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CHAPTER 1. LITERATURE REVIEW

A. Insect Growth Regulators

Insect growth regulators (IGRs) are essentially the insect hormones that
govern an insect’s morphogenesis. Studies in insect hormones began as early as
1922 and, by 1936, it was confirmed that substances produced from the brain
regulated insect metamorphosis (Vinson and Plapp 1974). Three main hormones
regulated insect growth: brain hormone, molting hormone, and juvenile hormone.
The proportion of these hormones to each other is a finely orchestrated system
that regulates insect molting and development.

When the insect reaches the limits of its exoskeleton, the brain hormone is
released, triggering an increase in the titer of steroidal 20-hydroxyecdysone that
initiates insect molting (Vinson and Plapp 1974). Molting begins with a process
known as apolysis, the separation of the epidermal cells from the old cuticle. The
epidermal cells fill the resulting space with molting fluid. Simultaneously, the
cuticulin layer is secreted to act as a protective barrier against the molting fluid
and eventually becomes the epicuticle of the new exoskeleton (Dhadialla et al.
1998).

In immature insects, the sesquiterpenoid juvenile hormone (JH) is released
along with the molting hormone to prevent the development of adult tissue
(Dhadialla et al. 1998). In order to undergo a normal pupal molt there must be an
absence of JH and a steady increase of ecdysteroid. The only time JH is present in

the adult stage is during egg development (Vinson and Plapp 1974). Once the



new cuticular layers have formed, hormone levels decrease and the molting fluid
absorbs the endocuticle of the old exoskeleton (Dhadialla et al. 1998). The
epidermal cells recycle the digested cuticular layer to begin formation of the new
procuticle. As ecdysone levels taper off ecdysis begins. This is a process wherein
the insect will begin muscle contractions in order to shed its old exoskeleton.

As illustrated above, insect molting is finely regulated by neurohormones.
Any outside influence that alters the natural balance of these hormones or disrupts
the synthesis and absorption of the cuticle is detrimental to insect development.
Williams was the first to suggest that compounds imitating these hormones could
be used as insecticides (Williams 1967a). Hormonal insecticides are promising in
that they adhere to the fundamentals of integrated pest management (IPM)
principles; low toxicity to beneficial species, highly selective, and few deleterious
effects on the environment. Disrupting this molting process was first explored
when JH was extracted from the abdomen of Hyalophora cercopia (Cherbas) and
applied to pupae. This resulted in a pupal molt that produced a deformed insect
incapable of survival (Williams 1967a). Although prior to this study many other
compounds with JH activity had been identified (Schmialek 1961, Bowers et al.
1965, Bowers et al. 1966), it was not until William’s suggestion that the industry
began to implement mass research and synthesis of hormone-based insecticides
for commercial use (Dhadialla et al. 1998). Currently, there are three basic
categories of IGRs differentiated by mode of action: juvenile hormones and their

analogs, chitin synthesis inhibitors, and ecydsone agonists.



These IGRs have many great attributes, but as is the case with any insect
control, they do have limitations to take into consideration. Certain predators and
parasites are negatively affected by either direct exposure or exposure to treated
hosts (Zungoli et al. 1983, Reede et al. 1984, Rumpf et al. 1998, Schneider et al.
2003). Although it was originally thought that insects would be unable to develop
resistance to insecticides mimicking their own natural hormone, it has become
apparent that resistance management must be implemented. There is already
evidence of insect resistance and reports of cross-resistance between
organophosphates and IGRs (Vinson and Plapp 1974, Moffitt et al. 1988, Perng et
al. 1988, Kobayashi et al. 1992, Horowitz and Ishaaya 1994, Sauphanor and
Bouvier 1995, Biddinger et al. 1996).

IGRs are slow in nature. The insect can continue feeding after exposure,
which can be a problem if crop aesthetics directly affect marketability. Not only
are IGRs slow-acting but timing of field applications is critical. In order to
maximize their insecticidal potential, the grower must apply them at very specific
moments in the insect life cycle. Although there are sublethal effects on both
adults and eggs, the most sensitive stages occur in the larval and pupal stages.
For example, juvenile hormones and their analogs are best applied late in the last
larval instar and the first few days of the pupal stage (Staal 1975). Applications
too early in the larval instar can result in supernumerary larval instars that,
although may not become adults, can cause an increase in feeding damage. Pupal
stages are just as, if not more, sensitive than larval stages but only if applications

occur during the first few days of pupal development (Staal 1975). Treatments



made later may require higher doses to have an impact and may still result in a

normal pupal molt (Staal 1975).

1. Sublethal Effects of Insect Growth Regulators

IGR’s, as illustrated previously, have many attributes that show promise in
their potential as addition to many IPM programs. However to have maximum
lethality, these compounds must be applied at very specific stages of an insect’s
development. In order to affect the greatest number of a pest population, a grower
must be vigilant in monitoring pest populations and be exact in the timing of
applications. Thus the practicality and efficiency of using IGRs in the field can
be compromised.

IGR’s are designed to alter or hinder the regularity of both the insect’s
endocrine and nervous system. Therefore, many of these compounds have the
potential not only to kill the insect, but also to result in a myriad of physiological
and behavioral problems in the insect. These ‘problems’ are referred to as
sublethal effects, effects that do not result in fatality. For example, doses that may
not kill a pest but slow feeding would be considered sublethal. If IGRs do result
in sublethal effects that effectively minimize pest damage then a grower would
not be restricted to making applications in such a small frame of time. Sublethal
doses can impact a wide range of an insect’s life; for example, mating, courtship,

feeding, male and female reproductive systems, oviposition and overall fertility.



2. Chitin Synthesis Inhibitors

Chitin is an amino-sugar polysaccharide, an extremely abundant
biopolymer, (Cohen 1987) and is an integral part of an insect’s exoskeleton
providing protection, support, and structure. Flexible microfibers of chitin are
embedded in a matrix of proteins that give the insect exoskeleton its strength and
rigidity. Inhibiting chitin synthesis in insects will result in a myriad of problems:
inferior exoskeletons, molting problems, loss of fluids and death due to
dehydration (Verloop and Ferrell 1977).

Chitin synthesis inhibitors (CSI) belong to a group called benzoylphenyl
ureas that were discovered in 1970 to have insecticidal activity on chitin
deposition by Philips-Duphar B.V. Company (Weiland et al. 2002). Since then
insecticidal benzoylaryl ureas have reached commercial pest status (Cohen 1992).
The first CSI released for the market was benzoylphenylurea and diflubenzuron.
This CSI was a potent larvicide against Cydia pomonella (Miyamoto et al. 1993,
Tunaz and Uygun 2004). CSI’s are IGRs that act primarily at sites of chitin
synthesis in epidermal cells (Cohen 1987) interfering with chitin biosynthesis to
prevent molting or to produce a malformed cuticle (Mulder and Gijswijt 1973).
In addition, CSls affect the development by negatively impacting egg hatch and
causing hormone imbalances resulting in physiological disturbances such as
inhibiting DNA synthesis and altering carbohydrases (Verloop and Ferrell 1977,

Retnakaran et al. 1985, Mondal and Parween 2000).



