionary factories, warehouses, retail stores, food processirntgesctored food
commodities, flourmills, dried vegetable commodities, and potential pest id stoye
bean meal (Cox and Simms 1978). Damage caus@dibyerpunctellabegins during
the larval stage by feeding directly on the food and they are so aggressithey might
penetrate packing materials. At the time of feeding, the larvae prodbbenge¢hat
raises the temperature and humidity which allows the growth of fungus (Riadiehan
et al 1969), and produce optimal conditions for other related pests that become serious
economic problems. Methods used to corfxahterpunctellanfestations are
fumigation with methyl bromide, fogging treatments, and spray applications
(protectants). Although these methods are effective in controlling thislpesproduce
secondary effects. Methyl bromide was banned in stored products starting in 2005
(Phillips et al. 2000, Fields and White 2002). Fogging treatments are costly because they
require continuous application. Finally, spray applications (protectardas) tae
consumption of the grain and some formulations might leave residues on the grain which
is not well accepted by consumers. Therefore, using insecticides beconees clubj
public health concern.

The detection and monitoring Bf interpunctellas done by using slow-release

devices, “lures” containing a specific female sex pheroma®-0,12-tetradecadienyl

10



acetate (ZETA) on sticky traps to attract males. The pheromone by @sddekn used

at high doses to disrupt mating; this means that males keep flying toward thepher

source and cannot find the female. Another use of the pheromone (ZETA) consists in

placing it on sticky traps to trap a high density of insects (mass-trapgRegently,

synthetic sex pheromone is being used in combination with a small amount of idsectici

once the insect is attracted to the pheromone, the insect touches the killing agens, and i

effectively eliminated. This technique has been known as “lure and kill”, ¢atina

annihilation”, “attract-and-kill” or “attracticide”.

This research pursues the following objectives:

1.

Evaluate the toxicity of several insecticides for potential ataadtkill formulations
againstP. interpunctellausing contact toxicity tests.

Evaluate the toxicity of insecticides screened in Objective 1 appliexVéoead
surfaces.

Conduct behavioral studies in response to several attract-and-kill formulasiogsa
wind tunnel, and determine mortality Bf interpunctella

Evaluate effectiveness of the attracticides for suppresgsinmgerpunctella
populations in simulated warehouses.

Evaluate suppression Bf interpunctellgoopulation by attract-and-kill formulations
in commercial establishments, and compare this suppression with matungidisr

and mass-trapping.

11
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CHAPTERII

CONTACT TOXICITY OF INSECTICIDES FOR ATTRACT-AND-KIL
APPLICATIONS AGAINST ADULT Plodia interpunctellgHubner)

(Lepidoptera: Pyralidae)

Abstract

Toxicities of thirteen commercially formulated contact insectididaisrepresent six
insecticide groups were evaluated at registered label rates andraigisefor control of
Indianmeal moth (IMM)Plodia interpunctellgHubner), adults. The ultimate objective
of this work is to develop attract-and-kill technologies for males. ItiiGdssays were
conducted by exposing two-day old adult males of IMM to surface-treatadiidbes
for two seconds, and then pairing them with non-treated virgin females forgnaatil
oviposition over a 24-hr period. Five products belonging to the pyrethroid insecticide
group (Cyfluthrin, Deltamethrin, and Permethrin), and pyrethrins (orgametH?ym and
Pyrethrum plus a synergist) caused over 70% mortality to IMM adult maleposihon
by females paired with treated males was significantly impacted bg five insecticides
while hatching rate of larvae from the eggs was not. A second experimedtttest
eight-week residual toxicity of Cyfluthrin, Permethrin, and Pyrethrum at tates and
at a higher rate of 2% active ingredient on five surfaces: a plastiedcpaper, metal,
painted plastic, plastic, and wood. Permethrin at 2.0% suppressed IMM addtanal
over 80% for up to 8 weeks and retained activity on surfaces made with plastid-coat

paper, metal or plastic. Effective surface treatments had varighéeisnon oviposition
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by paired females for up to eight weeks. However, egg-hatch rate was lgeneral
unaffected by treatment. This research suggests that effectivt-attdakill surfaces
can be developed for killing male IMMs, thereby lead to reduced reproduction and
population suppression.

Keywords. Stored-product insects, residual insecticide, surface sprays, oviposition,

pest control.

INTRODUCTION

The Indianmeal mottRlodia interpunctellaHtbner (Lepidoptera: Pyralidae), is a
common pest in confectionary factories, food warehouses, retail stores, foodipigpces
facilities, bulk-stored commodities (Hinton 1943, Sedlastekl. 1996, Arbogastt al
2002), flour mills (Doud and Phillips 2000), and dried vegetable commodities (Hyun and
Ryoo 2000).P. interpunctellas also reported as a potential pest in soy bean meal
commodities (Cox 1978). The infestation and damade. literpunctellaand similar
species of stored-product moths in the subfamily Phycitinae are theafanest
complaints from food manufacturers, retailers and consumers (Phillips 2006). There
have been several methods of pest control for stored-product moths, but the effsstive
is limited and alternatives are needed. The fumigant methyl bromide wdg usdd to
control storage insects, but its use has been banned or is currently beihgd;@xaept
for quarantine treatments (Phillig®06, Fields and White 2002). Protective sprays of
synergized pyrethrum mixed with technical oil have been applied to stacks of bagged
wheat againsCadra cautella(WIk.), but it caused excessive staining of stored bags

(McFarlane and Sylvester 1969). Aerosol applications using pyrethrin in a cleecolat
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based consumables factory agafdstautellareduced the use of other pesticide by as
much as 80-90%, but there were control failures due to survival of non-exposed insect
life stages (Bowditch and Madden 1996).

Pheromone-based methods for controlling stored product insects have been of interest
to researchers and pest managers as the use of traditional chemicad ¢@sttmécome
limited due to regulations or low biological activity (Phillips et al. 2000). dthact-
and-kill method utilizes an attractant, such as a sex pheromone, to lure inskets of t
target species to an insecticidal surface or device for mass-killing amatelfpopulation
suppression, and can have the same effect as mass-trapping (Lanier 1990;206#)ps
When a synthetic female sex pheromone is used to lure male moths in an attritt-a
strategy, a large number of male moths must be killed over extended periods of time t
reduce matings and reproduction, and ultimately to suppress the pest population. The
attract-and-kill approach may be more practical than mass-trappiagdgeco trap-
servicing or other frequent maintenance would be required. The major sex pheromone of
the Indianmeal moth is a strong attractant for males, and earlier workdgested it can
be used for population control with attract-and-kill techniques (Suss and Trematerra
1986, Trematerra and Capizzi 1991). A gel-based attract-and-kill foronuthtat
contains synthetic female sex pheromone and Permethrin was found to be actise agai
adult males oP. interpunctellan simulated field trials (Nansen and Phillips 2004). This
same type of insecticide-gel formulation was also effectivenagadult males of
Grapholita molestdEvenden and McLaughlin 2004) with that species’ pheromone.
However, the attract-and-kill gel formulation required a high density applcedte and

field persistence of the attractant in the gel was limited. The effafa@sidual contact
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insecticides for protecting grain and controlling stored-product insedisigtuses has
been studied and reviewed (Arthur 1996, Arthur and Phillips 2003), but development of
an attract-and-kill method for storage moths requires further research resitheal
activity of short-term time contact of adult males with insectgide

The objective of the study reported here was to evaluate the contact texititie
thirteen insecticides with potential for use in attract-and-kill fortraa to controP.
interpunctellamales subjected to brief contact times. The most active materials were
further evaluated for their residual toxicity for up to eight weeks afiplication on
different surfaces. The reproductive success of tréatederpunctellamales was
determined after pairing with female moths and assessment of eggs |aaavaed |

produced.
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MATERIALSAND METHODS

Insects. P. interpunctellaadults from a laboratory culture at Oklahoma State University
were reared on a diet containing corn meal, chick starter/grower crymiildslaying
crumbles and glycerol (4:2:2:1 by volumetric ratio) in 450-ml glass jaratained at

28 °C, 60-70 % R.H., and under a 16:8 hr (L:D) photoperiod. Pupae were isolated from
colonies by placing 1.0-cm-wide rolls of single-faced corrugated camiiitarculture

jars that contained wandering-stage larvae, which then pupated inside tlgations.
Pupa were separated by sex and placed individually into 1.0 dram ventilate éigiads (
Scientific, Pittsburg, PA) and held until they emerged as adults (Nansemidips P

2004). Experiments utilized 1-2 day-old virgin adults, and these adults were only used
once.

Insecticides. Table 1 lists the thirteen commercial insecticides, grouped by typ&we ac
ingredient, used in the initial toxicity test. Insecticides were appliedrecentrations
prescribed on the label (the so-called label rate, LR), on 9-cm-diamegtgc platri

dishes (Fisher Scientific, Canada). Further experiments included commerc
formulations containing Cyfluthrin (Bayer, Kansas City, MO), PermethihG R orp.
Philadelphia, PA) and Pyrethrin (McLaughlin Gormley King Co., Minneapolis, MN) a
label rates (Table 1) and a higher rate (HR) of 220R4n water mixtures. The mixtures
were applied to plastic-coated paper, metal, paint, plastic, and wood surface

Contact toxicity experiment. The interior surfaces (lid and bottom) of 9-cm-diameter
plastic Petri dishes were sprayed with 0.25 ml of water solution with one diirfeemn
insecticides using an artist’s “air-brush” (Paasche Airbrush Co., HardiWeigghts, IL).

Water only was sprayed as the non-treated controls. Petri dishes werel atiamg in

28



the laboratory hood for three hours before use. An adult male was transferred/ifedm a
and confined inside a treated Petri dish (lid and bottom) for two seconds. Theaottale m
was then put into a 950-ml glass jar with a single virgin female and 15 g af whe
kernels; the jar was covered with a ventilated paper lid. The wheat kearelsised as a
female oviposition substrate. Jars were placed in a growth chamber held at 28 °C
approximately 60% R.H., with a 16:8 (L:D) photoperiod. After 24 hours the mortality of
the male and female in each jar was assessed and recorded. Wheat kennedeifr jar
were sifted with a U.S. No. 14 sieve (Seedburo Equipment Co., U.S.A.) and to collect
and count eggs. Eggs were placed on double-sided tape on a 9-cm-diameter black filter
paper (Ahlstrom, Mt. Holly Springs, PA) in the bottom of a plastic Petri dish and put into
the growth chamber for five days, after which the number of hatched eggs was
determined. Each treated dish was exposed to 10 separate males and thfere were
dishes (replicates) of each insecticide, for a total of 40 males testextfomsecticide

and the control in the initial contact toxicity study.

Residual toxicity experiment with different surfaces. The following surfaces were
treated inside a 9-cm-diameter dish bioassay arena with solutions ofaditsscti

uncoated plastic (same Petri dishes as used in the initial contactytexjgriment;

Fisher Scientific, Canada); plastic Petri dishes coated with a laydrite latex house

paint (Marketed by Wal-Mart, Bentonville, AR); customized Petri disheslés in

interior diameter and depth as plastic Petri dish bottoms and lids) made with ntad pai
plywood; non-painted metal (sheet of aluminum, 3.0 mm thick); and a circulargbiece
plastic-coated paper fitted into the plastic Petri bottoms and lids. Indedtbemulations

were diluted in water and a volume of 0.25 ml was sprayed on the interior surfagas (wat
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only for non-treated controls) with the artist’s air-brush (same as usedimtile

contact toxicity experiment) and dried in a fume hood for three hours. We tested
Cyfluthrin, Permethrin, and Pyrethrin that lacked the synergist “PBO”, qmgér
butoxide, based on results of the initial contact toxicity experiment, describe alluve.
first bioassays began after the dishes were dried and this set wasiesigne 0. Petri
dishes were stored at room temperature between bioassay periods. Add@Bayging
unit (Onset Computer Co., Bourne, MA) was placed with the dishes and used to monitor
the temperature and relative humidity, which were found to vary between 22 and 25 °C,
and 40-60% R.H., respectively. This experiment followed the same procedurébeas
initial contact toxicity experiment, described above. However, fiveswadze
bioassayed separately and consecutively per Petri dish with four diffiesbet as
replicates per treatment, or 20 males per treatment. Residual toxidiyiakecticides

on the different surfaces was evaluated by conducting bioassays with thel éggrma
dishes at 0, 4, and 8 weeks post-treatment.

Statistical analysis. Three response variables were observed in both experiments:
percent of mortality of treated adults, number of eggs laid, and percentihgeeggs

that hatched. Proportions (percentages) were transformed by the agteEnefeot
function prior to analysis. The experimental design used for the initial tolesityf
thirteen insecticides was a completely randomized design with fourategliper
treatment. Ten males were observed for each of the four treated Petsi dishrotected
least significant difference procedure (Gomez and Gomez 1984) was used fatiisgpa
means at the = 0.05 level. The persistence of the insecticides on the differentesurfac

through the eight-week period was analyzed as a randomized complete Isigck oéh
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a factorial arrangement (type of surface material and dose of agjreglient as factors)
and repeated four times. Data were analyzed with the PROC MIXED preaesing
the REPEATED option (SAS Institute 2003). Treatment differences withik weere
analyzed with pair-wise t-tests and comparisons were protected biynex@athe SLICE

option within the LSMEANS statement at thhe 0.05 level.
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RESULTS
Initial contact toxicity experiment.

Cyfluthrin, Permethrin, Deltamethrin, Pyrethrin alone, and Pyrethrin + R&@ the
treatments with the highest percent mortality and were statigtssatilar as a group,
with averages of 73 to 95% mortality lef interpunctellaadult males following 2.0-
second exposures to insecticides and 24 hr of recovery time. These wereasitipific
different from mortality caused by the other insecticides testeframdthe non-treated
controls (Fig. 1f1342=21.70,P < 0.0001). This initial study revealed that 2.0-second
exposures of males on the insecticide-treated Petri dishes had signifieetst @n
oviposition by females that were paired with these males for 24 hrs (Tdhle 2=
4.42,P =0.0001). There was an average of more than 76 eggs laid per female paired
with males from non-treated control dishes, and this was significantlyaffféom eggs
laid following pairings involving males from insecticide-treated dishealeMtreated
with Permethrin, Deltamethrin, and organic Pyrethrin (lacking PBO)nteds with an
average of less than eight eggs laid per female; these were stififistiailar to each
other and considered as the best treatments for suppressing reproduction. Hbesser
three insecticides did not differ statistically in their effect on ovigmsirom Cyfluthrin,
Fipronil, Imidacloprid, Abamectin and Pyrethrin + PBO, which averaged 20 to 25 eggs
laid per female. The remaining five insecticides, Malathion, Chlorpyriphiok|ddvos,
Azadirachtin and Spinosad, had the least effects on oviposition and were notangiyifi
different from each other. Statistical analysis for egg hatchingégldbund there was
a significant treatment effect on egg hatchiRg ¢,= 7.22,P < 0.0001). Eggs derived

from pairings with males from non-treated Petri dishes had the highestipefeggs
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hatched, 92.0%, which was statistically similar to eight of the insecti@d#rients and
different only from Chlorpyriphos, Dichlorvos, Permethrin, Abamectin and Pymethr

PBO.