Like other IGRs, CSI’s are highly specific and have been regarded as
having no impact on beneficial species. However, there have been recent reports
to the contrary, showing negative impacts on beneficial and non-target species
such as Diadegma semiclausum (Helen), Cotesi plutella (Kurdjumov),
Chrysoperla curnea (Stephens), Bemisia argentifoli (Bellows & Perring), and
Bombus terrestris (Linnaeus) (Haseeb et al. 2000, Haseeb and Amano 2002, Liu
and Stansley 2004, Medina et al. 2002, Machado et al. 2005, Mommaerts et al.
2006, Schneider et al. 2003). There is also evidence of cross-resistance between

benzoylureas and benzoylhydrazines (Sauphanor and Bouvier 1995).

i. Sublethal Effects of Chitin Synthesis Inhibitors

As discussed in the previous section, chitin synthesis is vital to the
development and survival of all insects. Exposure to CSI’s can be lethal.
However, if death does not occur, exposure will often result in a multitude of
physiological problems. A majority of the sublethal effects induced by CSI
impact overall reproduction at various stages, deform bodies and alter
development time.

Three different CSI products were found to affect the hatchability of eggs
in the pest termite Coptotermes formosanus (Shiraki) and long-term exposure
caused mortality of adult reproductives (Rojas and Ramos 2004). In the Blatella
germanica (Linnaeus), diflubenzuron in combination with other IGRs, induced
sterility and noviflumuron caused a significant amount of ovicidal effects (Ross

and Cochran 1991, King 2005). Baits laced with diflubenzuron or teflubenzuron



resulted in molting failures and adults with twisted wings in the desert locus,
Schistocerca gregaria (Forskal) (Wakgari 1997). Treated Drosophila
melanogaster (Linnaeus) developed deformed wings due to improper cuticle
synthesis in addition to suppressed oogenesis and eggs that did not hatch (Wilson
and Cryan 1998). Certain species of Lepidoptera displayed reduced fertility and
fecundity (Carpenter and Chandler 1994, Perveen 2000). Cydia pomonella
(Linnaeus) larvae suffered delayed ecdysis when treated with difulbenzuron
(Soltani and Soltani-Mazouni 1992). Exposed Spodoptera litura (Fabricius)
larvae had reduced weight in comparison to non-treated and also displayed
reduced egg hatchability (Perveen 2000). Novaluron has been suggested as a
valuable tool in controlling Leptinotarsa decemlineata (Say) populations due to
efficient activity against second-instar larvae and significant reduction in egg
production and hatchability (Cutler et al. 2005). Anthonomus grandis (Boheman)
saw reduction in cuticle hardness, fertility, and flight activity (Haynes and Smith
1994, Villavaso et al. 1995).

It must be taken into consideration, that these sublethal affects can also
impact beneficial species and nontarget species. For example, diflubenzuronis is
harmful to Chrysoperla carnea (Stephens) (Medina et al. 2002) and results in
breakable shells in freshwater clams (Machado et al. 2005). Additionally, a
beneficial Delphastus catalinae (Horn) suffered reduced egg fertility and
longevity (Liu and Stansly 2004). Exposure and ingestion to benzoylureas was

also toxic to beneficial parasitoids, often adversely affecting parasitism by



increasing development time to the adult stage and high active to other life stages

(Haseeb et al. 2000, Liu and Chen 2000, Haseeb and Amano 2002).

3. Juvenile Hormone Analogs

JH is an insect hormone secreted by the corpora allata that regulates the
development of insect larvae. In the final stages of the pupal development, there
must be an absence of JH in the presence of 20E in order for an insect to undergo
transformation to adult. Persistence of JH at this final molt would be extremely
disruptive to the insect’s development. Wigglesworth was the first to suggest the
existence of this hormone (Wigglesworth 1936, Dhadialla et al. 1998). By 1967,
it was hypothesized that this hormone could be exploited to disrupt the insect’s
life cycle (Williams 1967a).

Schmialek shed light on the chemical nature of JH by discovering JH
activity as farnesol derivatives in the fecal matter of Tenebrio molitor (Linnaeus)
(Schmialek 1961, Staal 1975, Wilson 2004). The chemical structure of the first
insect JH, referred to as JH 1, was elucidated by 1967 (Vinson and Plapp 1974,
Staal 1975.) Although what was to become known as JH 111 was synthesized as
early as 1965 (Bowers 1965), it was not until after the elucidation of JH I that
both JH Il and JH 111 were identified (Staal 1975). Following the identification of
JH 1, mass innovation in the research and synthesis of chemical analogs began.

Although these early creations had chemical structures greatly similar to
the natural JH, they were extremely limited in their use due to their lack of

stability outside and slow toxic action (Dhadialla et al. 1998). Of all the first



analogs created, methoprene was the most active and commercially successful
(Dhadialla et al. 1998, Wilson 2004). Agrochemistry companies developed
aromatic non-terpenoidal compounds with JH modes of action (Wilson 2004).
These proved to be more suitable for agriculture use, exhibiting greater metabolic
and environmental stability (Dhadialla et al. 1998, Wilson 2004). The majority of
JH analogs used currently do not have the same chemical structure as the natural
JH; however, they are much more effective and still have JH-like effects on
insects (Wilson 2004).

The main goal of juvenoids is to disrupt, rather than regulate, insect
growth. When applied to an immature insect, JH analogs bind with JH-interacting
proteins, affecting gene transcription (Wilson 2004). This results in not only a
change in gene products, but also a disruption in the natural development and
physiological changes that a maturing insect undergoes. These compounds have
been found to act as both JH mimics and antagonists. Exposure to these JH
analogs (depending on both dose and timing) will induce an extra, typically lethal,
larva-to-larva molt while antagonists inhibit JH, inducing a premature pupa-to-
adult molt that often produces sterile adults (Dhadialla et al. 1998). Juvenoids can
also cause pupal mortality and mortality in pharate adults (Staal 1973, Dhadialla
et al. 1998, Wilson 2004).

Juvenoids offer benefits such as sparing non-target organisms, breaking
down rapidly in the environment, and posing little threat to consumer health.
However, there is evidence of methoprene impacting vertebrate endocrine

responses (Harmon et al. 1995). Despite the low toxicity to non-target species,



juvenile hormones have been found to be toxic to fish and highly toxic to
estuarine invertebrates (Glare and O’Callaghan 1999). Although resistance to
IGRs is still relatively low-level, there have been reports of cross-resistance to
juvenoids in certain insecticide resistant strains of Tribolium castaneum (Herbst),
Bemisia tabaci (Gennadius), and Musca domestica (Linnaeus) (Brown and Brown
1974, Cerf and Georghiou 1972, Dyte 1972, Horowitz et al. 1999, Rupes et al.
1976). As is the case with any insecticidal control, resistance is virtually
inevitable; therefore, it is key to implement resistance management while reports

of resistance are still relatively low-level.