Residual toxicity on several surfaces

Results for the residual toxicity of insecticides applied to differenasesfare
presented below within the contexts of a given surface type within a given number of
weeks after treatment, times 0, 4, and 8 weeks following application of the itssctic
Mortality. The residual toxicity of the three insecticides at prescribed lates), 1R,
and at the 2% high rate, HR, agaiBRsinterpunctellaadult males on several surfaces
varied substantially according to surface and active ingredient (Figufeh2ye was a
significant three-way interaction among surface, insecticide and wWegks ¢= 3.41,

P < 0.0001).

Mortality on the plastic-coated paper surface at time 0 was above 95 % for the
treatments of Cyfluthrin HR, Permethrin LR and HR, and Pyrethrin LRH&dand
these differed statistically from mortality on Cyfluthrin LR, whichsvadoout 60% (Fig.
2). All these treatments on the plastic-coated paper were significaifeledt from the
non-treated controls at 0% mortality. Similar levels of mortalityevwsdyserved at week
4, except for Pyrethrin LR, which dropped to 5% and was statisticallyasitoithe
control. Only Permethrin HR kept a high level of mortality (90%) at v&ekhich was
statistically different from the other treatments. Lower moyt&80 to 50%) was

observed for Cyfluthrin LR and HR, Permethrin LR and Pyrethrin HR that susitar
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statistically. Furthermore, Pyrethrin LR did not kill any adult malesesek 8 and it was
similar statistically to non-treated with 0% mortality.

Residual toxicity on the metal surface at week 0 showed that PermethandiR
Pyrethrin LR and HR were similar statistically with 100% mortabtyadult males.
Permethrin LR and Cyfluthrin HR were not significantly different and skidewer Kill,
at 85% mortality, compared to the others. Furthermore, these treatmeites eli
significantly higher mortality than Cyfluthrin LR and the non-treatatiol, with 25%
and 0% mortality, respectively. A similar trend was exhibited at week 4 tal, mecept
the efficacy of Pyrethrin LR dropped to 10% and was similar statisticathe non-
treated control at 0% mortality. Also, Permethrin LR, Cyfluthrin HR and CyfluLR
were similar statistically and showed lower effectiveness with 60, 45 and 20&ity,
respectively. However, Cyfluthrin LR also was not different stesily from Pyrethrin
LR. At 8 weeks the Permethrin HR showed the highest effectiveness in kdliftg a
moths, with 85% mortality, and this was significantly higher than mortatitgll the
other treatments.

The residual toxicity of the insecticides on the painted surface waalloxery poor
(Fig. 2). Pyrethrin HR killed 100% of the adult moths at week 0 and was sigrificant
higher in activity than others tested, which were low and mostly similar twoth¢reated
control. Residual toxicity of all the tested compounds on the painted surfacessvas le
than 20% on average at the 4 and 8-week bioassays.

The adult mortality response for the treated plastic surface showdrlytiegitirin HR,
Permethrin HR and Cyfluthrin HR were statistically similar to eabkroand killed over

95% of the adult moths tested at week 0. However, Permethrin HR and Cyfluthrin HR

34



were similar statistically to Permethrin LR and Cyfluthrin LRtha80 and 85%
mortality. Pyrethrin LR killed only about 35% of adult moths tested, but thss wa
significantly greater than the 0% mortality of moths exposed to non-trplaistet. At
week 4 the Permethrin HR had 85% mortality, which was similar staliigtica
Permethrin LR and Pyrethrin HR. However, Permethrin LR and Pyrethrin ¢1& ot
significantly different from Cyfluthrin LR and HR at this time periddyrethrin LR
elicited only 5% mortality at 4 weeks, which did not differ statisticltyn the non-
treated control. At 8 weeks the Permethrin HR on plastic killed about 80% of adult
moths treated, which was similar statistically to Cyfluthrin HR at &08fality.
However, Cyfluthrin HR was not significantly different from Permethrinwvih about
45% mortality. Furthermore, Permethrin LR did not differ statistidatlgn Pyrethrin
HR and Cyfluthrin LR, at 45% and 20% mortality, respectively. Additionally, Pyrethri
HR on plastic exhibited low efficacy at 8 weeks and was similar stafigtio the rest of
the treatments and to the non-treated control.

Residual activity of insecticides tested on the bare wood surface was lyepeoal
(Fig. 2). Permethrin HR killed an average of 80% of adult moths at time 0, wagh w
statistically higher than response to Cyfluthrin LR and HR at 35% and 40%alityor
respectively. These treatments were significantly different fremest of the treatments
and a similar trend was observed at weeks 4 and 8, during which only Permethrin HR
elicited a high mortality, 75% and 60%, respectively, but when the other ¢netstivad
very low activity.

Egglaying. The mean number of eggs laid per fenfalénterpunctellaFig. 3)

paired with treated males varied significantly among insecticlegé= 18.14;P <
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0.0001) and there was a significant interaction between insecticide and Weeks$
1.89,P =0.0367). However, there were no significant differences among the surface
types E4, 10s= 0.68,P = 0.6071), a marginal significance was detected among wegks (
210= 2.80,P = 0.0630), and no significant interaction between surface and insecticide
(F24, 105= 0.70,P < 0.8373), surface and weeks (10= 0.55,P = 0.8182), or surface and
insecticide and week§&{g 210= 0.77,P < 0.8559). As expected, females paired with
males from non-treated controls laid more eggs throughout the experiment wbtopare
females paired with insecticide-treated males. Generally, thosdefepaired with
males from treatments that caused high male mortality laid the lowest rauafleggs.
The mean number of eggs was over 17 per female for Non-treated, Pyrethrin HR
Permethrin LR and HR, and Cyfluthrin LR on the plastic-coated papecswafaveek 0,
and these responses were statistically similar to each &hked.05). However, these
same treatments, excluding the non-treated control, were not signyfiddferent from
the remaining treatments. At week 4, all treatments were staligimilar to each
other on the plastic-coated paper, except for Pyrethrin HR (4.9 eggs laid ple) fema
which was significantly different from Non-treated and PermethiRr{(35 and 35.4 eggs
laid per female, respectively). At week 8 the non-treated, PyretRjrPermethrin LR
and Permethrin HR did not differ statistically. These treatmentspefarethe non-
treated control, were statistically similar to Pyrethrin LR anfluttyin LR (10 and 15.9
eggs laid per female, respectively). A low and statistically simikzan number of eggs
were laid by females paired with males treated with Cyfluthrin héRF4R, Permethrin
HR, Pyrethrin LR and HR. However, these treatments were not significaffitiyent

from Cyfluthrin LR, Permethrin HR, Pyrethrin LR and HR. These treatnvesits
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statistically similar to Permethrin HR and Pyrethrin HR for whichféimeales laid higher
number of eggs.

The mean number of eggs laid by females paired with males from treatald m
surfaces at week 0 was more than 34 eggs per female for the non-treateld contr
Pyrethrin HR, Permethrin LR and HR, which were not significantly different each
other. However, Pyrethrin HR and Permethrin HR were also statigtstadilar to
Pyrethrin LR, which averaged 15.5 eggs per female. Moreover, these treagreejd
for Pyrethrin HR, were statistically similar to the rest of teatiments, which averaged
fewer than 20 eggs laid per female. A similar trend was observed atywexetept for
Pyrethrin HR, for which the egg laying dropped to an average of 8.5 eggsnade.fdhe
egg laying in response to males treated with Permethrin HR was 40.4, vaschimlar
statistically to Pyrethrin LR, Cyfluthrin LR and HR. However, thesatinents, except
Permethrin HR, did not differ from the rest of the treatments. At week 8, eatedrand
Permethrin LR showed high averaged egg laying (61.2 and 35.6, respectivelypn$tes
to Permethrin was significantly higher than to the other insecticidgrtesnts.

On the painted surface at week 0, all the insecticide treatments wei simil
statistically. However, Pyrethrin LR and HR, and Permethrin LR did ffet diom
non-treated control which averaged the highest number (47.1) eggs laid per female. At
week 4 there was greater than 22.85 eggs laid per female for the non-treatad cont
Permethrin LR and HR, and Cyfluthrin HR, which were statisticallylamo each other.
These treatments, except for the non-treated paint surface, did notrdifiePyrethrin
LR, which averaged 16.8 eggs laid. Moreover, these treatments, except Rerbfigthr

were not significantly different from the rest of the treatments. Ak\W8eé&he egg laying
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was over 17.3 eggs per female for all treatments, except Cyfluthrin LR) ededed an
average of 9.35 eggs laid. All treatments were similar statistieadbept non-treated,
which was significantly different from Cyfluthrin LR.

The plastic surface at week O resulted in egg laying that was giteael 7 eggs for
the non-treated control, Pyrethrin HR, Permethrin LR and HR. HowevergfemmlLR
and Pyrethrin HR were statistically similar to the rest of the trexatisn At week 4 the
non-treated plastic, Permethrin LR and HR showed more than 41.9 eggs per female.
These treatments did not differ statistically from each other. Howesendhrin HR
was statistically similar to Cyfluthrin LR and Pyrethrin LR (11.4 and 16.% &ad,
respectively). These treatments, except Permethrin HR, were nificsigtly different
from the rest of the treatments. At week 8 there was substantial vaaatall the
treatments were statistically similar to each other.

On the wood surface at week 0, the average egg laying was greater than 2p&regg
female for non-treated control, Pyrethrin LR, Permethrin LR and HR hwingze similar
statistically. These treatments, except for the non-treated woockameéthRrin HR, were
not significantly different from the rest of the treatments. A simi@rdrwas observed at
week 4, except that Pyrethrin LR, with a mean of 22.5 eggs, was significdfehgwali
from non-treated wood and Permethrin HR. At week 8, the egg laying was not
statistically different among treatments, except Pyrethrin HR andt@yh LR, which
elicited averages of 13.4 and 9.8 eggs, respectively, and these weredtgtistver
than eggs laid by females paired with males from non-treated wood (mean of 52.5 egg

laid).
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Egg hatching . The three insecticides and five surfaces analyzed impacted the proportion
of P. interpunctellaeggs hatching over time (Figure 4). The analysis of variance of the
arcsine transformed proportion of eggs hatching differed significamthyng insecticides

(Fs, 10s= 17.78,P < 0.0001), among the surface typEs {os= 29.42,P < 0.0001) and

among weeksH>, 210= 60.79,P < 0.0001). There was significant interaction between
surface and insecticid€4s 105s= 5.01,P < 0.0001), surface and weels (p10= 2.74,

P = 0.00668), and insecticide with weeksA »10= 3.21,P = 0.0003), but there was no
significant three-way interaction of surface, insecticide and wéaks{,= 1.14,

P < 0.2679).

On the plastic-coated paper surface at week 0, the average percent dtkogha
was 95% for non-treated control, which was significantly different fromesieaf the
treatments. A similar trend was observed at week 4 and 8, except theiRyriethnd
Cyfluthrin LR, which were statistically similar to non-treatexhizol.

The metal surface had an average of greater than 95% egg hatchmog-toeated
control at week 0, which was significantly different from the rest of tladnrents. At
week 4, non-treated and Cyfluthrin LR were statistically sim8arl and 52%,
respectively). However, Cyfluthrin LR was not significantly diéfietr from Pyrethrin LR
and HR, and Permethrin LR. These treatments, except for Cyfluthrin éfe,swmilar
statistically to the rest of the treatments. At week 8, the averagepegtehatching
was greater than 56% for non-treated, Pyrethrin LR, Permethrin LR ahdh@yf LR,
which did not differ significantly. These treatments, except for non-tteatre not

significant different from Pyrethrin HR and Cyfluthrin HR, which were 48.8 and 46.7%
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hatch, respectively. Additionally, Pyrethrin HR and Cyfluthrin HR did not idiffem
the rest of the treatments.

The paint surface at week 0 had a percent egg-hatch rate that was greater than 82%
for non-treated control and Pyrethrin LR, and these were similar isttistHowever,
Pyrethrin LR was also statistically similar to Permethrin LR (46%)ese treatments
were statistically different from the rest of the treatments, ex@ephethrin LR, which
did not differ from the rest of the treatments. At week 4, the percent edungaias
greater than 58% for non-treated, Pyrethrin LR, Permethrin HR and Cyflugywvhich
were not significantly different. These treatments, except for theraatetl metal, did
not differ from the rest of the treatments. At week 8, the percent egg hatclsing wa
greater than 74% for non-treated, Pyrethrin LR, Permethrin HR, CyflutRrend HR,
which did not differ statistically. However, Pyrethrin LR and Cyfluthrin HRhw#4.1
and 85.1% hatch respectively, were also similar statistically to PyrétRr (46.2%
hatch). These treatments, except Pyrethrin HR, were significantlyediffi'om the rest
of the treatments.

The plastic surface showed greater than 96% egg hatching at week 0O for the non-
treated control, which was significantly different from the rest of thenreats. At week
4, non-treated, Pyrethrin LR and Cyfluthrin LR, at 55.2 and 74.9% hatch, respectively,
were similar statistically. These treatments, except for thaneated plastic, did not
differ from Cyfluthrin HR at 45% hatch. However, Pyrethrin LR and Cyfluthrin HR
were not statistically different from the rest of the treatments. e&kv8, the percent
average egg laying was greater than 66.5% for non-treated, PyrethamdL®yfluthrin

LR. These treatments, except Cyfluthrin LR, were not significant diffdrom
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Pyrethrin HR, Permethrin LR and Cyfluthrin HR, with 41.6, 28.0 and 33.1% hatch,
respectively.

On the wood surface at week 0, the non-treated control (97.8%) and Pyrethrin LR
(76.8%) averaged the highest percent of egg hatch and were statisticddly. sithese
treatments differed from the rest of the treatments, except Permd®(#6.7%) which
was statistically similar to Pyrethrin LR. At week 4, the nonté@avood showed the
highest percent egg hatch (97.7%) and was not significantly different fronetheirm
LR (67.1). However, Permethrin LR did not different from the rest of the tra&gme
except Pyrethrin LR (19.9%). At week 8, the percent average egg hatclsngeater
than 95.7% for the non-treated control, Pyrethrin and Permethrin both at LR and did not
differ from Cyfluthrin and Pyrethrin both at HR (85.5% and 66.6%, respectively).eThes
treatments, except Pyrethrin HR were significantly different froiftu@irin LR (41.5%)

and Permethrin HR (21.0%).
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DISCUSSION

Results from 2.0-second contact toxicity tests aimed at preventing adelt mal
P. interpunctellafrom mate-finding and reproduction clearly identify the types of toxins
and the types of surfaces that would perform best in attract-and-kill pesjenaarat
methods for this serious pest. Initial screening of a range of active mgtedientified
synthetic pyrethroid and natural pyrethrin insecticides as more eff¢ictineseveral
other insecticides known to be effective in other contexts, and eight-weglalesi
toxicity was best for higher application rates of Permethrin on most ssigacept the
painted plastic surface.

The low activity of compounds other than pyrethroids and pyrethrins may be
explained by inherent factors of these compounds related to the application method and
the mode of action. There was low percentage or no mortality to the organophosphates
(OP) treatments, perhaps due to the presumed inherent, genetically-bessaxdce 0
organophosphates by the laboratory culturB.ahterpunctellaused in our experiments.

OP resistance by. interpunctellas widespread and well documented (Arthur 1996,

Fields and White 2002). Low mortality was also observed in the treatments with
Fipronil, Imidacloprid, Abamectin, Spinosad and Azadirachtin, and was perhaps due to
the brief contact by the males with the treated Petri dishes or with spbstidiils of the

modes of action for these compounds. Previous work that demonstrated contact toxicity
of P. interpunctellao these or similar compounds had much longer contact times,
usually several days to weeks (Huat@l 2004, Yueet al 2003) and did not utilize

adults. The 2.0-second contact in the bioassays conducted here clearly limiypeshe t

of insecticides that would be effective. Synthetic pyrethroids and naturaifede
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pyrethrins are known for having rapid “knock-down” mortality for various insects,
including Lepidoptera (Amin and Knowles 2001, DeSoetzal. 1992, Evanden and
McLaughlin 2004), so the effectiveness of these active ingredients against
P. interpunctellaadult males in our 2.0-second contact bioassays was not unexpected.
Variation in male reproductive success, which was measured by the number of eggs
laid by females paired with treated males and the percentage of thedbaidtatched,
thus the fertility of the eggs, is noteworthy and can also be explained by ubhe oicthe
brief contact bioassay used. Some experimental units with dead males at 24-hr post
treatment also had dead females and few or no eggs (female mortality daasontzd),
which suggests that insecticide-contaminated males were able to tralesfed dose of
toxin to a female during courtship and copulation. UnmBtadterpunctelladfemales are
known to lay no or only a few unfertilized eggs over several days (Bell 1981); however
unmated or chemically intoxicated fem&leinterpunctellavere observed laying eggs in
the laboratory. The highest oviposition levels in the experiments reported lere we
associated with non-treated control males; however, some treatmenéstiitgck in high
male mortality also had high levels of oviposition. Interactions of males aradefem
were not observed or recorded during the 24-hr holding period after treatment®f male
but it is likely mating occurred in some cases prior to death of the treated rhigle, w
then resulted in substantial oviposition by the associated female. Subsequerelsw le
of egg-hatch for some treatments, such as 50% to 70% hatch for females paired with
insecticide-treated males compared to 92% hatch for females from atedto®ntrols
(Table 2), may have been due to incomplete fertilization resulting from naledation.

In some cases the females may have laid substantial numbers of unfergiizedeich
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did not hatch, as a spontaneous abortion effect in response to stress from insecticide
intoxication before death.

The type of material comprising the surface treated with a given iridectic
significantly impacted the residual toxicity of insecticides at 0, 4, andeksvafter
application of the toxicants. Such negative effects on residual activity méatyibeted
to physical or chemical reactions of the surface with the insecticidasise degradation
or loss of material from the surfackt.was demonstrated that pyrethroids and pyrethrins
are stable at acid and neutral pH, but they begin to hydrolyze under alkalineccenditi
(Laskowski 2002). This study showed that the painted surface and the bare wood surface
had the lowest performance for residual toxicity of most test compounds rake. ti
Only Pyrethrin at the high rate had any activity on the painted surfacesagduit males
at time 0, but this activity was lost in subsequent bioassay times. Low toxityagts
also associated with the treatments on the bare wood surface at all thngditaess,
except for the high rate of Permethrin, which persisted with greater than 66&dity
after 8 weeks. Treatment surfaces have been shown to be important in variation of toxic
activity for other insects (Giga and Caunhao 1991) and this may be attributed to a
physical or chemical reaction of the substrate with the insecticide thextsldlae activity.
Further research is needed to determine the basis for surface effectcion abxnese
compounds against. interpunctellamales. In any case, it is clear that painted or
wooden surfaces should be avoided in developing attract-and-kill technology for
P. interpunctella

The synthetic pyrethroids Cyfluthrin and Permethrin, and the naturally derived

pyrethrins lacking PBO, applied to plastic-coated paper, metal or pdastaces at
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various concentrations had the highest mortality against adult male Indianmieslimot
these studies compared to other insecticides. Permethrin applied at the hogl2 1246
A.l. in the final spray suppressed adult maleB ohterpunctellaand prevented
substantial reproduction for up to 8 weeks when applied to surfaces of plastic-coated
paper, bare metal, bare plastic and to a lesser degree on bare wood. Residyadfactivit
pyrethroids and pyrethrins was very poor when applied to a painted surface, and this
maybe was from a lipophilic action that can result following addition or migirige
active ingredient to plastic, the material under the paint in this fotimmlawWheeloclet
al. (2005) showed that up to 50% of the pyrethroids can adsorb to plastic containers in
24-hr, and reduce toxic effect by 50% in 4-hCiariodaphnia dubia

The study clearly shows that attract-and-kill formulations to coRtralterpunctella
for up to 8 weeks can be developed using adequate application doses of Permethrin to a
variety of surfaces. The attract-and-kill method is desirable for rddopat of
insecticides in food storage areas because the specific pest isdarigehe pheromone

lure to contact a small amount of an effective, locally contained, killing agent
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Table 1. Insecticide active ingredients used in the initial test of cdoiacity against

adult maleP. interpunctellaor attract-and-kill formulations, listed by

insecticide classification.

Active Ingredient

Percent (%) [A.l] at

Manufacturer or Supplier

label raté
Organophosphates
Malathion 2.2 Drug and Chemical Co.; Floral Park, NY
Chlorpyriphos methyl 1.0 Gustafson, McKinney; TX
Dichlorvos 1.0 Biotech Co., Painesville; OH
Pyrethroids
Cyfluthrin 0.05 Bayer Crop Sciences; Kansas City, MO
Permethrin 0.5 Gustafson; McKinney, TX
Deltamethrin 0.06 Gustafson; McKinney, TX
Fiproles
Fipronil 0.12 Aventis; Montvale, NJ
Nicotinoids
Imidacloprid 0.1 Gustafson; McKinney, TX
Microbials
Abamectin 0.2 Novartis; Greensboro, NC
Spinosad 0.17 Gustafson; McKinney, TX
Botanicals
Azadirachtin 0.01 AMVAC,; Los Angeles, CA
Pyrethrin “organic” 0.2 MGK Co.; Minneapolis, MN
Pyrethrin +PBO 0.01 Whitmire Micro-Gen; St. Louis, MO

1 Amount reported is concentration in the final spray mix derived from product label

instructions for mixing and application to surfaces of a given area.

PBO = Piperonyl Butoxide
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Table 2. Oviposition and the percentage of eggs that hatch&l peerpunctellafemale
following pairing with males that had been treated for 2.0-seaoilde initial

contact toxicity test with 13 insecticides.

Treatments Mean No. Eggs Laid (+SE)| Mean % Egg-Hatch (+SEY
Malathion 315 £71 b 64.1 +15.3 ab
Chlorpyriphos methyl 37.7 £34 b 59.5 +9.8 b
Dichlorvos 325 £134 b 457 +7.0 b
Cyfluthrin 245 £29 bc 728 6.5 ab
Permethrin 78 13 ¢ 53.5 £9.7 b
Deltamethrin 7.3 £21 ¢ 73.7 £4.7 ab
Fipronil 199 +6.6 bc 71.0 £135 ab
Imidacloprid 227 £9.3 bc 66.8 +9.7 ab
Abamectin 244 8.1 bc 57.1 +129 b
Spinosad 319 £49 b 659 +7.3 ab
Azadirachtin 33.7 £149 b 749 £15.7 ab
Pyrethrin “organic” 71 27 ¢ 67.3 +11.2 ab
Pyrethrin + PBO 25.3 £10.4 bc 60.2 £+103 b
Non-treated control 764 +81 a 920 +23 a

Means within a column having the same letter are not significantly differeeatrifent
means were compared by protected pair-wise t<es().05; egg layingHis, 4=
4.42,P =0.0001), and egg hatching.§ 4,= 7.22,P < 0.0001).

2 Percentage data for egg hatching were arcsine square-root transformeéa gmalysis.
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are not significantly different. Percentage data were transformtéeelarcsine
square-root method and analyzed by ANOVA,; treatment means were compared
by protected pair-wise t-test,= 0.05.n =10 F13,42= 21.70,P < 0.0001).
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CHAPTER 11

LABORATORY EVALUATION OF ATTRACT-AND-KILL FORMULATION S
AGAINST INDIANMEAL MOTH, Plodia interpunctellgdHubner)

(Lepidoptera: Pyralidae)

Abstract

The responses of Indianmeal moth males (IMNHdia interpunctellaHubner) to
attract-and-kill formulations (a gel, a flat wax panel, and a plastindsflidevice), mixed
or sprayed with the pyrethroid insecticides permethrin and cyfluthrin, and orfjanica
compliant natural pyrethrin, combined with the synthetic female sex pheromomé&*ZE
were evaluated in a laboratory wind tunnel. The wax panel and cylinder, whizédutil
controlled-release pheromone lures, were more attractive to IMMsroads the course
of an eight-week aging period than was the gel, which had the pheromone incorporated
into the gel matrix. The contact time of responding males was higher on therehx pa
and plastic cylinder than on the gel formulation. The percentage of mortality &f male
was higher with wax panels formulated with Cyfluthrin 6.0% [Al], PermethfgogAl]
and the cylinder formulated with Cyfluthrin 2.0% [Al], compared to the gel over the
eight-week study. These same formulations had the greatest impact on eggyaying
females paired with treated males and on the percent of eggs that hatchddheOf al
attract-and-Kkill formulations tested, the most promising for field appicato suppress
IMM pest populations was the wax panel containing 6.0% of either cyfluthrin or
permethrin.

Key words: Wind tunnel, attract-and-kill, pheromone, stored-products, longevity
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INTRODUCTION

Pheromone-based pest management techniques like mating disruption, mass trapping
and attract-and-kill have been developed as alternatives to traditiorcidinkes
applications to control important pest Lepidoptera. All of these techniques usdisynthe
sex pheromones to attract males or otherwise interrupt male mating behaviaverow
the most common use of synthetic pheromones for stored product moths is for monitoring
populations, and this has become part of the integrated pest management programs for
these pests (Burkholder and Ma 1985, \&tlal. 1981, 1986; Mulleret al 1991, Phillips
et al.2000). The predominate female pheromonkloélia interpunctellgHubner)
(Lepidoptera: Pyralidae$ (Z,E) -9,12 tetradecadienyl acetate, commonly referred to as
ZETA (Bradyet al 1971, Kuwaharat al 1971, Kuwahara and Casida 1973, Soster
al. 1974, Soderstromat al 1980, Teakt al 1995 and Zhet al. 1999). Studies with
pheromones have used wind tunnels as helpful tools to observe and understand behavior
of moths. Schofiel@t al (2003) showed in wind tunnel studies that the concentration of
female sex pheromone influenced the flight track, course and drift anglesicd
cautellamales. Upwind flight, landing and wing fanning of Brazilian apple leafrrolle
moth malesBonagota cranodesvere observed up to 72% in response to calling females
in a wind tunnel (Coracirat al 2003). Furthermore, behavioral effects such as wing-
fanning, take-off, upwind flight, landing and touching the odor source were the soibject
a recent study of responses to attract-and-kill formulation for the Ind&moth P.
interpunctella(Nansen and Phillips 2004), Oriental fruit ma8@rapholita molesta

(Busk) and Codling mottCydia pomonell§Evenden and McLaughlin, 2005).
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The attract-and-kill, or “attracticide”, method of pest control incorpoiates
attractant of a target insect with an insecticide in order to kill large msrobensects
and ultimately reduce a pest population (Lanier 1990). A wind tunnel bioassay can be
valuable in the assessment of the impact of attract-and-kill formulationglen m
mortality and reproduction. The LastCall® gel (IPM Tech, Inc., Portland, OfRghvis
a combination of pheromone with the synthetic pyrethroid Permethrin in a ged,ma
was formulated to control Oriental fruit motBrapholita molestgEvenden and
McLaughlin 2004, 2005, Evenden al 2005), Codling mothCydia pomonellgL.)
(Krupkeet al. 2002, Evenden and McLaughlin 2005) and Indianmeal nRbtialia
interpunctella(Nansen and Phillips 2004). Formulations against codling raytiia
pomonella(L.) with Codlemone at 0.065% reached maximal catch rates, and the
percentage of mortality was up to 100% with Cyfluthrin at 0.1 to 10% [Al] in the gel
(Loselet al 2000). Phelan and Baker (1987) used a wind tunnel for studies with navel
orangewormAmyelois transitelldemales and found that upwind attraction to crude
almond oil was reduced as result of increasing the percentage of thecidesct
Permethrin and Cypermethrin at 1.0% each, but not with Fenvalerate at 2.5%1Al]
which the efficacy was 90% mortality. The density of point sources atatides was
tested in a wind tunnel by Millet al (1990), who observed that high densities of
Nomate pheromone (16 fibers pef)roaused higher mortality of pink bollworms than 1
to 4 fibers per rh

The Indianmeal mottRlodia interpunctella(Htbner), is one of the most serious
stored-product insect pests of value-added food products worldwide, and there is

substantial interest in developing safe and effective alternatives tiamatiresidual and
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fumigant chemical control of this pest (Arthur and Phillips 2003, Phillips 2006 )caEffi
of the attract-and-kill method, in which pest reproduction is impacted afger farmbers
of males are killed following contact with point-sources that have pheromone combined
with an effective contact insecticide, was demonstrateB.farterpunctelladby Nansen
and Phillips (2004). However, that study examined only one attract-and-Kiaget
formulation, and it did not assess the activity of the tested gel formulationroeer A
study with aged gel formulations would have helped predict the time period over which it
would remain active in practical pest control applications. Recent expesif@hdpter
2 of this dissertation) evaluated a variety of contact insecticides agaile® m
interpunctellafor residual activity, and determined that natural pyrethrum and synthetic
pyrethroids had very good activity in simple surface-contact bioassays.