I. Sublethal Effects of Juvenoids

Juvenile hormone analogs exploit the hormone-regulated development of
insects resulting in supernumerary and premature molts that are often lethal.
Fortunately, there are also a multitude of sublethal affects ranging from behavior
to morphology. A common sublethal affect is a significant reduction in fecundity
and fertility seen in a variety of insect species such as Solenopsis invicta (Buren),
Blatta orientalis (Linnaeus), Nilaparvata lugens (Staal), Lipaphis erysimi
(Brassica), Platynota idaeusalis (Walker), and Drosophila melanogaster (Wilson
et al. 1983, Glancey and Banks 1988, Evans et al. 1995, Ayoade et al. 1996,
Biddinger and Hull 1999, Liu and Chen 2001). In addition, juvenoids have been
reported to impact insect egg hatch, reproduction, behavior, and adult diapause

(Staal 1973, Dhadialla et al. 1998, Wilson 2004).

10



Juvenoids help suppress pest populations by deleterious affects on
reproduction and sexual behavior. For example, the Anastrepha suspense (Loew)
exhibited earlier sexual signaling, pheromone release and mating when treated
with both methoprene and fenoxycarb (Teal et al. 2000). In the male moth
Agrotis ipsilon (Hufnagel), fluvastatin disrupted normal spermatophore delivery
(Duportets et al. 1998). Cydia pomonella exposed as pupae saw a reduction in
oviposition rates and number of oocytes (Webb et al. 1999). Precocene also
reduced mating for the migratory locust and the Ceratitis capitata (Wiedemann)
(Chang et al. 1984, Shalom and Pener 1986).

Insect growth and development was also significantly impacted due to
sublethal doses of juvenoids. Fenoxycarb increased the development time of
female Platynota idaeusalis (Biddinger and Hull 1999). Exposed Aphis gossypii
(Glover) had altered population structures and delayed adult emergence resulting
in a slower population growth (Satoh et al. 1995). When pyriproxyfen was applied
to Hyadaphis erysimi (Kaltenbach), the first three nymphal instar had extra molts,
increased longevity, and occasionally sterility (Liu and Chen 2001). When
treated with pyriproxyfen in the third instar, Chyrsoperla rufilabris (Burmeister),
a natural enemy, and Bemisia argentifolii (Bellows & Perring), a whitefly
predator, had a much longer development time to the adult stage (Liu and Stansly
1997, Chen and Liu 2002). Adult emergence can also be greatly suppressed as
seen in both Bemisia tabaci (Gennadius) and an endoparasite of the whitefly,
Encarsia formosa (Gahan) (Ishaaya and Horowitz 1992, Liu and Stansly 1997).

Crustaceans also are impacted, as seen in the mud crab Rhithropanopeus harrisii
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(Gould), that saw substantial change in growth of developing larvae when
exposed to fenoxycarb (Nates and McKenney 2000).

The Heliothis virescens (Fabricius) did not produce viable larva when
treated with fenoxycarb (Masner et al. 1987). Pyriproxyfen has ovicidal
properties and can reduce egg hatch as evident in Grapholita molesta (Busck),
Cydia pomonella, Bemisia tabaci (Gennadius), and the Chrysoperla rufilabris
(Burmeister) (Yokoyama and Miller 1991, Ishaaya and Horowitz 1992, Chen and
Liu 2002). Juvenile hormone analogs, when applied topically, both sexes of Ips
confuses (LeConte) had highly significant muscle volume decline (Borden and

Slater 2004).

4. Ecdysteroids

Ecdysteroids are steroid hormones essential in arthropod molting,
metamorphosis, reproduction, and diapause. The first ecdysteroid was isolated in
1954, its structure elucidated in 1965 (Dinan and Lafont 2006). Ecdysteroids can
be found in both plants and animals, the most abundant being 20-
hydroxyecdysone (20E). 20E is the molting hormone that binds to ecdysteroid
receptors to initiate molting in insect larvae.

Ecdysteroids, such as 20E, interact mostly with the ecdysteroid receptor
and the ultraspiracle (Dhadialla et al. 1998). Although ecdysone agonists are not
structurally similar to 20E, they bind to these same receptors. These compounds
then initiate the expression of a group of molt-related genes (Retnakaran et al.

2003). The insect will cease feeding within 4 to 16 hours as the insect prepares to
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undergo apolysis (Dhadialla et al. 1998). By 24 hours, the insect will begin to
resemble pharate larvae while the head capsule starts to slip in an attempt to
ecdyse (Dhadialla et al. 1998, Retnakaran et al. 2003).

The ecdysone agonists will remain permanently bound to the receptors,
preventing the release of the eclosion hormone (Dhadialla et al. 1998). The
lethality of these compounds on insects is threefold: ecdysis cannot be performed,
sclerotization of head capsule and mouthparts cannot take place, and the hindgut
is extruded leading to desiccation and death. The overall result is a premature
lethal molt. This affect is dependant on both dosage and time of application. Due
to the fact that these benzoylhydrazines act directly through an insect receptor
complex, they offer insect-specific control with little impact on non-target species
(Dhadialla et al. 1998, Retnakaran et al. 2003).

Rohm and Haas Company discovered the first bisacylhydrazine ecdysteroid
agonist in 1983 (Dhadialla et al. 1998). Through modification of this early analog
came RH-5849, the first bisacylhydrazine to be thoroughly tested in the field.
RH-5849 is active against Lepidoptera, Coleoptera, and Diptera pests (Aller and
Ramsay 1988, Dhadialla et al 1998). In 1992, Rohm and Haas synthesized
tebufenozide, RH-5992, an analog with a similar structure to RH-5849 (Smagghe
and Degheele 1994, Dhadialla et al. 1998).