In the current study we evaluated the efficacy of three types of atrdékill
devices, each with a variety of insecticide formulations, for residual tyctigainst
P. interpunctellanales in a wind tunnel. The efficacy of these attract-and-kill
formulations was based on male contact with the formulation following upwind flight,
male mortality, and egg laying by females paired with these paaidsegg hatching.
In addition, we evaluated the residual activity of these attract-anfibdatulations at five

different times for a period of eight weeks.
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MATERIALSAND METHODS

Insects. P. interpunctellamale and female adults from the laboratory culture at
Oklahoma State University were reared on a diet containing corn meal, chick
starter/grower crumbles, all mash egg crumbles and glycerol (4:3.2dlumetric ratio)
in 425 ml glass jars (Alltrista, Muncie, IN) placed in a growth chambe8 &€260-70 %

R.H., and 16:8 hr (L:D photoperiod). Corrugated cardboard roks5Tm) were placed

into the culture jars for the last-stage wandering larvae to crawlndtpapate. The

pupae were removed from the cardboard rolls, separated by sex and placed individually
into 1-dram vials with ventilated plastic caps (Fisher ScientifitsiRitg, PA) and

returned to the growth chamber until they emerged as adults. For thesenerperi

1-2 day-old virgin adults were used and each adult was used only once.

Wind tunnel. The wind tunnel used consisted of a wood frame (W =91 cm, H =91 cm,
L = 182 cm) with side walls and roof made of rigid Plexiglass®. The floor of theltunne
was an aluminum sheet and the two ends of the tunnel were covered by conventional

window fly screening to prevent escape of moths. The down-wind end of the tunnel had
a plenum that reduced the 9491-cm square opening to a 38 cm diameter circular

opening with an exhaust fan driven by an electric motor equipped with a rheostat to
adjust exhaust wind speed. Air was exhausted from the tunnel via a 38-cm-diapester pi
directly out of the room and to the exterior of the building so that contaminated air could
not re-enter the tunnel. Room air was drawn into the tunnel at the upwind end by the
suction of the exhaust fan and passed through an activated charcoal-ingatditpea to
provide relatively clean air to the tunnel for flight assays. Wind speed in the tusmsel w

measured with smoke tests using titanium tetrachloride and was set at 60 fonéll
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tests, which was observed to give relatively even laminar flow through thelcse of

the tunnel from upwind to downwind end. Insects and test materials were prepared in a
separate room and only brought into the wind tunnel room when a specific test was to be
conducted, to minimize contamination of room air between assays. Controlled conditions
maintained in the wind tunnel room were 26-28 °C, 50-60% R.H., and lights provided by
four fluorescent tubes, 60 W each, suspended over the tunnel roof.

Formulations Tested and Experimental Procedures. Three sets of experiments, each
one with a different type of attract-and-kill formulation, were conducted. T$tadsted

was LastCall® gel (IPM Tech, Inc., Portland, OR) with the following fortnhs that

each contained the synthetic female pheromone “ZETA” at 0.16% by weeghtethrin

6.0% [Al], Pyrethrin 6.0% [Al], and gel with no insecticide but with ZETA onlyaas
attractant to serve as a non-insecticide control (blank). These foronsglatere tested as
droplet sizes of 50- or 100-mg applied to the surface of a glass microscep€r Bix

2.5 cm, Sargent-Welch, U.S.A.) and held in place at the upwind end of the tunnel with a
small binder clip (ACCO, U.S.A.) suspended from a laboratory stand. The second
attract-and-kill formulation was a wax panel Q3 cm; Suterra, Bend, OR.) that
contained the active ingredient cyfluthrin at 0.01, 0.1, 1.0 and 6.0% [Al] or permethrin
6.0% [Al] and deployed with a controlled release pheromone lure containing the
pheromone “ZETA” (Biolure® by Suterra, Bend, OR) placed in the centé&eokax

panel; and a control wax panel, with no insecticide, deployed with the pheromone lure.
The material structure of the wax panel was a paper fiberboard panel shetated with

a mixture of paraffin and oil that contained the insecticide. The Biolure® pheromone

release device was a sealed, thin foil pouch for which the bottom and most of the top
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surface were impermeable film that contained a reservoir of liquid pheromone, and the
pheromone was evaporated through a semi-permeable membrane that controlled the
release rate by its size and structure. Finally, the third device wastia plash cylinder

(7 mm mesh; 35-cm heightl0-cm dia.; Uniek Co., U.S.A.). Insecticides were sprayed

onto the cylinders until run-off with an artist’s air brygtaasche, U.S.A.), and were
either permethrin (FMC Co., Philadelphia, PA), cyfluthrin (Bayer, Kansgs k&) or
organically-compliant pyrethrin without PBO (Pyperonyl Butoxide; McLainghl

Gormley King Co., Minneapolis, MN), each at 2% [Al] in the final mix and deployed
with a Suterra Biolure® in the middle of the cylinder. A cylinder without insieletj but
with a pheromone lure was used as a control. Attract-and-kill devices were sualspende
a laboratory stand at the mid-point of the upwind end of the wind tunnel.

Two-day old virgin adult mal®. interpunctellavere released from a cage held on a
laboratory stand at the middle of the downwind end of the tunnel. Each male moth was
given five minutes to take flight and respond upwind to the device and contact it. Moths
that did not touch the device in five minutes were considered as “no response” and scored
0 for purposes of analysis; and those males that contacted the device weresscored a
responders. The percentage of moths in a test group contacting each device, and time
each male was in contact with a device, were recorded. Once a male firustesd and
flew away from the device it was captured and placed into a glassljga witgin female
and 15 g of wheat kernels as a substrate for egg laying. Every male-feairalvas kept
for 24-hr in a growth chamber at 28 °C, 60-70 % R.H., and a 16:8 hr (L:D) photoperiod.
Male mortality was recorded after 24 h. Eggs laid in the wheat were tassparated

from the wheat using a U.S. no. 14 sieve (Seedburo Equipment Company, U.S.A),
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counted and placed on double-sided tape on a 9-cm-diameter black filter paper
(Ahlstrom, Mt Holly Springs, PA.) in a 9-cm-diameter Plastic Petri digkesher

Scientific, Canada). The eggs were placed into a growth chamber at 28 °C, 60-70 %
R.H., and 16:8 hr (L:D) photoperiod for five days, after which the number hatched was
recorded.

Statistical Analysis. Data for each of the three attract-and-kill formulations, which were
the gel, the wax panel and the plastic cylinder, were analyzed as thacatse
experiments within a time period, and comparisons were made for eachcspecifi
formulation (e.g., applied insecticide concentration of a particular depeg &gross

time periods. Each device formulation type was treated with different coato@ms of
insecticides and four replicates of each device type-insecticide coatcmmtvere
established. A group of five adult males were released in the wind tunnel anéyroass
against each replicate of each device type, for a total of up to 20 malesdsésay t
against each device type. Each adult male in a group of five was releasetliatlivi

and used only once. The attract-and-kill formulations were tested in the wind tu@nel at
4, 6, and 8 weeks after being established, and they were held and aged in a room separate
from the wind tunnel between testing times. The experimental design usedtior e
attract-and-kill formulation was a randomized complete block design with fplicates.
The observations assessed were the percentage of released males that lamtfletade a
contact with the device, the time in seconds each adult male was in contact wéh a gi
device (contact time), the percentage of male mortality of those thatcoatéet, the
number of eggs laid per female, and the percentage of these eggs that hatchedlper fe

Proportions (percentages) were transformed by the arcsine-square obionfpnior to
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analysis. Data were analyzed with the procedure PROC MIXED in SAS/STaT
Windows (SAS Institute 2005), and the repeated measures option assuming an
autoregressive covariance structure was used. Every attract-addvikié type was
analyzed separately. Every treatment was compared across the testipesd0.t2, 4,
6, or 8 weeks) and treatment differences were compared within each time period
Treatments compared across and within each time period were anal{fz@dwwise
t-tests and comparisons were protected by examining the SLICE OPTitBIN the

Least Square Means statement a&t0.05 level.
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RESULTS

Device Contact. Table 1 reports the mean percentage.onterpunctellaadult males

that contacted the attract-and-kill devices in five minutes. Statiatedyses of the
LastCall® gel formulations across the entire eight-week expericiémot show
significant differences for contact behavior in the wind tunnel among the twaiiode
active ingredients and blank gelz(s67= 1.82;P = 0.1633), the amount tested, 50 mg or
100 mg each, for Permethrin and Pyrethrin in the delsd7= 0.04;P = 0.8492),
interactions of insecticide treatment and weékssé7= 1.69;P = 0.0970), interactions of
amounts of the two insecticide gels and we&kss7= 0.58;P = 0.6781), and

interactions among insecticide active ingredient, amount of the gel used dwlofvee
aging of the gel formulation$¢,se7= 1.24;P = 0.2750). However, there was a
significant interaction effect of active ingredient tested and the two amountsfof ge
each Al £2,567=4.73; P =0.0092). Landing and contact responses of moths varied
significantly in some cases when compared across gel types within dogassay

week, and also across weeks within a particular gel type. At week 0, the highest
percentage of landing by male moths was 55% for the Blank 100 mg and Permethrin 50
mg, and the lowest was on Permethrin 100 mg at 20%. At week 2, 4, and 6, there was no
significant difference in percent contact among treatments. By wesp@nses to the
gels were very low, but with some difference among treatments (Tabl¥'tign
comparing across bioassay times the maximum landing by males on the gehfioms
was observed at week 2, when responses ranged from 70 to 85%. Analysis of the
percentage of males landing on the wax panel devices showed no statisticahckffe

among treatments for the whole experiméntg{s7= 1.01;P = 0.4117), nor for

66



treatments within week${o, s67= 1.30; P =0.1733). The comparison of the moths that
contacted the device across the eight-week period shows that at weski@ahe25% of
moths landed on the device. This response increased from 90 to 100% from week 2 to
the end of the experiment. At week 0, the formulations Blank and Cyfluthrin at 0.01 and
0.1% elicited 25% or less of landing, which were statistically different fhem t

Cyfluthrin 1.0 and 6.0%, and Permethrin 6.0%, at 5% landing for each (Table 1).
However, Cyfluthrin 0.1% was statistically similar to Cyfluthrin 1.0%w&ek 2, all
treatments reached a 90 to 100% of landing and it was similar up to the end of the
experiment at week 8. The percentage of moths landing on the plastic cylinder was
observed to be significantly different among treatments ovéraliz¢= 3.74;P =

0.0113) and treatments within weeksz( 377= 2.18;P = 0.0121). At week 0, Blank and
Cyfluthrin 2.0% showed attractiveness of 50 and 60% respectively, significaedier

than the other treatments. At week 2, Cyfluthrin and Pyrethrin 2.0% elicited 85 and 80%
landing, respectively, and were statistically similar. Pyrethri#o2i® not differ from

Blank (65% landing). However, these treatments differed from Permethrin 2t0éh, w
showed the lowest landing rate of 45% in week 2. From week 4 to the end of the
experiment at week 8, all treatments elicited 100% landing by tested malabent

plastic cylinder devices. These plastic cylinder devices used the sammeoah

pheromone lures as the wax panel formulations, and similar patterns of respase wer
observed during other weeks for the two devices. At week 0, there was low response and
from week 4 to the end of the experiment there was 100% landing of all 20 males (5

males in replicates) for all wax panel and cylinder devices.
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Contact time. The contact time, which was the time in seconds that adult males were in
contact with devices tested, is shown in Table 2. The gel-like formulations all had
relatively short contact times and did not show significant differences among ambunt
gel (i.e., 50 mg vs. 100 m§z, s70= 0.19;P = 0.6594), in the interaction of gel amount
and week of the bioassalys(s70= 0.96;P = 0.4300), or in the interaction among
treatment Al, amount of gel and weétg,(s70= 1.66;P = 0.1059) for the whole
experiment. However, the Al treatments were significantly diffefent{o= 3.69;

P =0.0255), Al treatments within weeks among gel typessfo= 2.20;P = 0.0259) and
amount of gel within weekd$-¢, 570=5.67;P = 0.0036) for moth contact time over the
whole experiment. All treatments, when analyzed across the eigktpsaed, showed
the highest contact time at week 2, and they were significantly diffecenttfre rest of
the weeks. At week 0 the gel formulations Blank 100 mg and Permethrin 50 mg were
statistically similar and showed the highest contact time (0.8 and 0.75 seconds,
respectively), but they differed statistically from Pyrethrin 50 mg awchEthrin 100 mg,
which had the lowest contact times. All these treatments were stdlyssimilar to the
rest of the treatments. At week 2 Permethrin 50 mg showed the longest aorgact t
with a mean of 1.5 seconds, and it was significantly different from the forongatith
Pyrethrin 50 and 100 mg. At week 4, all treatments were statisticallpisiand at

weeks 6 and 8 the contact times were very brief and differences weteslighg gel
types, though statistically significant. Male contact time on the wax pamaufations
revealed that there was significantly different among Al treatnomsall s, 570=
2.23=;P = 0.0498) and among treatments within we@ks £70= 3.44;P < 0.0001). At

week 0, all treatments had very short contact times when compared to the rest of the

68



weeks and were statistically similar. At week 2, Cyfluthrin at 6% hadongest mean
contact time of 13.8 seconds, while Permethrin at 6.0% had the shortest time of 7.1
seconds. Conversely, at week 4 Permethrin at 6.0% had the longest contaci8me a
sec, while Cyfluthrin at 0.01% had the lowest contact time at 5.6 sec. At week 6,
Cyfluthrin 0.01%, Cyfluthrin 0.1% and Permethrin 6.0% did not differ statistically, but
they were significantly different from Cyfluthrin 1.0% and 6.0%. Cyfluthrin 6.0% and
Permethrin 6.0% did not differ statistically from the rest of the treatna¢nisek 6.
Contact times on wax panels at week 8 were statistically similnose tobserved at
week 6. Contact times for the plastic cylindrical device formulations shawe
significant difference among Al treatments overgH ¢so= 8.58;P < 0.0001) and Al
treatments within week$(2, 3s0= 1.82;P = 0.0436). As with wax panels, contact times
on plastic cylinders were short at time 0 and then were longer in most cases fr
bioassay time 2 weeks through 8 weeks, with the longest mean contact time observed fo
males on cylinders with Cyflthrin at 2.0% Al.