In comparison to RH-5849, tebufenozide has a greater level of selectivity
and toxicity towards caterpillars. These attributes make tebufenozide an excellent
candidate as a control agent in IPM programs (Smagghe and Degheele 1994,

Rodriguez et al. 2001, Trimble and Appleby 2001). Tebufenozide was the first
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commercially viable analog. It is sold under the brand names of Mimic®,
Romdan®, and Confirm® (Dhadialla et al. 1998). However, there is ample
evidence of growing cross-resistance between tebufenozide and standard
insecticides such as azinphosmethyl (Sauphanor and Bouvier 1995, Dhadialla et
al. 1998, Wearing 1999, Waldstein et al. 1999, Retnakaran et al. 2000, Moulton et
al. 2002, Smirle et al. 2002) and low acute toxicity towards certain aquatic

organisms (Kreutwesier et al. 1994).

i. Methoxyfenozide

Rohm and Haas Company produced methoxyfenozide, RH-2485, in 1996
(Dhadialla et al. 1996). Like tebufenozide, methoxyfenozide has a high level of
specificity and toxicity against a wide range of caterpillars. Unlike earlier
analogs, methoxyfenozide exhibits moderate root systemic activity, widening the
range of pest species impacted (Carlson et al. 2001). Methoxyfenozide has a
higher field efficacy as well, requiring half the rates of application in comparison
to tebufenozide (Carlson et al. 2001). As is the case with tebufenozide, resistance
management must be implemented in regards to methoxyfenozide due to evidence
of possible cross-resistance with standard insecticides (Sauphanor and Bouvier
1995, Dhadialla et al. 1998, Waldstein et al. 1999, Wearing 1999, Retnakaran et
al. 2000, Moulton et al. 2002, Smirle et al. 2002, Gore and Adamczyk 2004).
Methoxyfenozide is sold under the brand names of Runner®, Intrepid®, and
Prodigy® (Carlson et al. 2001).

Methoxyfenozide has been considered a good candidate for IPM programs

14



because it is has a relatively low level of toxicity towards non-target insects.
However there are studies that must be taken into consideration indicating that
methoxyfenozide affects natural enemies and nontarget species on a higher level
than previously thought. Studies show that methoxyfenozide disrupts natural
predation by interrupting the growth of natural parasites (Cordero et al. 2006,
Dong-Soon et al. 2006). It is also imperative that more research be done to

determine the exact effect on aquatic invertebrates.

ii. Sublethal Effects of Ecdysteroids

Ecdysteroid agonists were designed with the intention of inducing a
premature lethal molt. However, it was found that insects surviving to the adult
stage still suffered deleterious effects. A frequent side effect to sublethal doses is
a significant reduction in fertility and fecundity. Ecdysteroids are not only
beneficial in their lethality but in their ability to suppress the overall population
growth through a multitude of sublethal effects.

RH-5849 reduced the amount of sperm delivered from male to female in the
cluster caterpillar, Spodoptera litura, (Fabricius) and negatively impacted mating
success (Seth et al. 2004). Ultimately S. litura saw significant reduction in fertility
and fecundity (Seth et al. 2004). The following lepidopteran pest also saw
reduction in fertility and fecundity when exposed to tebufenozide and/or
methoxyfenozide: Spodoptera exigua (Hubner), S. littoralis (Boisduval), Lobesia
botrana (Denis & Schiffermuller), Cydia pomonella, Argyrotaenia velutinana

(Walker), Choristoneura rosaceana (Harris), Platynota idaeusalis (Walker)
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(Smagghe and Deghele 1994, Sun and Barrett 1999, Sun et al. 2000, Irigaray et al.
2005, Pidea et al. 2007).

Grapholita molesta showed reduction in mate-finding capability and a
reduced mean fecundity (Reinke and Barrett 2007). Cydia pomonella males
exposed to methoxyfenozide had a significantly lowered sexual excitability and
were less responsive to calling females (Hoelscher and Barrett 2003). It must be
taken in to consideration that these sublethal effects on not limited strictly to pest
species. For example, sublethal doses of methoxyfenozide on the general
predator, Deraeocoris brevis (Knight), showed a slower development in the 4™
instar and a 30 percent reduction in fecundity (Dong-Soon et al. 2006).

There are also a range of other sublethal effects negatively impacting insect
physiology and behavior. Spodoptera litura when exposed to RH-5849 saw a
decrease in adult longevity and mating success (Seth et al. 2004). Treatments of
tebufenozide for both Spodoptera exigua and S. littoralis resulted in a reduction in
weight gain (Smagghe and Deghelle 1994, Pidea et al. 2007). Choristoneura
fumiferana (Clemens) and C. rosaceana also saw a decrease in weight in addition
to: an increase in development time, delay in ovarian maturation, reductions in
sperm production, mating success, and males ability to orient to females upwind
(Dallaire et al. 2004).

Argyrotaenia velutinana (Walker) and Choristoneura rosaceana saw a
significant reduction in the mean number of eggs laid and hatched caused by
methoxyfenozide and tebufenozide (Sun et al. 2000). In response to tebufenozide,

Platynota idaeusalis had lowered pupal weights, an increase in deformed adults,

16



and an overall significant effect on population dynamics (Biddinger et al. 2006).
Treating the larvae of the southwest corn borer, Diatraea grandiosella (Dyar),
retarded larval growth, decreased pupal weight and reduced adult emergence

(Trisyono and Chippendale 1998).

B. Experimental Organism
1. Cydia pomonella Biology

Cydia pomonella belongs to a large family of microlepidoptera, known as
Tortricidae, that contains a number of economically important pest species in both
agriculture and forestry. Cydia pomonella originated from Eurasia and the first
historical reference, made by Theophrastus, dates back to 371 BC (Tadic 1963).
In 1635, Jean Gboedaerdt published the first full description of Cydia pomonella
(Butt 1975).

The moth was introduced to America in the mid 1750’s as European
colonists began establishing apple orchards in New England (Johansen 1957).
Cydia pomonella can now be found in virtually every apple-growing region in the
world. A Cydia pomonella female can produce up to 30 to 50 eggs in her lifetime
(Geest and Evenhuis 1991, Pedigo and Rice 2006). The eggs are deposited
individually on branches and leaves near fruit or on the fruit itself. The eggs are
white, pancake-shaped with a diameter of 1/25 inch and prior to hatching develop
a dark dot in the center (Geest and Evenhuis 1991). Depending on temperature
and to some extent on rainfall, it can take eggs 5 to 20 days to hatch (Geest and

Evenhuis 1991; Pedigo and Rice 2006).
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The larvae are about 0.75 inches long, pale pink with dark sclerotized
heads (Geest and Evenhuis 1991). Once hatched, larvae may feed on leaves but
within a few hours will hone in on the apple volatiles and make their way to the
fruit (Geest and Evenhuis 1991, Landolt et al. 1998, Yang et al. 2004,). The
larvae will then begin feeding on the apple, usually beginning at the calyx of the
fruit (Geest and Evenhuis 1991). This larval feeding can cause two types of
wounds, deep tunneling entries and stings. A sting is a shallow wound on the skin
of the apple caused by larvae that are interrupted in their feeding. A deep tunnel
entry is caused when larvae are successful in burrowing a tunnel into the fruit
interior, usually consisting of both an entry and exit wound.