Male mortality after contact. Table 3 shows the percentage mortality of adult male

P. interpunctella24-hr after contacting the attract-and-kill devices. For the gel
formulation there were no significant difference among amounts oFgeb{= 0.60;

P = 0.4380), interaction of gel amounts within weEk ¢67= 0.14;P = 0.9664),
interaction of Al treatment by gel amoufb(s67= 1.96;P = 0.1422), or Al treatment by
gel amount by weekg,567= 1.62;P = 0.1152). However, there were significant
differences among treatmeni (s67= 35.86;P < 0.0001) and treatments within weeks
(Fs,567=6.99;P < 0.0001). Regardless of overall differences, the highest mortality was

observed only in week 2 with gel containing 6.0% Permethrin, at 70%, and in subsequent
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bioassay times the male mortality levels were relatively low,ingrifgom 0% to 40%.
The wax panel formulation revealed significant differences among Airteseis Es, 567
=196.37;P < 0.0001) and for the interaction of Al treatments by weEks 7= 12.11;

P < 0.0001). At week 0, all Al treatments were statistically similar witly icaw

mortality. However, from week 2 to the end of the experiment at week 8 the
formulations based on Cyfluthrin and Permethrin both at 6.0% Al, which were
statistically similar, killed over 85% of the adult males, followed by Glyfin 1.0%,
which differed statistically from the rest of the treatments, which had éalipQL0%
mortality. The attract-and-kill formulations based on the plastiodgh showed a
significant difference in male mortality among Al treatmefts$go= 78.15;

P < 0.0001), but the interaction of Al treatments by weeks was not significantlsediffe
(F12,380=1.38;P = 0.1732). The cylinder device sprayed with Cyfluthrin 2.0% elicited
significantly higher levels of mortality compared to the other treatmerdst kitied

75% or more of the adult males during the whole experiment, except for week 0 in which
it killed 50% on average.

Egglaying. Table 4 shows the mean egg laying per feRalaterpunctellahat were
paired for 24-h with males that had contacted attract-and-kill devicesichtumnel
bioassays. The statistical analysis for the gel formulation showetthéhatwas no
significant difference among Al treatmenkz,70= 2.75;P = 0.6877), amount of gel
(F1,570= 0.20;P = 0.6558), interaction of Al treatment by amount of ¢el4{70= 0.008;

P =0.9247), interaction of Al treatment by weé&k,670= 0.70;P = 0.6877), interaction
of amount of gel by weekle4, 570= 0.41;P = 0.7981) and interaction of Al treatment by

amount of gel by weel&g, 570= 0.28;P = 0.9721). Treatment differences were found
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only for week 2, in which the formulations with Pyrethrin 100 mg and Permethrin 100
mg showed the lowest averages of egg laying and were significaldsedif from the
Blank formulations (50 and 100 mg). However, all the remaining formulations did not
differ from each other and the numbers of eggs laid by females paired to maéllesd
contacted gels were relatively high. In the case of the wax panel, thesesigasficant
difference among Al treatmentSs(s70= 35.85;P < 0.0001) and with the interaction of

Al treatments by weeks$-fo, s70= 3.28;P < 0.0001). At week 0, there was no significant
difference among treatments. From week 2 to week 8 the wax panel formulations w
Cyfluthrin 1.0% and 6.0%, and Permethrin 6.0% were statistically siemtelicited

low egg laying averages compared to Blank and the formulations with low pgeefhta
Cyfluthrin (0.01 and 0.1% Al), which averaged over 35 eggs laid per female. Females
paired with males that had been bioassayed against the cylinder devices showed a
significant difference in egg laying among the Al treatmeftss§o= 28.98;P < 0.0001),
but there was no significant interaction effect of the Al treatments biysiee, 3s0=
0.87;P = 0.5746). In the whole experiment, the Blank treatment showed the highest egg
laying and was significantly different from the rest of the treatmyenxcept at week 8, in
which it was similar to Permethrin 2.0%. The Cyfluthrin 2.0% generally had thie mos
suppressive effect on number of eggs laid per female.

Egg hatching. Responses to the gel formulations revealed a significant difference
among Al treatmentd=¢, seo= 10.21;P < 0.0001) in the percentage of eggs that hatched
from those laid by females paired with males from bioassays (Tabl@d®gudr, there
were no significant differences among gel amo&mtsgo= 0.01;P = 0.9492), interaction

of Al treatment by gel amounief, seo= 1.79;P = 0.1679), interaction of Al treatment by
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week Fs,569= 1.82;P = 0.0706), interaction of gel amount by weEk, éso= 0.40;

P = 0.8098) and interaction of Al treatment by gel amount by wieekst= 0.38;

P =0.9299). There were no significant differences among Al treatments at weeks 0 and
8. In the other weeks there were statistically significant reducticeggimatching in
clutches from insecticide-treated gels, but these were not substantiaxpérenent

with the wax panel showed significant differences in egg hatch among Al ér@atm
(Fs,570= 45.57;P < 0.0001) and in the interaction of Al treatments by wéek §70=

4.05;P < 0.0001). Permethrin 6.0% and Cyfluthrin 1.0% and 6.0% were the treatments
with lower percentage of hatched eggs in most of the dates and these three were
statistically similar at the eight-week period. In general, highexanations of

Cyfluthrin and Permethrin on wax panels were associated with lower peregyg of
hatching compared to the Blank and low percent Al of Cyfluthrin. The cylinder
formulation showed experiment-wide significant differences in egg hatemmong Al
treatmentsKs, 3s77= 37.38;P < 0.0001). However, there was no significant interaction of
Al treatments by week$-(2,377= 1.12;P = 0.3419). The percentage of hatching of the
insecticide treatments was significantly lower than Blank in weeks 4, 6, addt8h

rates were the lowest resulting from Al treatments of Cyfluthrin 2.0% in ekl 4,

being 8.4% and 8.0 %, respectively, and hatching ranged from 16.9% to 67.7% in other

Al treatments.
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DISCUSSION

The experiments reported here were conducted to determine what device design,
pheromone release technology and insecticide formulation might be effectiveue purs
further for development of an attract-and-kill technologyHomterpunctella Therefore
the purpose of the eight-week period studied here was to examine a realispierimae
in which a pest control company might apply a treatment to a facility requiring
Indianmeal moth control. Since the ultimate goal of the attract-and-kilegiyr is to Kill
enough males in a population to cause a negative impact on reproduction, these
experiments provided an estimate of reproductive impact by killing or oheerwi
incapacitating male moths so that mating and reproduction with females could be
reduced. The reproductive fitness of individual males that had contacted an atiract-a
kill device was manifested by how many eggs were laid Sridstar larvae (percentage
of eggs that hatched) produced when they were paired with a virgin female atehedi
after treatment. Device design, pheromone release formulation and inkgectici
formulation all affected efficacy of the treatments in the experimeptsted here.

For all three designs investigated here, the gel, the wax panel and the cylinder, the
percentage of males landing on and maintaining contact with the device wasertlysi
low at time 0, but then improved in subsequent weeks as the formulations aged. This
delayed activity was probably due to the pheromone dispensing system being newly
exposed to air at time 0; at the moment that they were opened from sealed package
(Biolure® lures) or applied from tubes (LastCall® gel), there was avuela high
release of pheromone. It has been shown that initial high release of pheromonesean ca

a repellency effect, or lack of complete response, instead of full attraespense and
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sustained contact with the source (Hussdial 1994, personal observations). The data
presented here show the gel formulations elicited very low contact req@0n58%) at
time 0, peak responses at the 2-week bioassay (70-85%), and then a sharp decline in
activity from week 4 to week 8. Thus, the gel formulation could not sustain activity for
substantial male-killing through the eight-week study, and would probably becinedfe

in a practical application for 8 weeks. Alternatively, the Biolure® pheromors Lised
with the wax panel and cylinder devices had characteristic low activigofdgact at time

0, but showed increased and sustained activity for male response from week 2 onward,
with essentially 100% male contact and contact times of several seconds. Qmetact
with the devices was similarly much higher for the wax panels and cylinderseteat
baited with Biolure®, compared to the gel formulation, and this was maintained from
week 2 until the 8-week end of the study.

The pheromone-based upwind responses of males and the geometric designs of the
attract-and-kill devices seemed to have a substantial impact on malatsnartdl
reproductive fitness. The low percent of landing and low contact time on the gel
formulations with Permethrin and Pyrethrin killed only a modest number of adult males,
but mortality was much higher for certain formulations of the wax panel amylthder
device over the same time periods. Higher and sustained mortality levelddor ce
formulations of wax panels and plastic cylinders can be attributed to the nextveff
pheromone lure system, but also probably to the overall larger surface area ofdbe de
itself, compared to the small amount of material presented by the gel foamslaHigh
contact times were recorded for moths responding to wax panels and cylindersyasd it

observed that during these times the male moths would move around over the surface of
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the device, which probably contributed to better contact with insecticide and that@ltim
toxicity. Higher male mortality levels, specifically on the wax pandis 8:0%

Cyfluthrin and 6.0% Permethrin, and on the plastic cylinder with 2.0% Cyfluthrin,
corresponded to low levels of egg laying and low hatch rates of those eggs.r@hdts
suggest that the wax panel formulation would be very effective for Indiannotial m
suppression in practical applications. The results clearly indicate that high
concentrations, greater than 1.0%, of the synthetic pyrethroids Cyfluthrihesnmgbthrin
result in the most effective attract-and-kill devices when the wax panelastct

cylinder were used. Organically-compliant natural Pyrethrin at 2.0% waffactive
enough on the plastic cylinder at any bioassay time during the eight-weed fweri

pursue further applied research. Permethrin at 2.0% on the cylinder was also not
effective compared to 2.0% Cyfluthrin, and this may have been due to physical or
chemical interaction with the substrate that resulted in lowered activitgarechto that

of the same compound on another substrate (see Chapter 2). Future researef tall ne
involve studies with formulations of high concentration Cyfluthrin or Permethrin on wax
panels, or Cyfluthrin on plastic cylinders wkhinterpunctellgpopulations in

experimental or commercial food establishments.
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Table 1. Mean percentage (%)Rxfinterpunctellaadult males (£SE) that landed onto three attract-and-kill devices in awvinelt
during an eight-week period.

Mean percentage (£SE) Bf interpunctellamale moths that landed onto the device
Formulation Doses Weeks after treatment
0 2 4 6 8

Blank 50 mg 40 +11.2 B, ab 80 x9.2 Aa 20 9.2 BC,a 25199 B,a 000 C,b
Blank 100 mg 55+11.4 AB,a 70 £105 Aa 45 +11.4 AB,a 40 +11.2 B,a 30 £10.5 B,ab
Pe 6% 50mg 55+11.4 B,a 85 8.2 Aa 30 £10.5 B,a 20 9.2 B,a 0 0.0 B,b
Gel Pe 6% 100 mg 20+9.2 B,b 75 £9.9 Aa 20 £9.2 B,a 15 #8.2 B,a 5 5.0 B,ab
Py6% 50 mg 30x£10.5 BC,ab 70 x105 Aa 45 +11.4 AB,a 15 8.2 C,a 35 £10.9 BC,a
Py 6% 100 mg 30 +£10.5 BC,ab 75 9.9 Aa 45 +11.4 B,a 20 9.2 BC,a 15 8.2 C,ab

08

Blank 25 ¥9.2 B,a 90 6.9 A,a 100 t0.0 A,a 100 0.0 A,a 100 0.0 A,a
Cy 0.01 % 20£9.2 B,ab 95 +0.0 A,a 100 0.0 A,a 100 £t0.0 A,a 100 £t0.0 Aa
Wax panel Cy0.1% 20+6.9 B,ab 100+0.0 A,a 100 0.0 A,a 100 +0.0 A,a 100 £0.0 Aa
Cy1l% 10 5.0 B,bc 100 t0.0 A,a 100 0.0 A,a 100 0.0 A,a 100 0.0 Aa
Cy 6% 5199 B 100 +0.0 A,a 100 0.0 A,a 100 0.0 A,a 100 0.0 Aa
Pe 6 % 5145.0 B,.c 90 +6.9 A,a 100 0.0 A,a 100 +0.0 A,a 100 0.0 A,a
Blank 50 #11.5 B,a 65 +109 B,b 100 0.0 A,a 100 +0.0 A,a 100 +0.0 Aa
Plastic Cy 2% 60+11.2 B,a 85 +8.2 A,ab 100 0.0 A,a 100 0.0 A,a 100 £0.0 Aa
Cylinder Pe 2% 30+10.5 B,b 45 +114 B,c 100 0.0 A,a 100 £t0.0 A,a 100 0.0 A,a
Py 2% 30 £10.5 C,b 80 9.2 B,b 100 +0.0 A,a 100 0.0 A,a 100 0.0 A,a

Means within rows followed by the same letter (Upper case) are not saotiyi different aP < 0.05. Means within columns for

each formulation followed by the same letter (Lower case) are noticagiy different at® < 0.05 by use of DIFF option in an
LSMEANS statement in PROC MIXED in SAS. Percentage data weredrared by the arcsine square-root method. Analysis was
conducted separately for each attract-and-kill formulation. Py sttiyrePe = Permethrin, Cy = Cyfluthrin.
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Table 2. Mean times, in seconds (xSE), that P. interpunctella adult malenwergact with three attract-and-kill devices in a wind

tunnel during an eight-week period.

Mean time (5E) seconds th#&t interpunctellanale moths were touching the device

Formulation Doses Weeks after treatment

0 2 4 6 8

Blank 50 mg 0.6 £0.2 B,ab 1.4 0.2 A,ab 0.3 0.1 BC,a 0.3 #0.1 BC,ab 0.0 0 Cb
Blank 100 mg 0.8+0.2 AB,a 1.2 0.2 Aab 0.6 £+0.2 B,a 0.6 +0.2 B,a 0.6 +0.2 B,a
Pe6% 50mg 0.8+0.2 B,a 15 £0.2 Aa 0.3 #0.1 C,a 0.2 #0.1 C,ab 000 Cb
Gel Pe 6% 100 mg 0.2¢0.1 B,b 1.1 +0.2 Aab 0.4 0.2 B,a 0.2 £0.1 B,b 0.1 £0.1 B,b
Py6% 50mg 0.3+0.1 BC,b 0.8 0.2 Ab 0.7 0.2 AB,a 0.2 +0.1 C,ab 0.4 +0.1 ABC,ab
Py 6% 100 mg 0.4 #0.2 B,ab 1.0 0.1 Ab 0.5 0.1 B,a 0.3 #0.1 B,ab 0.2 +0.1 B,ab

Blank 0.8 £t0.5 B,a 10.7 2.3 A,abc 10.7 1.4 A ,a 119 1.4 Abc 120 #£1.2 Aab
Cy 0.01 % 25+1.3 C,a 9.7 £1.9 B,bc 56 x0.9 C,c 149 +1.6 Aab 12.7 +1.8 AB,ab
Wax panel Cy0.1% 1.3+t0.7 D,a 10.8 +2.3 B,abc 6.6 £1.3 C,bc 16.2 +2.1 Aa 146 £1.7 AB,a
Cyl% 0.2 +0.1 C,a 13.6 £1.9 Aab 74 1.0 B,abc 5.7 £1.2 B,d 9.2 #1.1 B,b
Cy 6% 0.1 +0.1 C,a 138 1.5 Aa 10.2 1.0 AB,ab 9.7 #1.3 B,cd 104 1.3 C,b
Pe 6 % 0.1+0.0 C,a 7.1 £1.2 B,c 124 £1.4 Aa 125 £1.6 Aabc 129 1.0 Aab
Blank 47 1.7 C,a 124 2.4 AB,a 15.7 +2.3 Aa 9.4 +1.5 BC,b 158 2.7 Aa
Plastic Cy 2% 50+1.3 C,a 9.0 £1.2 C,ab 16.2 £1.9 AB,a 114 +1.8 BC,ab 182 2.6 Aa
Cylinder Pe 2% 1.3+0.6 C,a 45 +1.6 BC,b 13.2 24 Aa 7.1 1.4 Bb 6.2 1.4 BC,b
Py 2% 1.0 +04 B,a 115 25 Aa 13.6 1.9 Aa 16.9 3.3 Aa 159 24 Aa

Means within rows followed by the same letter (Upper case) are not samtifi different aP < 0.05. Means within columns for each
formulation followed by the same letter (Lower case) are not signific different aP < 0.05, by use of DIFF option in an
LSMEANS statement in PROC MIXED in SAS. Analysis was conducted sepafat each attract-and-kill formulation. Py =
Pyrethrin, Pe = Permethrin, Cy = Cyfluthrin.
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Table 3. Mean percentage (%) mortalityPofinterpunctellaadult males (£SE) 24 hours after response to three different attract-and

kill formulations in a wind tunnel during an eight-week period.