As the larvae tunnels its way to the apple core it will fill the hole behind it
with frass. Once at the core, the larvae may also feed on the apple seeds. The
larvae will complete several instars inside the fruit, spending up to 3 or 5 weeks
inside the apple (Geest and Evenhuis 1991). Once the larvae is full-grown, it will
tunnel its way out of the fruit, seeking shelter in which to pupate. The larvae will
construct a silken cocoon and then pupate beneath loose tree bark, in debris
beneath the tree, or in packing slates (Geest and Evenhuis 1991, Beers et al.
2003). Pupae are dark brown with an average length of 10mm (Pedigo and Rice
2006).

Recent studies have shown that in spinning their cocoons, the larvae create
a cocoon-derived mix of volatiles that help guide other larvae to the pupation site
(Jumean et al. 2005). This aggregation also aids in ensuring that the female will

mate immediately after eclosion due to a sex pheromone emitted from the female
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pupae that arrest the development of males so as to ensure synchronous timing in
adult emergence (Duthie et al. 2003). Depending on the climate, it can take
anywhere from 14 to 30 days for the adult to emerge (Pedigo and Rice 2006).

Like most tortricids, Cydia pomonella adults are small in size, 0.5-0.75
inch wingspan, and have blunt square-tipped forewings (Beers et al. 2003). The
Cydia pomonella forewings are mottled grey with a coppery dark band at the tip,
helping the moth to blend in with the bark as it rests during the day (Pedigo and
Rice 2006). Adults then have roughly 14 to 21 days to live and mate (Pedigo and
Rice 2006).

Typically in Missouri there are two generations; however, if conditions are
favorable there can be a third partial to full generation in late summer. Cydia
pomonella will overwinter as larvae in thick silken cocoons (Geest and Evenhuis
1991). At this time, although weather hardy, larvae can be killed by a drop in
temperature to -25°F (Geest and Evenhuis 1991). The over-wintering generation
will often emerge shortly after petal fall in spring (Greene et al. 2003). This
ensures that the larvae produced by this first generation in the spring, known as
the first flight, will emerge at the same time the tree has developing fruit to feed

on (Ferree and Warrington 2003).

2. Mating Behavior
A majority of adult activity takes place in the upper part of the tree canopy
(Borden 1931). Generally, although there is some debate, most adult activity

occurs 1 to 2 hours before and after sunset with some reports of activity at sunrise
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(Castrovillo and Carde 1979, Knight et al. 1994). Adult activity is greatly
controlled by temperature, preferring temperatures 13°C to 27°C, thus summers
with high temperatures can result in a large highly destructive moth population
(Castrovillo and Carde 1979).

Female calling and male response are stimulated by environmental cues
such as lighting and temperature. Apple volatiles not only aid adults in host-
finding but will stimulate female pheromone release and oviposition (Yan et al.
1999, Reed and Landolt 2002). The female will begin calling, releasing the sex
pheromone, with her wings and abdomen raised. The male moth will then cue in
on the pheromone, flying towards the vicinity of the female. Once in close
proximity, the male will land and approach the female while fanning his wings.
Once the male antenna is in contact with the female, he will immediately bend his
abdomen towards the female while opening and closing his claspers. He will then
orient his posterior to that of the female genitalia so that they will be end-to-end
as they mate (Castrovillo and Carde 1980).

Depending on both the success of the male to clasp the female and the
willingness of the female, this mating process can be repeated numerous times.
Once the male successfully claps on to the female genitalia, all wing fanning stops
and lateral abdominal bending ceases. The moths will mate end to end, laying
with each other in a linear fashion. After females are mated they no longer attract
males (Howell et al. 1978) and may emit compounds that repel males (Rothschild
1982). Once mated, the female will then, as mentioned above, cue in on apple

volatiles to lay her eggs near the fruit (YYan et al. 1999).
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3. Mating Disruption as a Control Tactic

Communication between male and female moths is generally achieved by
the emission of sex pheromones. Sex pheromones enable long-distance mate
location and can also work as close-up chemical stimulation facilitating courtship
(Carde et al. 2005). It is often the female who ‘calls’ the male by releasing her
pheromone. The male will then cue in on her pheromone plume, flying upwind
until he locates the females. Once in proximity of the female, courtship is aided
by visual, tactile, and auditory cues (Baker and Carde 1979, Castrovillo and Carde
1980, and Howell et al. 1978).

In the early 1960°s, many begin to hypothesize that if continuously high
levels of pheromone could be maintained in the environment that mate location
could be suppressed, thereby, disrupting mating of certain pest species (Beroza
1960, Babson 1963, Wright 1964). In 1967, the main component of Trichoplusia
ni (Hubner) pheromone was evaporated into an area to determine the impact it
would have on the sexual orientation. The experiment was the first confirmation
that continuous presence of pheromone interrupted the males’ ability to locate
females (Gaston et al. 1967). In 1974, hexalure, a synthetic attractant, was
continuously evaporated into cotton fields throughout the cotton production
season (Shorey 1973). The permeation of pheromone in the environment
disrupted the sexual communication to such an extent that Helicoverpa zea
population suffered reductions comparable to those caused by conventional
insecticides (Shorey 1973). These early studies proved the feasibility of mating

disruption for population management and since then this technique has been
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found effective against a multitude of pest species.

Bartell (1982) provided a review describing the proposed mechanisms
behind mating disruption that was later updated by Carde and Minks (1995). The
continuous presence of pheromone will cause a lack of response or a higher
response threshold within the male nervous system. This is achieved either by
habituation of central processing or adaptation of the antennae’s peripheral
receptors (Carde and Minks 1995). The strength of synthetic pheromones renders
the male unable to discern the weaker pheromone plume of the female, essentially
camouflage calling females.

Males may also respond to the man-made pheromone well before females
began calling, resulting in a diminished male attraction to virgin females (Carde
and Minks 1995). Interference plays a part as well since the longer a male orients
to artificial point sources the less time it will have to orient to calling females.
Another factor is the influence that plume structure has on moth flight patterns. It
is possible that the synthetic pheromone could disarrange natural plume patterns
in such a manner as to alter the male ability to locate a mate (Carde and Minks
1995). In addition certain species, such as the oriental fruit moth and the Keiferia
lycopersicella (Walshingham), are not attracted to areas with high pheromone
concentration and will actually stop normal mating behavior (Carde and Minks
1995). It may be safe to assume that in these species mating disruption would
also elicit a similar behavioral response.

The efficacy of this method has been demonstrated repeatedly. The

pheromone for the pink bollworm, Pectinophora gossypiella (Saunders), was the
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first pheromone product provided for an agriculture pest (Carde and Minks 1995).
In California and Arizona, an area wide program targeting the pink bollworm was
a success, demonstrating an improved yield and significantly less crop damage in
comparison to field treated conventionally (Carde and Minks 1995). Another
management program using mating disruption against the Pectinophora
gossypiella was incredibly successful, showing an initial 23 percent larval
infestation to no larvae in the sample area three years later (Carde and Minks
1995). South Africa, suffering from severe infestations of Grapholita molesta,
reported no fruit infestation after initiation of a year long mating disruption
program (Carde and Minks 1995).

An IPM program for the Mexican tomato market implemented mating
disruptive techniques and found that the IPM programs were often more
profitable, yielding a much higher net profit in comparison to a conventional
approach (Trumble and Alvarado-Rodriquez 1993). No males of the pea moth,
Cydia nigricana (Fabricius), were caught in pheromone traps in a disruptant-
treated field, indicating that these moths actually avoid a pheromone-permeated
field (Bengtsson et al. 1993). Mating disruption is also effective against the
highly noxious Lymantria dispar (Linnaeus), resulting in a decreased male trap
catch, mating success, and population density (Webb et al. 1990, Leonhardt et al.
1996).

Despite these successes, there are many constraints that must be taken into
consideration in order to successfully implement a mating disruption program.

Migration of mated females from areas outside the treated plots is a perhaps the
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largest weakness in mating disruption programs. Area wide management would
help to eliminate population fluctuations due to migration. Population density is
another factor to consider when deciding when to employ mating disruption. In
general, mating disruption has not been effective in orchards with high-density
pest populations (Carde 1990, Pree et al. 1994, Barclay and Judd 1995, Friedrich
and Schirra 2001). This is due to the fact that in high density populations, mates
are much closer to each other, therefore, easier to find and mate tracking can be
done via short-range cues such as touch or sound (Carde and Mink 1995).

One such consideration is finding the right pheromone formulation that
provides the most effective and disruptive impact to pest mating behavior. There
are many pheromone products on the market and variation in ingredients can
effect how well the product works in the field and it’s ability to disrupt mating
(Carde and Minks 1995). Naturally, the pheromone formulation that most closely
resembles the natural pheromone would be the most effective.

Another contingency to consider is that certain orchards deal with a variety
of pest moths and it would be impractical to release specific pheromones for each
individual species. It has been suggested that release of a formulation with
common pheromone components that all targeted species share would be a more
practical and effective approach (Minks and Carde 1988, Carde and Minks 1995).
However, this approach has met with mixed results. European studies have had
success in controlling the complex of leafrollers, reporting economically
acceptable fruit damage (Carde and Minks 1995) whereas studies in Virginia and

New York where unable to implement a blanket control over all pests involved
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(Reissig et al. 1978, Pfeiffer et al. 1993, Carde and Minks 1995).

As illustrated above, the pest species involved and their behavior are
naturally a huge consideration in considering what pheromone product to use,
how to dispense the disruptant, and whether mating disruption is even a viable
means of control. The efficacy of mating disruption programs can be diminished
by species-specific behaviors such as the calling strategy of females or activity
patterns of males. It is vital to have a thorough understanding of the ecology and
overall behavior of the pest species when implementing mating disruption. There
are rare conditions in which the male will also participate in mate recruitment by
attracting the female (Willis and Birch 1982, Landolt and Heath 1990, Heath et al.
1992, Landolt 1995) This would essentially provide the moths a loophole,
allowing the moths to overcome mating disruption that replicates only the female
pheromone emissions.

Research into mating disruption as a viable means of controlling Cydia
pomonella began as early as the 1970’s (Carde and Minks 1995). Experiments
were conducted around the world, and early reports offered promising results in
regards to the control offered by pheromone use (Carde et al. 1977, Rothschild
1982, Moffitt and Westigard 1984, Carde and Minks 1995, Knight 1996, Gut and
Brunner 1998). By the 1990s commercial products were available for use by
growers in the United States (Brunner et al. 2002). A study conducted in small
plots showed a reduction of fruit injury as much as 90 percent in comparison to
untreated plots (Howell et al. 1992). Even in organic orchards, mating disruption

was able to effectively suppress Cydia pomonella populations when used in

25



tandem with cultural control methods (Judd et al. 2004).

Although there have been many experiments exploring different pheromone
dispensers under a variety of climates, there are constraints when using mating
disruption that are virtually unanimous (Brunner et al. 2002, Carde and Minks
1995). Many studies have yielded good control in orchards with low Cydia
pomonella populations, however, mating disruption is ineffective against high-
density populations and is not recommended as a stand-alone tactic (Carde and
Minks 1995). Another issue to consider is that the release of pheromone does not
provide uniform control within an orchard block, as indicated by the much higher
rate of fruit injuries in border rows compared to trees in the orchard interior
(Brunner et al. 2002).

In order to achieve adequate control through mating disruption, it is
recommended that this technique be used in highly isolated area with low Cydia
pomonella populations. These conditions are rare in fruit-growing areas but
despite these limitations the use of mating disruption has grown in popularity
among fruit-growers. From 1990 to 2000, Washington state alone went from 0
hectares to 35,000 hectares using mating disruption (Brunner et al. 2002). Area-
wide use of pheromone techniques could help alleviate some of the limitations
inherent in mating disruption programs. In 1994, a Cydia pomonella Areawide
Management Project (CAMP) was proposed with the main goals of implementing
mating disruption over large areas in hopes of reducing broad-spectrum
insecticides by 80 percent over five years and to enhance the control of secondary

pests by preserving natural enemies in the area (Brunner et al. 2002).
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For the most part CAMP sites saw a significant reduction in Cydia
pomonella, so much so that they were able to reduce supplementary insecticidal
applications as well as pheromone applications (Brunner et al. 2002). Although
the projected goal of a 80 percent reduction in broad spectrum insecticides was
not achieved, CAMP orchards were applying 75 percent fewer broad-spectrum
insecticides in comparison to orchards not involved in CAMP (Brunner et al.
2002). Due to this reduction, there were no outbreaks of secondary pests and
leafroller densities were kept at a manageable level. However, area-wide
programs can be compromised if even one grower does not participate or uses bad
control practices. For example, one grower who did not participate and also did
not provide adequate control accounted for 80 percent of the damage seen by fruit
growers in one CAMP site (Brunner et al. 2007).

CAMP has been very beneficial to the adoption of mating disruption for
Cydia pomonella control by demonstrating and educating growers on the benefits
of pheromone use. However there are still weaknesses that must be overcome.
Mating disruption is still a relatively high cost control method for growers who at
times see low profits from their product (Brunner et al. 2007). Mating disruption
can be greatly enhance by proper monitoring of moth populations and utilizing
more selective insecticides as supplemental controls preserving biological agents
(Brunner et al. 2007). Therefore, it is pivotal to continue research on mating
disruption and education for growers so as to constantly improve the benefits

awarded by mating disruption for Cydia pomonella control.
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C. Lepidoptera Behavioral Research

Manipulation of Lepidopteran pheromone communication as a form of pest
control has shown great potential (Carde et al. 1977, Rothschild 1982, Moffitt and
Westigard 1984, Carde and Minks 1995, Knight 1996, Gut and Brunner 1998). In
making this form of pest control a reality, studies on insect mating behavior were
essential. An early behavioral study on Cydia pomonella mating surmised that
males are attracted to flying females and the visual stimuli of their wing fluttering
(Borden 1931). However, later studies found that not only are males attracted to
caged females, but they are also much more attracted to virgin rather than mated
females(Proverbs 1965, Howell and Thorp 1972). The evidence of pheromone
attraction was further supported when males exposed to extracts from the females
attempted sex with other males and empty pupal cases (Butt and Hathaway 1966).