Mean percent (5E) mortality ofP. interpunctellamale moths
Formulation Doses Weeks after treatment
0 2 4 6 8
Blank 50 mg 0+£0.0 ADb 0 0.0 Ad 0 £0.0 A,c 0 £0.0 Aa 0 0.0 ADb
Blank 100 mg 0+0.0 ADb 0 0.0 Ad 0 0.0 Ac 0 0.0 Aa 0 0.0 Ab
0
5

Gel Pe 6% 50 mg 25899 B,a 70 %105 Aa 20 9.2 Bb 15 82 BCa 0.0 Cpb
Pe 6% 100 mg 10+6.9 B,ab 50 #115 Ab 15 #82 Bbc 5 +5.0 B,a 5.0 B,b
Py 6% 50 mg 0+0.0 C,b 30 %105 AB,c 40 #11.2 Aa 15 #82 BC,a 30 *10.5 AB,a
Py6% 100mg 15#8.2 B,a 50 #11.5 Ab 40 #11.2 Aa 15 #8.2 Ba 10 6.9 B,b

Blank 0 0.0 Aa 0 0.0 Ac 0 0.0 A 0 0.0 Ac 0 0.0 Ac
Cy 0.01% 0+0.0 Aa 0 0.0 Ac 0 0.0 A 5 #50 Ac 0 +0.0 Ac
Wax panel Cy0.1% 0+0.0 Aa 550 Ac 0 0.0 A,c 10 #6.9 A 5 5.0 Arc
Cyl% 550 C,a 35%109 B,b 50 %115 AB,b 55 %114 Ab 60 +11.2 ADb
Cy6 % 550 Ba 951#50 Aa 8582 Aa 85182 Aa 95 5.0 Aa
Pe 6 % 0+0.0 Ba 8582 Aa 9550 Aa 95 +50 Aa 100 +0.0 Aa
Blank 0 00 Ab 0 0.0 Ac 0 0.0 A 0 0.0 Ac 0 +0.0 Ac
Plastic Cy 2% 50+115 B,a 75 %99 Aa 90 #69 Aa 9550 Ac 90 #6.9 Aa
Cylinder Pe 2% 15+¢8.2 C,b 30 £10.5 BC,b 55 +114 Ab 40 +11.2 AB,b 20 9.2 BC,bc
Py 2% 15+8.2 Bb 2599 Bb 50 +115 Ab 35 109 AB,b 30 #10.5 AB,b

Means within rows followed by the same letter (Upper case) are noticagly different aP < 0.05. Means within columns for

each formulation followed by the same letter (Lower case) are noficagiy different atP < 0.05, by use of DIFF option in an
LSMEANS statement in PROC MIXED in SAS. Percentage data werddraresl by the arcsine square-root method. Analysis was
conducted separately for each attract-and-kill formulation. Py stti®yrePe = Permethrin, Cy = Cyfluthrin.
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Table 4. Mean number (xSE) of eggs laid Bemterpunctellafemale after being paired for 24 hours with a male that had responded

to one of three different attract-and-kill formulations in a wind tunnel damiegght-week period.

Mean number (+SE) egg laying gerinterpunctellafemale
Formulation Doses Weeks after treatment
0 2 4 6 8
Blank50mg 57.0+114 Aa 612 125 Aa 487 ¥80 Aa 53.7 ¥10.8 Aa 535 7.0 Aa
Blank 100 mg 53.0+9.9 Aa 627 *174Aa 480 9.1 Aa 46.7 £10.3 Aa 446 *11.2 Aa
Pe6% 50mg 49.5%x11.3 Aa 479 151 Aab 357 ¥96 Aa 479 ¥93 Aa 51.1 ¥10.3 Aa
Gel Pe 6% 100 mg 54.449.4 Aa 312 99 Ab 40.7+10.1 Aa 52.7 #82 Aa 473 9.0 Aa
Py6% 50mg 49.2+11.0 Aa 447 132 Aab 215 79 Aa 46.1 8.8 A, 489 +11.2 Aa
Py6% 100mg 44.7#9.1 Aa 30.8 *10.0Ab 351 #10.3 Aa 439 9.4 Aa 549 84 Aa

Blank 56.3 +11.4 C,a 645 +123B,a 584 +10.3 AB,a 86.7 +95 AB,a 118.3 +11.2 B,a
Cy 0.01 % 53.9+9.7 B,a 417 7.3 B,b 56.9+11.8 AB,a 80.6 +13.0 Aa 54.1 +7.9 Bb
Wax panel Cy0.1% 48.318.2 A,a 451 82 Aab 440488 Aab 352 164 Aa 42.1 55 Abc
Cyl% 43.7 19.2 Aa 146 156 B,c 28.1+9.2 AB,bc 22.3 +6.9 AB,bc 130 #49 Bd
Cy6 % 50.9 8.7 Aa 71 £33 B, 218171 B,bc 151 +6.0 B,bc 16.7 5.5 B,
Pe 6 % 353+7.8 Aa 173 8.1 ABc 9.0#46 B.c 9.7 5.6 B,c 25.6 +11.7 AB,cd
Blank 56.3 t9.0 A,a 521 *11.8Aa 56.7 8.8 Aa 64.5 +10.2 Aa 52.1 6.7 A,
Plastic Cy 2% 186+6.1 Apb 52 23 Ab 43131 Ac 105 4.2 Ac 198 7.3 Ab
Cylinder Pe 2% 22.0+7.2 AB,b 199 52 Bb 222+6.8 AB,bc 414 83 Ab 38.7 +12.8 AB,ab
Py 2% 31.1 8.0 ABb 243 65 ABb 270169 AB,c 37.1 +6.9 Ab 145 5.2 Bb

Means within rows followed by the same letter (Upper case) are not samtiyi different aP < 0.05. Means within columns for
each formulation followed by the same letter (Lower case) are noficagtiy different atP < 0.05, by use of DIFF option in an
LSMEANS statement in PROC MIXED in SAS. Analysis was conducted gepafar each attract-and-kill formulation. Py =
Pyrethrin, Pe = Permnethrin, Cy = Cyfluthrin.
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Table 5. Mean percentage (%) of eggs hatched (xSE) from those lafl. lpterpunctellafemale after being paired for 24 hours
with a male that had responded to one of three different attract-andakiilations in a wind tunnel during an eight-week
period.

Mean percent (+SE) hatching gerinterpunctellafemale
Formulation Doses Weeks after treatment
0 2 4 6 8
Blank50 mg 63.0+7.9 Aa 66.3 9 Aa 76.3 ¥6.7 Aa 69.9 8.4 Aab 82.1+4.6 Aa
Blank 100 mg 66.5+8.3 A,a 51.6 +9.8 Aab 693 81 Aa 56.8 8.6 A,ab 69.0£9.2 Aa
Pe 6% 50mg 59.619.3 AB,a 25.0 8 Cc 442 193 BCb 685 82 Aab 68.3+t7.9 AB,a
Gel Pe 6% 100 mg 64.3t8.7 AB,a 39.2 94 B,bc 528 +9.9 AB,ab 759 74 Aa 60.2+9.1 AB,a
Py6% 50mg 525+85 AB,a 36.0+94 B,bc 357 193 B\b 57.7 9.8 AB,ab 60.0£8.3 Aa
Py 6% 100mg 64.6+89 AB,a 378 9.7 Cbc 42598 BCb 494 +10.3ABCb 66.7 £8 Aa

Blank 69.7 +9.4 B,a 655 +8.8 B,a 80.0+7.8 B,a 77.6 6.2 AB,a 95.9+1 Aa
Cy 0.01 % 65.9+8.8 B,a 65.6 +7.8 B,a 49.2 +85 B,b 66.5 7 AB,a 83.318 Aa
Wax panel Cy0.1% 68.2+6.9 AB,a 683 8.1 AB,a 488 9.2 B,b 64.9 +8.8 B,a 82.8+8 Aa
Cyl% 65.8 +9.1 Aa 35.6 89 BC,b 142 +55 C.c 42.3 198 Bb 225489 BC,b
Cy6 % 69.4 £8.1 Aa 11.1 #5.6 B,c 59 +25 B,c 18.2 48 B,c 8.716 B,b
Pe 6 % 61.1+99 Aa 124 +6.8 B,c 199 +8.1 B, 27.1 8.8 B,bc 7.914 B,b
Blank 75.3 8.7 Aa 58.4 11 B,a 74.7 86 Aa 88.9 156 Aa 94.3t1.2 Aa
Plastic Cy 2% 35.2+9.9 AB,b 84 t5.1 ABb 80 15 B,c 169 7.1 Ac 28.7+9.7 Apb
Cylinder Pe 2% 39.9+10.1 Ab 43.7 9.3 Aa 37.2 £105 Ab 56.1 9.2 Ab 43.0£10.9 Ab
Py 2% 51.7 +9.8 AB,ab 43.2 #10.1 AB,a 42.7 +9.9 B)b 67.7 9.1 Apb 37.9+10.7 B,b

Means within rows followed by the same letter (Upper case) are not samtiyi different aP < 0.05. Means within columns for

each formulation followed by the same letter (Lower case) are noficagiy different at® < 0.05, by use of DIFF option in an
LSMEANS statement in PROC MIXED in SAS. Percentage data weredrarest by the arcsine square-root method. Analysis was
conducted separately for each attract-and-kill formulation. Py stti®yrePe = Permethrin, Cy = Cyfluthrin.



CHAPTER IV

PHEROMONE-BASED SUPPRESSION METHODS TO CONTROL INDIANKIE
MOTH, Plodia interpunctellgHubner) (Lepidoptera: Pyralidae) IN COMMERCIAL

ESTABLISHMENTS

Abstract

Three attract-and-kill formulations f&fodia interpunctellaHibner, a gel, a wax
panel and a plastic cylinder were tested in simulated warehouse rooms at thiteessdens
of devices and at three densities of moths per room. The wax panel and the plastic
cylinder formulations suppressed all the densities of moths with only one gevice
room. A second study with two field experiments was conducted during 2005 and 2006
in replicated commercial pet food and grocery stores that harbored naturalipopudét
P. interpunctella In the summer of 2005 the wax panel formulation suppressed adult
male responses to traps and numbers of larvae in food bait cups after the first month of
being established, and suppression was maintained until the third month compared to
non-treated buildings. The second experiment in 2006 compared several pheromone-
based methods of control in commercial food retail buildings. Numerically, the mass
trapping treatment showed the lowest adult moth capture after the first month of the
experiment until the end of the third month. However, this treatment was similar
statistically to that of the attract-and-kill panels, mating disruptiomanetreated
control establishments in most of the weeks. Monitoring of larvae in food cupsectveal

the pheromone-based methods were not significantly different from each othegtbut
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they suppressed moth populations in most of the weeks compared to non-treated control
buildings. This research shows potential for successful pheromone-based suppression
methods for Indianmeal moths in commercial food storage applications.

Keywords: semiochemicals, attract-and-kill, mass-trapping, matsngption, stored

products.

INTRODUCTION

Since the female-produced sex pheromorielodia interpunctellgHibner) was
identified aqZ,E)-9,12 tetradecadienyl acetate, referred to here as “ZETA” (Bradly
1971, Kuwaharat al 1971, Kuwahara and Casida 1973, Sosteal 1974, Soderstrom
et al 1980, Teakt al 1995 and Zhet al. 1999), its use in management of this important
pest has been implemented in different ways. The main use of pheromones for stored-
product pests is as attractant lures in traps for detection and monitoring of gestgye
(Phillips 1997) in food storage areas, processing factories (Hoppe and Levinson 1979;
Vick et al. 1981, 1986), wheat storage bins (Hagstrum 2000), in and around flour Mills
(Doud and Phillips 2000) and feed mills (Roeslal. 2003). Pheromone lures fer
interpunctellaare often deployed in sticky traps that offer advantages over visual
inspections (Mullen and Dowdy 2001), and are valuable tools for determiningl sjpeti
temporal distribution and encourage the use of integrated pest management programs
(Mueller 1998) and in enclosed environments are useful for making management
decisions against insect pests (Burkholder and Ma 1985). Additionally, the kyngfevi
lures enhances trap-catch efficiency (Mulégral. 1991). For example, the efficiency

and longevity of. interpunctellasex pheromone was tested in a warehouse where the
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attractiveness of Storeg&rtures (Trece Inc., Salinas, CA) and Bioftitares (Consep
Membranes Inc., Bend, OR) were up to 40 weeks, a time period beyond manufacturers’
claims (Mullen et al. 1991).