The sexual sequence of most moth species begins with the release of sex
pheromones from female glands that interact with the antennal receptor of
sexually responsive males (Foster and Harris 1997, Baker and Carde 1979, and
Castrovillo and Carde 1980). For most species the sex pheromone is located in the
intersegmental membrane of the eighth and ninth abdominal segments (Gotz
1951). At rest the female pheromone gland is often invaginated and when she is
ready to mate she will extrude the glandular area, exposing the gland to the open
air. Females often ‘code’ their pheromone plume by releasing their pheromone in
varying pulses of high and low concentration. This is achieved either by varying
wing beat frequencies or by alternately retracting and exposing the pheromone

gland (Gotz 1951, Kettlewell 1960, Doane 1968). Once the males come into
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contact with the female pheromone a sequence of behavior is elicited.

Prior to contact with sex pheromone the male moth is in the ‘resting’
position, defined as the moth holding wings roof-like over the body with the
antennae held back alongside the wing (Castrovillo and Carde 1980). Once the
sex pheromone comes into contact with the antennal receptor, the male arousal is
indicated with the antenna coming forward while the wings are extended and
vibrating (Baker and Carde 1979, Castrovillo and Carde 1980). Antennal
receptors are pivotal in mating, males that had their antennae completely removed
prevented the mating of moths held in close proximity to each other (Fluri et al.
1974). The excited wing flapping is thought to be a means of warming the thorax
temperature to the required level for flight (Heath and Adams 1967). A bioassay
on Grapholita molesta found that this wing fanning was highly correlated with the
male ability to hone in on the pheromone source (Baker and Carde 1979). Once
the male is ready for flight he will fly upwind, orientating on the pheromone
plume to find the female.

How exactly the male follows the pheromone plume to orient toward the
female has been a matter of some debate. Locating females via pheromone is a
form of chemotaxis that requires the insect be able to detect chemical gradients.
Essentially an insect using this type of taxis follows the direction of higher
concentration to find the source. It has been found that in a number of species
male moths are able to orient to pheromone sources solely by airborne pheromone
molecules and the directions of air movement (Shorey et al. 1968). However, it

may be extremely difficult for insects to detect the direction of the pheromone
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gradients once it has drifted more than a few centimeters from the source (Dethier
1957, Wright 1958).

Determining exactly how male orient to pheromone has prompted many
studies in the upwind orientation of moths to a pheromone source (Schwinck
1958, Traynier 1968, Willis and Baker 1994). A classic study using silkworm
males found that males who encountered the pheromone would orient to the air
stream, even after the female had been removed (Schwink 1958). It has since
been hypothesized that the moths will actually orient to the direction of the air
stream rather than the pheromone source (Schwinck 1958). A study conducted on
the Ephestia kuehniella (Zeller), found that the male moths would instinctively
perform the same turn when encountering a pheromone-laden airstream and
another flight maneuver specific to encounters with less favorable airstreams
(Traynier 1968, Willis and Baker 1994). Essentially the male moth is
programmed to orient and maneuver its flight path in a specific way upon
encountering areas of different pheromone concentrations that would eventually
help the male locate the female.

Once the male is in close proximity to the female, upwind orientation to
pheromone ceases and short-range orientation begins. Tactile and visual stimuli
aid in short-range orientation, inducing courtship behavior in many male moths
(Doane 1968, Traynier 1968). Visual stimulus at close range has been proven to
play a part in Cydia pomonella mating (Hutt and White 1977). Moths orient to
dead females in their immediate vicinity with a greater frequency than to the

nearby pheromone sources (Castrovillo and Carde 1980). Although visual
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stimulus is important it has been found to impact only the frequency and direction
of mating attempts with females and not the perseverance in any certain direction
(Castrovillo and Carde 1980).

Once in close proximity, sexual behavior leading to mating can vary and is
often species-specific. For example, males of the Indian meal moth, Plodia
interpunctella (Hobner), release a scent that causes a female to remain submissive
while turning her abdomen as the male positions himself for mating (Grant and
Brady 1975). Males of Grapholita molesta will not touch females upon approach
but will extrude their hairpencils resulting in the female triggering male
copulation behavior by touching his abdomen with her head (Baker and Carde
1979). C. pomonella mating is largely dependent on male behavior triggering
female behavior (Castrovillo and Carde 1980). One initial releaser is needed to
trigger the behavioral sequence in male C. pomonella (Castrovillo and Carde
1980). Typically the male moth touches the female abdomen and the glandular
area with his antennae. Once in contact, male bend their abdomens to clasp onto
the female. If not successful the male will repeat the behavioral sequence.

Any step in Lepidoptera courtship behavior can be manipulated by applying
a variety of different stimuli. Studies have shown that behavioral responses based
on chemical stimuli can either be inhibited or exaggerated by adding different
compounds into the environment. Males of the redbanded leafroller,
Argyrotaenia velutinana (Walker), when exposed to different components of the
female pheromone, displayed increased wing fanning and orientation in flight

(Baker et al. 1976). Exposure to insect growth regulators such as
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methoxyfenozide and tebufenozide, reduced the attractiveness and responsiveness
of males in both C. pomonella and oriental fruit moths (Hoelscher and Barrett
2003, Reinke and Barrett 2007). Trifluoromethyl ketones have also been found to
disrupt the flight of male moths (Bau et al. 1999). Behavioral studies such as
these have greatly enhanced our ability to manipulate the pheromone-mediated
communication of moths and expand our fundamental grasp of their sexual

behavior.

D. Research Objectives

In order to determine the extent to which the sublethal effects of
methoxyfenozide (or other ecdysone agonists) might impact moth pest
populations, working alone or in combination with mating disruption tactics, field
and laboratory assessments were needed. The two main objectives of this
research project are: 1) determine the sublethal effects of field applications of
methoxyfenozide with and without mating disruption on the responsiveness and
orientation of wild male C. pomonella in a small orchard block; and 2) determine
the effect of adult exposure to methoxyfenozide-treated surfaces on the close-

range courtship behavior of C. pomonella.
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CHAPTER II. MATERIALS AND METHODS

A. Insects

All Cydia pomonella used in both field and laboratory studies came from a
laboratory colony maintained at the University of Missouri, Horticulture and
Agroforestry Center (HARC), New Franklin, MO, or were obtained as mature
larvae shipped from the USDA-ARS facility at Wapato, WA. Both the laboratory
colony and shipped specimens were maintained in environmental chambers set at

24°C with a photoperiod of 16L:8D.