The use of pheromones for suppressing insect pests has been studied widely in
Lepidoptera with the goal being to reduce the population by killing mainly roaias
other ways to prevent mating to females. Mass-trapping is a method based on the
catching and killing of as many males as possible, and thus reduces matiatpby m
storage moths in warehouses and flour mills (Mueller and Pierce 1992, Levinson and
Buchelos 1981, Trematerra 1994), and other food storage facilities (€ ladwt977).
Mating disruption is another method in which one releases high levels of synthetic
pheromone in a treatment area so that the male moth gets confused and is not capable of
finding the female, either by “false trail-following” or by some neuraiugiton in male
behavior (Cardé and Minks 1995). Mating disruption for stored-product moths has been
evaluated fofSitrotoga cerealelldOlivier) (Vick et al. 1978) ancEphestia cautella
(Walker) (Mafra-Neto and Baker 1996, Shani and Clearwater 2001) in corn storage
(Fadamiro and Baker 2002). Mating disruptiorPofnterpunctellashowed a reduction
of up to 93% mating dP. interpunctellgpopulations in small-scale plots (Ryeieal
2001). Another type of pheromone-based suppression is the “attract-and-kill” method
that is a combination of a sex pheromone and a killing agent, such as a pathogen or
insecticide (Lanier 1990), and is also known as “lure and kill”, “attract and kill” and
“attraction-annihilation”. Attract-and-kill may target males, feasabr both, depending
on the system, and this technique has been studied in important Lepidoptera pests in

stored-products, such as the navel orangewAmyelois transitell§Phelan and Baker
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1987) and the Mediterranean flour mdphestia kuehniellZeller (Trematerra and
Capizzi 1991). Research on the Indianmeal nliblia interpunctellainvestigated the
attract-and-kill LastCall® gel and was able to suppress oviposition btig éowest
populations density (1 male:1 female) in simulated warehouses of 11.3 cuhis mete
(Nansen and Phillips 2004). Recent work (Chapters 2 and 3 of this dissertatior) studie
variety of contact insecticides and attract-and-kill device designs foresgopg
Indianmeal moth populations.

The overall objectives of the work reported in this chapter were to determine the
efficacy for attract-and-kill devices for suppressing populations of inagal moth
under simulated and actual field conditions, and to compare this method with mass-
trapping and mating disruption in field situations. Three experiments were cethduct
First, the effectiveness of three attract-and-kill formulationsdppeessing small
populations oP. interpunctellavere evaluated under controlled conditions in simulated
warehouse rooms. A second study was the assessment of the attract-ananidiitémt
into wax panels in true commercial establishments with naturally occuindragymeal
moth populations. The third study compared the pheromone-based control methods of

attract-and-kill, mating disruption and mass trapping in commercial estatgnts.
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MATERIALSAND METHODS

Insects. P. interpunctellamale and female adults used in simulated warehouse
experiments were reared on diet containing corn meal, chick starter/gnuneles, all
mash egg crumbles and glycerol (4:2:2:1 by volumetric ratio) in 460-ml gi&ss |
(Alltrista, Muncie, IN) placed in a growth chamber at 28 °C, 60-70 % R.H., and 16:8 hr
(L:D) (Phillips and Strand 1994). Cardboard rolls were placed into the cultuferjaing
last stage wandering larvae to crawl into and pupate. The pupae wereddrmavéhe
cardboard rolls, separated by sex and placed individually into 1-dram shelitial
ventilated plastic caps (Fisher Scientific, Pittsburg, PA) and returned g¢oaivéh

chamber until they emerged as adults. One- to two-day-old virgin adults wdruse

the simulated warehouse studies, and these adults were only used once.

Simulated War ehouse Experiments. These experiments were conducted using four
separate commercial “mini-storage” rooms located near Stillwaker,The building

was divided into several main sections by halls and doors; and every sectiaimed

six to seven individual storage rooms. The dimensions of the storage rooms used were

3.3-% 3.3-%6.6-m, for a volume of 71.9 n The storage rooms were composed of a

concrete floor, sheet-metal walls and a sheet-metal ceiling; the entwasca metal roll-

up over-head door. The storage rooms were equipped with minimal climate control so

that the air temperature was kept between 25 and 30 °C in the summer season. The upper
side of the sidewalls had a 10-cm-wide gap that was covered with a pleesicto

prevent insects from escaping or entering the storage rooms. A plastizvabdring

just inside the door to each room and was sealed with tape and Velcro to the céiding wa
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and floor to prevent aduR. interpunctellafrom flying away when the experimental
room was being serviced.

Three attract-and-kill formulations, described also in Chapter 3, wéed iesa
series of simulated warehouse experiments. The first formulation waagt@all® gel
applied as a 100-mg droplet onto % 4 cm piece of aluminum foil. The gel contained
the pheromone ZETA at 0.16% by weight and the pyrethroid insecticide Permatthri
6% by weight. The second formulation was the wax panek{B0cm; Suterra, Bend,
OR) impregnated with Permethrin at 6.0% and deployed with a Bfotaretrolled
release pheromone lure (Suterra, Bend, OR). The third formulation was @ pleshi
cylinder (7 mm mesh; 35-cm heighktl0-cm diameter) coated with the pyrethroid
Cyfluthrin at 2.0% in the spray and deployed also with a Biflie hung in the center
of the cylinder. In treated mini-storage rooms the attract-and-kilcdswere held with
a small binder clip and hung from the ceiling with a steel wire at about 1.E&mrtHe
floor. Experimental treatments, which were a non-treated control and 1, 2 @&c8-attr
and-kill devices, were randomly assigned to each the four mini-storage esam
deployed on a Monday, and then removed on a Friday for each of the four one-week-long
replicates. A Petri dish bottom (2690 mm), containing 15 g of wheat as an egg laying
substrate, was placed close to each of the four corners of each room and onvtopaf a
board (5.0 7.5% 7.5 cm) to avoid direct contact with the floor. Two-day old virgin
male and female adults Bf interpunctellavere released at opposite ends of the room,
males at one end and females at the other, within 60 cm of the walls. The four Petr
dishes with wheat were retrieved from each room at the end of the 4-day exposake per

labeled and transported to the laboratory for processing. The wheat from eadtsPetr
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was carefully sifted with a standard U.S. No. 14 sieve and the number of elggsdach
dish was counted.

The three attract-and-kill formulations (gel, wax panel, and the plastnciey) were
tested in nine separate 4-week long simulated warehouse experimentsregrireaf O
(non-treated control), 1, 2, or 3 attract-and-kill devices per mini-storage reparse
experiments for each formulation were conducted at moth densities of 5, 10, or 15 male-
female pairs released per room. The response variable observed aftepieate was
the number of eggs laid per dish of wheat in each room during a given 4-day study
period, or replicate. The overall experiment was a randomized completedekign
with a factorial arrangement for which the factors were the densihotifs per room,
the number of devices per room, and the type of attract-and-kill formulation testlbd, e
conducted four times, or one replicate per week for four consecutive wEe&slata
were analyzed with the PROC MIXED procedure (SAS Institute, 2005 atrent
differences were analyzed with pair-wise t-tests and comparisongprteeted by
examining the SLICE option within the LSMEANS statement atithed.05 level.
Commercial-Scale Field Experiments. Two field studies of pheromone-based
suppression of naturally occurriiy interpunctellgpopulations were conducted during
the spring and summer months of 2005 and 2006 in the area of Dallas, TX. The 2005
study compared the attract-and-kill wax panels with non-treated bigldifdgotal of 8
buildings were used, including 5 pet food stores and 3 small grocery stores, and thus four
buildings were randomly assigned to each treatment. The 2006 experiment had 15
buildings: 6 pet food stores, 8 grocery stores and 1 small pet food warehouse. The 2006

study compared attract-and-kill vs. mass trapping vs. mating disruption.dfor ea
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building the types of food products were identified and building space measurements
were taken to calculate the volume of each building so that treatments could ablequit
assigned to buildings across replicates based on building size and perceived moth
infestation level. Since simulated warehouse experiments found the wax panel was
effective at its lowest deployment density (see below), which was one paifdl.pern,
the treatments were applied to the commercial buildings at that same denisash the
2005 and 2006 field experiments.

In 2005 only the attract-and-kill wax panel (Suterra, Bend, OR) formulated \Wih 6
Permethrin and a Biolufepheromone lure (Suterra, Bend, OR) were used and compared
to non-treated buildings. In 2006, a new attract-and-kill panel was sthdiedds a 20-

X 13-cm piece of plastic-coated paper (same material used for diamond-sinaqed s

traps, but without the added glue material; Suterra, Bend, OR), sprayed to rutiaff w
solution of the pyrethroid Deltamethrin at 0.08% (A.l.) and deployed with a Bfolure

lure. The mass-trapping treatment used standard diamond-shaped apskibtiterra,

Bend, OR), each deployed with a Biolfilare, at the same density of 1 trap per 71°9 m
The mating disruption treatment used only Biofireres that were also deployed at a
density of one lure per 71.9°ms in the other treatments. These three treatments were
compared to each other and to buildings that were non-treated controls.

Moth Population Variables. Adult males were monitored in both the 2005 and 2006
field trials using diamond-shaped sticky traps (Suterra, Bend, OR) deplayea w

Biolure® lure. Ten sticky traps were used per store and these were deployed for a 3-da
period, from Friday to Monday, every two weeks over the approximate 3-month period of

the experiment. The pheromone trap monitoring of males started in every building tw
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weeks before the treatments were assigned to the buildings. Once thertsatere
assigned and deployed they were left in place for the duration of theregpein each

year. Moth reproduction in each building was monitored by counting larvae developing
in 10 Styrofoam baits cups (226 ml; Dart, U.S.A.) placed in each building. Each bait cup
contained 50 g of laboratory moth rearing diet (see above) and the 10 cups were
distributed evenly throughout each building and replaced every two weeks, on a Monday
at the end of a 3-day pheromone-trapping period for the course of the experiment.

As with the pheromone traps for monitoring males, the bait cups for monitoring female
reproduction were initially deployed in all buildings two weeks before theriezds

were assigned, and then monitoring continued on a 2-week cycle for theserdye

The bait cups were returned to the laboratory and placed in a growth chamber at 28 °C,
60-70 % R.H., and 16:8 hr (L:D) photoperiod for another two weeks to allow for egg
hatching. Cups were then put in a heated sand bath (55 + 5 °C) until the larvae crawled
up and out of the diet, escaping from heat, and they were counted.

Data Analysis. For the 2005 experiment the wax panel was compared to non-treated
controls; it was a balanced, completely randomized design with four buildsigaes

the treatment and four non-treated, and observed over a 3-month period. In 2006 the
attract-and-kill panel, mass trapping and mating disruption methods were cdngotre
non-treated control building. Each pheromone-based treatment was assigned to each of
four stores, and only three stores were designated non-treated controls, s Hns wa
unbalanced completely randomized design. The variable responses analyzéw were t
number of males caught per sticky trap and the number of larvae collectzaltprmp.

The data were analyzed with the PROC MIXED procedure (SAS Ins2@®&) using
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the REPEATED option (every two weeks during the three-moth period). Treatment
differences within two-week periods were analyzed with pair-wisst tated comparisons
were protected by examining the SLICE option within the LSMEANS staiteatéhe

o = 0.05 level.

RESULTS

Simulated war ehouses. The analysis of variance for eggs laid by fenfale
interpunctellain simulated warehouse studies (Table 1) showed a significant difference
among attract-and-kill formulations4, 151= 8.72,P = 0.0003), among the number of
attract-and-kill devices assigned to roorfas £14= 28.37 P < 0.0001) and among density
of moths in the roomd=¢, 214=5.19,P = 0.0063). However, there were no significant
interactions of the device type and the number of devices depleyash € 0.33,

P =0.9178), the device type and the density of moths in each feomi1E 1.64,

P =0.1674), the number of devices and the density of moths per Faom £ 0.31,

P =0.9299), nor in the three way interaction of the device type, number of devices and
density of mothsKi2, 151= 0.42,P = 0.9522). Only a single wax panel or a single plastic
cylinder device per room was needed to significantly suppress the eqydayith

densities (5, 10, and 15 pairs per roomiPointerpunctellacompared to non-treated
control rooms with no attract-and-kill devices. The LastCall® gel was thedfactive

of those tested as it significantly impacted the egg laying only at theshigite of 3
devices per room, and this was only at two densities of moths. Eggs laid in the non-
treated control rooms were statistically similar to those laid in rocatett with 1 or 2

gel devices per room at all three moth densities.
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Field Experiments. The mean number &. interpunctellaadult males per sticky trap is
shown in Figure 1 for the 2005 field experiment. There was an overall statistical
difference between the attract-and-kill wax panel and non-treated atrogeeksKs, 26.5
= 2.86,P = 0.0340). Trapping on June 10, which was during the pre-treatment period,
showed no significant difference between the wax panel and the non-treated c
buildings, and this lack of difference was similar to that observed on July 8, grst aft
treatment. However, from July 22 until the end of the experiment (September 2), the
buildings with wax panels had significantly lower male moth captures in pherorapse t
compared to non-treated buildings (Fig. 1).

Figure 2 shows the mean number of larvae per bait cup for the 2005 experiment in
wax panel-treated and non-treated buildings. The overall differencedmetsgatments
for the entire experiment was marginally significdat §.4=5.20,P = 0.0597). Analysis
of each week separately found that treatments were similar stdtidtican June 10
through July 22, but from August 5 to the end of the experiment the number of larvae
present in the bait cups in buildings treated wax panels was significanthytltamethose
from bait cups in non-treated buildings. The results for 2005 suggest that the wax panel
treatment suppress&d interpunctellamale activity and reproduction about 1-2 months
after application.

The mean number &. interpunctellaadult males responding to pheromone traps in
the 2006 experiment is shown in Table 2. There was a significant difference among
treatmentsK 3, 17.= 5.52,P = 0.0074) and week&{, 75.9= 4.11,P = 0.0007), but there

was no significant difference in the interaction of weeks by treatménisz¢ 1.57,
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P = 0.0824) for male trap captures. The pre-treatment monitoring was made at weeks O
and 2 (Jun 2 and 16 of 2006). At week O there were no significant differences among
treatments, and at week 2 the buildings destined to be set-up with the attrkitt-and-
method showed the higher number of adult males (7.3) caught per trap compared to the
other treatments. Treatments were set-up on JohA®6. There were less than 0.5

adult males per sticky trap in the mass-trapping treatment for all but opéegaanod

during the whole experiment, which were numerically the lowest male numbers
compared to the rest of the treatments. However, males caught in rpassgtra

buildings were not significantly different from those for the mating disrupteatrhent,
except in week 6. The attract-and-kill, mating disruption and non-treated did not show
significant differences in male activity by the end of the study, exagytafter the
deployment of the pheromone-based devices in the stores on week 4 when mating
disruption and mass-trapping were statistically similar and diffeced the other

treatments.

The mean number &. interpunctelldarvae per bait cup in the 2006 experiment is
shown in the Table 3. There was an overall significant difference amongentatm
(Fs3.16.4=7.62,P = 0.0021), but there were no significant difference among weeks.{
=0.28,P = 0.9444), nor was there any significant interaction of weeks (time) by
treatmentsKas, e0.3= 0.81,P = 0.6858). The pre-treatment monitoring with bait cups was
for one two-week period, ending June 16 of 2006, and there were no statistically
significant differences at that time among buildings intended for the variaisé&ets.
Larval counts dropped dramatically after deploying treatments; tlaetaéind-kill, mass-

trapping and mating disruption methods were not significantly different focmagher,
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but had significantly lower numbers of moth larvae in food cups compared to non-treated
controls in most weeks. Larval numbers in the non-treated buildings weésecsthy

similar to the attract-and-kill buildings at week 4 and 12, and they were simitze t

mating disruption at week 10. On these dates, the number of larvae was low in many
samples, and this may have been due to the presence of Sawtooth grain beetle,
Oryzaephilus surinamensis some cups, which might have preyed on moth eggs. We

also found the larval parasitoBtacon hebetom food cups on those dates.
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DISCUSSION

One possible cause for the low impact on egg laying by LastCall® gel at high
population densities in the simulated warehouse experiments was that adultotiisle m
were found stuck on the small surface of the gel drop in some cases, and thasenay h
prevented other males from contacting the gel and dying before matingheApossible
effect on treatments with low egg laying was that fresh gel, whiclimedsdy released
large amounts of pheromone initially, repelled or interrupted response of adellt mal
moths instead of attracting them, and these males may have been inhibitéel to ma
females. Apparent effectiveness of the LastCall® gel at the lonast density, one
male and one female, in the study by Nansen and Phillips (2004) probably resulted from
the single male in most replicates being killed after contact with thevgelh preceded
his finding the female to mate. In the present simulated warehouse studegdste
moth density was five males and five females, and it was possible thait mmee males
successfully located and mated females in the high moth density trialsopcmntacting
the toxic gel. The wax panel and plastic cylinder devices tested in the sonulate
warehouse studies were clearly effective at suppressing moth reproduchiesdn t
rooms, even at the lowest density of one device per room. The effectiveness of the wax
panel and cylinder devices was probably due to their larger surface arezs, whi
facilitated higher contact frequency and greater contact time l®gnes demonstrated in
results from Chapter 3.

The increases of tHe. interpunctellgpopulations in the commercial field sites during
the 2005 and 2006 field trials probably resulted from the movement of infested

merchandise into the establishments and also from normal increases of moth numbers due
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to reproduction in warm weather with ample food. The densities of adult males and
larvae were clearly suppressed in buildings treated with wax panels in 2005 edrtapar
the control buildings that displayed population increases. Thus the 2005 experiment
suggests that attract-and-kill wax panels with pheromone lures and 6.0%\RPerceat

be effective suppression tools for managing pest populatiddsinoterpunctella

The new attract-and-kill plastic-coated paper panels used in 2006 did not show male-
suppression results similar to those for wax panels in 2005. One of the causes may be
due to the much lower concentration of the active ingredient applied onto panels in the
2006 device (0.08% Deltamethrin sprayed to run-off) compared to the very high level of
Permethrin (6.0 % by weight) in the wax panels in 2005. One hypothesis about the
success of the wax panel attract-and-kill device is that the high caxtcem&ind amount
of the active ingredient on the wax surface made it a long-term and higtdineffe
killing device.

The 2006 field study showed that other pheromone-based methods could similarly
and significantly suppreg3 interpunctellareproduction in commercial food storage
buildings, as evidenced by low larval counts in bait cups. All three methods tested in
2006, which were attract-and-kill, mating disruption and mass trapping, used the same
pheromone release lures, Biolure®, and were all deployed at the samg okeosd
device per 71.9 fin treated buildings. Mating disruption has been recently shown to
suppress stored product moth populations at much lower deployment densities of lures
than studied here (Ryre al 2006). The mating disruption treatment had no male-
killing component with it, such as a insecticide-treated surface or a stagkyit can be

concluded that pheromone-releasing devices alone deployed at the density used in this
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study can significantly impact moth reproduction without the need to activeby kil
otherwise remove males from the population. Thus it follows that a potentiallyosiy-
low maintenance and relatively safe method like mating disruption using pheromone
lures only, may be optimal compared to using traps or toxic panels. Adoption of
pheromone-based control methodsRointerpunctellaby the pest control industry will
ultimately depend on consideration of cost-effectiveness of the method and otketr mar
or practical factors related to the customer, the practitioner and the stodedtsystem

being managed.
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Table 1. Mean number of eggs laid (+SE) per Petri dish for hree tattract-and-kill formulations (gel, wax panel, and plastic

cylinder) at densities of 0, 1, 2, or 3 devices per warehouse room and at three demaitigns (5, 10, or 15 pairs).

Formulation Pairs Density of devices per warehouse room (713 (#SE)
of moths 0 1 2 3
5 159+ 4.8 B,a 73xt72Aa 54 +40ABa 06+x06Ab
Gel 10 323+ 6.6 ABa 163+96Aa 163 +9.7ABa 130x48Aa

15 37.6+4.6Aa 17.7+19Aab 181 +59Aab 157+95Ab

5 209+ 8.2 AB,a 1.0+ 08Ab 0.0 +00 Bb 00x00Ab

Wax panel 10 17.5% 8.2 AB,a 24+ 15ADb 02 +01 Bb 00x00Ab
15 25.2+ 7.5 AB,a 20+1.0ADb 01 +0.1 Bb 00+00Ab

5 158+ 6.0 B,a 31+24Ab 0.0 +00 Bb 00x00Ab

Plastic cylinder 10 32.2 6.8 AB,a 6.3+25Ab 06 +05 Bb 00x00Ab
15 25.8+ 7.7 AB,a 82+x17Ab 30 +16ABb 05+x04Ab

Mean within columns followed by the same upper case letter are not signdfifargnt atP > 0.05. Means within rows followed by
the same lower case letter are not significantly differeRt>a0.05 (ANOVA followed by pair-wise t-test of effect among attract-and
kill formulations,F2, 151= 8.72,P = 0.0003).



Table 2. Mean number (xSE) Bf interpunctellaadult males per sticky trap caught using several pheromone-based methods of
control in commercial establishments in Dallas, TX. 2006. Treatments were setl1§i20006/ after Week 2 of the period
6/2/06 to 9/2/06.
6/2/2006  6/16/2006 6/30/2006  7/16/2006  7/28/2006  8/11/2006  8/25/2006 9/2/2006

Treatment Week 0 Week 2 Week 4 Week 6 Week 8 Week 10 Week 12 Week 14
Non-treated 0.9 (x0.1))a 2.9 (x1.2b 3.3(x1.3)b 4.6(x1.0)a 4.2(x2.7)a 4.3(x4.1)a 4.1(x1.7)ab 4B(x1.0)a
Attract-and-kill 3.6(x1.8)a 7.3(x2.3)a 5.1 (x1.0)a 2.9(x0.6)a 5.6(x1l.5)a 4.3(x1l.4)a 5.7(x1.2)a(x0.3)2
Mating Disruption 0.4 (¥0.2)a 1.6 (x0.2)b 1.2 (x0.5)c 2.4(x1l.4)a 2.7(x2.8)ab 2.3(x0.52aP(+0.6)b  2.6(x0.3)ab
Mass Trapping 0.6 (x0.5)a 1.8(#0.7)b 0.5(x0.2)c 0.2(x0.2)b 0.2(x0.1)b  0.3(x0.2)b  0.3(x0.2)b 0.5(x0.1)b

Means within columns followed by the same letter are not significantlyelffetP > 0.05 (ANOVA followed by pair-wise t-test of
. the effect among treatmeni, 17.7= 5.52,P = 0.0074).
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Table 3. Mean number (xSE) Bf interpunctellalarvae per bait cup caught using several pheromone-based methoatgrol in

commercial establishments in Dallas, TX. 2006. Treatments wergson 6/19/2006, after Week 2 of the period 6/2/06 to

9/2/06.
6/16/2006  6/30/2006  7/16/2006  7/28/2006  8/11/2006  8/25/2006 9/8/2006
Treatment Week 2 Week 4 Week 6 Week 8 Week 10  Week 12 Week 14
Non-treated 7.9(x46)a 13.0(x5.4)a 13.9(x7.1)a 16.9(x7.8)a 159 (#6.1)a 13.9 (x4.9)a  15.1 (¥6.5)a
Attract-and-kill 3.4 (+1.4)a 5.4 (+2.9)ab 3.6 (¥3.0)b 3.1(+2.8)b 54 (*3.9)b 8555 ab 3.7 (2.1) b

Mating Disruption 7.8 (x4.00a 0.0(x0.00b 15(15b 00(x00b 83(6.4)ab 1.2(x1.1)b 35(x1.7)b
Mass Trapping 34(x2.0)a 3.0(x2.6)b 08(zx0.6)b 1.0(x1.00b 06(x0.4)b 1.0(x090b 0.2(x0.2) b

Means within columns followed by the same letter are not significantigreift ai® > 0.05 (ANOVA followed by pair-wise t-test of
the effect among treatmeni, 16.4= 7.62;P = 0.0021).
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Fig. 1. Mean number (xSE) #&. interpunctellaadult males caught per sticky trap by
effect of the attract-and-kill formulated with wax panetapiegnated with
Permethrin 6.0% A.l. and deployed with a synthetic female sexopiugre
Biolure® in treated and non-treated commercial establishmenDalias, TX.
2005.

* Treatments are significantly differentR 0.05 (ANOVA followed by pair-
wise t-test of the treatments effect within wedks6.5= 2.86;P = 0.0340).
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Fig. 2. Mean number (xSE) d@?. interpunctellalarvae per bait cup by effect of the
attract-and-kill formulated with wax panels impregnated withnfe¢hrin 6.0%
A.l. and deployed with a synthetic female sex pheromone Bioluref@ated and
non-treated commercial establishments in Dallas, TX. 2005.
* Treatments are significantly differentR 0.05 (ANOVA followed by pair-
wise t-test of the effect among treatmeftss.4a= 5.20,P = 0.0597).
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CHAPTER IV

SUMMARY AND CONCLUSIONS

The following is a summary of the research conducted for this dissedattbe
evaluation of attract-and-kill formulations to control the Indianmeal niRitdia
interpunctella(Hubner) performed in the laboratory, in simulated warehouses, and in

commercial facilities.

Chapter I1. Contact toxicity of insecticides

The overall conclusions on the contact toxicity experiments with a variety of
insecticides found that pyrethroids and naturally derived pyrethrins, both applied to
surfaces at registered label rates, had the highest toxicity agduistale Indianmeal
moths in these studies compared with other classes of insecticides.thPieragplied at
the high rate of 2.0% in the final spray suppressed adult makesmaerpunctellaand
prevented reproduction for up to 8 weeks when applied to surfaces of plastic-coated
paper, bare metal, bare plastic and to a lesser degree on bare wood. Residyadfactivit
pyrethroids and pyrethrins was very poor when applied to a painted surface, and this
maybe due to degradation or reaction of the active ingredient when in contact with the
dry paint. The study clearly showed that attract-and-kill formulatongd control
P. interpunctellaor up to 8 weeks and can be developed using adequate application
doses of Permethrin to a variety of surfaces. The attract-and-kill mstdedirable for

reduced input of insecticides in food storage areas because the specifidagsted via
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the pheromone lure to contact a small amount of an effective and locally containgd kil

agent.

Chapter I11. Laboratory evaluation of attract-and-kill formulations

Three attract-and-kill device formulations were evaluated in the labpraging wind
tunnel bioassays to assess contact of males after flight, and toxicitypaodugion up
to eight weeks after formulation. For all the three experiments, at week 0r¢tbatpge
of landing and contact time was low, presumably because the pheromone dispersers w
brand new and at the moment that they were opened, they released high volume of
pheromone plume. These presumably relatively high levels of pheromone caused a
repellency or arresting effect, instead of direct attraction and ¢oftee gel-like
formulation had more than 70% of the adult males landing on the formulation at time 2.
However, the percent of males landing and their contact time was lowewvaék up
to the end of the experiment at week 8. Thus, the gel did not release an optimal amount
of pheromone to attract adult males. On the other hand, the wax panel and cylinder
formulations deployed with the Biolure® pheromone dispenser showed up to 100% of
landing and more than 6 seconds in average of contact time.

The low percent of landing and contact time of the attract-and-kill formulatidhs i
wind tunnel resulted in a low impact over mortality of adult males. The gelfateal
with Permethrin 50 and 100 mg, and Pyrethrin 100 mg killed more than 50% adult males
only at week 2. Better suppression of adult males was made by the Cyflui8tirmaéd
Permethrin 6.0% impregnated in the wax panel and Cyfluthrin 2.0% in the cylinder

device. The wax panel and plastic cylinder formulations impacted the ade# wigh
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more than 75% mortality from week 2 and persisted to the end of the experimeakat we
8. The formulations that impacted the adult male populations also impacted the egg
laying and the percent of egg hatching. Thus, wax panels and plastic cyliedzd

with Cyfluthrin and Permethrin, both at 6.0% [A.l.] and deployed with the Biolure® slow
release pheromone lure that lasts up to 8 weeks, offer a good suppression of adult mal

of P. interpunctellan wind tunnel conditions.

Chapter 1VV. Pheromone-based methodsin commercial establishments

The attract-and-kill devices were tested further under controlled ikelddnditions
in mini-storage rooms, which acted as simulated food warehouses. In the controlled
simulated warehouses experiment the wax panel and the cylinder formulations
suppressed the populations of Bha@nterpunctellaat 1 panel per room, regardless of
moth population density. This success was also in part due to the effectiveness of
attraction by the Biolure® deployed on these formulations. This controlled evqueri
eliminated the LastCall gel from further consideration and it was a baselinkeicmn te
design the field experiments in commercial buildings.

In the field experiments done in commercial establishments the wax jeated twith
6.0% Permethrin was very effective at suppresBingterpunctellapopulations during
2005. However, in 2006 a new attract-and-kill panel using 0.08% Deltamethrin sprayed
on plastic-coated paper, did not work as well as the wax panel in the previous year,
presumably due to the lower amount of active ingredient that was adsorbed tottbe plas
film (see chapter 2). Mating disruption using the same Biolures at the santg densi

attract-and-kill panels was very effective. Mass trapping was sitailaating disruption
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and more effective than attract-and-kill in the 2006 study because it trubyeednarge
numbers of males form the breeding population by trapping them, as opposed the
possible ineffective male-killing with new attract-and-kill formulatioives the proper
formulations, either method of control like mating disruption, mass-trapping atattra
and-kill, may be implemented to control this important pest, and their succkss wil

depend in the concentration of active ingredient for the attract-and-kill fationg, and
combination of the source of pheromone to be used. Success could also be enhanced by
limiting the movement of infested merchandise from store to store, and a good
recommendation would be to apply the method of control consistently to a whole set of

stores and their source of merchandise.

Conclusions

The impact of the studies reported here is that pheromone-based technigbes may
adopted by pest control operators and the food industry for managing stored product
moths. This dissertation can be used as baseline about how often the devices and lures
have to be set up and when they have to be changed. More research is needed in order to
test the longevity of the active ingredients. The ultimate adoption of adtrdeki| or
other pheromone based methods will rely in part on government regulatory appraval, use

acceptance through proven efficacy, and cost-benefit analyses by the user.
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