B. Field Study
1. Chemicals and Trap Treatments

Twenty-five large plastic delta traps (Scentry, Billings, MT) containing
disposable liners with a sticky coating were used to monitor moth densities.
Because green colored traps were reported to be efficient in capturing Cydia
pomonella over the standard white traps (Knight and Miliczky 2003), the exterior

of all traps were painted green (No. 2327 Spring Grass; Krylon, Cleveland, OH).
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Traps were baited with the following five lure treatments:

Treatment Lure Type
1 2 virgin females
5 2 virgin females exposed to
Intrepid-treated surfaces
3 1 mg codlemone lure
4 10 mg codlemone lure
5 Pear ester DA lure

For traps baited with female moths (Treatments 1 and 2), mature pupae
were pulled from the colony and separated by gender. Newly emerged adults were
then promptly removed to ensure the age of all moths. To ensure maximal sexual
activity, all moths used were < 48 hours old. Prior to female moths being placed
inside treatment traps 1 and 2 they were first exposed for 24 h to plastic-mesh
surface treated with either water or methoxyfenozide, respectively.

Each cage used to expose females to treated surfaces consisted of a 10 cm
long section of polyvinyl chloride (PVC) pipe, 9 cm wide, with two end lids.
Each cage was lined with removable plastic-mesh screening (2 x 2 mm). The end
lids consisted of thin PVC rings covered with the same plastic-mesh screening.
The mesh cage liners and end lids were immersed in a treatment solution
(agitated) for 10 minutes and allowed to air dry. To avoid contamination, after
each use, the exposure cages and liners were washed thoroughly with hot soapy
water and dried before they were retreated with same treatment solution and

reused.
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Females for Treatment 2 were exposed to methoxyfenozide-treated
surfaces. Formulated methoxyfenozide (Intrepid® 2F, Dow AgroSciences,
Indianapolis, IN) was prepared in water (500 ml) at a concentration that
corresponded to the recommended field rate, 0.30 g (Al)/liter water (0.27 kg
(Al/ha). Because field applications of methoxyfenozide are recommended to
include a surfactant, such as Latron B-1956° (UAP-Loveland Products, Greeley,
CO) or a similar spreader-sticker, a proportionate field rate of Latron (0.125%
vol:vol) was added to the methoxyfenozide treatment solutions (hereafter referred
to as the methoxyfenozide treatment).

Female moths used in Treatment 1 and 2 traps that were exposed to the
treated plastic-mesh surfaces (methoxyfenozide and control, respectively) for 24 h
were removed from exposure cages and placed inside 4 x 4.5 cm cages made of
either plastic-mesh (2 x 2 mm) or aluminum-wire screening (1.5 x 1.5 mm) (1
female per cage). These nontreated mesh holding cages were hung from the
inside of the top of the plastic delta-style traps mentioned previously.

Lures used in Treatment 3 traps consisted of a red rubber septum
containing 1 mg of codlemone, the Cydia pomonella sex pheromone, (E,E)-8, 10-
dodecadien-1-ol (E8,E10-12:0H) (CM Standard Lure, Trécé Inc., Adair, OK).

This lure load is considered the industry standard for monitoring Cydia
pomonella populations in conventional, insecticide-treated orchards. Lures in
Treatment 4 traps consisted of a rubber septum treated with 10 mg of codlemone
(CM 10X Lure, Tréce Inc., Adair, OK). The 10 mg codlemone lure is

‘supercharged’ and is recommended for monitoring Cydia pomonella populations
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in orchards under a mating disruption program. Lures used in Treatment 5 traps
were Pherocon® CM-DA Combo™ lure. This lure contains both codlemone (10
mg) and ethyl (2E, 4Z)-2, decadienoate, a volatile chemical released from
ripening pears (referred to as a pear ester kairomone) (Trécé Inc., Adair, OK).

This lure is attractive to both male and female Cydia pomonella.

2. Experiment Design

The field bioassay was conducted in a research apple block (H) located at
the University of Missouri, Horticulture and Agroforestry Research Center
(HARC), New Franklin, MO. This block was 2 ha in size and consisted of
alternating ‘Jonathan’, ‘Golden Delicious’, and ‘Red Delicious’ cultivars. Trees
were planted 5.5 m apart within rows, and the distance between rows was 8 m.
The trees were 20 years old and approximately 5 to 6 m tall.

There are three flights of Cydia pomonella during the summer, usually
occurring May/June, June/July, and August/September. During the first flight, a
control phase was established in which the orchard block was kept free of
insecticide treatment. Prior to the second flight, the orchard block was treated
with methoxyfenozide only. For the final flight, both an application of
methoxyfenozide and mating disruption dispensers, Isomate® M-100 pheromone
twist-ties, were applied to the orchard block. The Intrepid was applied every two
weeks, with Latron, at labeled field rates of 16 oz. per acre.

All twenty-five traps were placed in the upper-third of the canopy in

selected trees (via a rope and pulley system mounted on a 4 m aluminum pole)
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following a Latin-square design. During the control phase, there where five
repetitions of the Latin-square design involving all five trap treatments as well as
2 repetitions involving female-baited traps only. During the methoxyfenozide-
treated only phase, there were two repetitions of the Latin-square design involving
all five trap treatments and 3 repetitions involving female-baited traps only. For
the methoxyfenozide and mating disruption treatment of the orchard block, there
were 3 repetitions of the Latin-square design involving all five trap treatments.
Trapping periods with female-baited traps only consisted of ten traps placed in the
orchard block with the same placement as other trapping periods in accordance
with the Latin-square design.

Trap lures were hung from the inside of the top of a plastic delta-style
trap. Each baited tree had a trap-free tree between it and the next baited tree. In
addition, tree rows with traps had a buffer consisting of a tree row with no traps
between the next baited tree row.

The Latin-square design is as shown below:

Tree

Row Trap Treatments
1 1 2 3 4 5
2 2 3 4 5 1
3 3 4 5 1 2
4 4 5 1 2 3
5 5 1 2 3 4
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Each individual trapping period lasted for three days. From the onset of
trap placement, a count of the males caught (both male and female counts were
taken from traps baited with the pear ester DA lure) at 24 hours, 48 hours, and 72
hours. Trap liners were cleaned periodically so as to prevent pheromone
contamination. Female lures were checked to ensure the survival of female moths

throughout the trapping period.

3. Data Analysis

All statistical analyses were analyzed using the PROC MIXED procedures
in SAS (SAS Institute 2004). Differences in the mean number of wild male C.
pomonella caught among the different treatment combinations was analyzed as a
latin-square design. Differences were considered statistically significant at the

level of P<0.05 unless otherwise noted.

C. Laboratory Bioassay
1. Chemicals and Treatments

All behavioral bioassay observations were conducted in a laboratory of the
Agricultural Building, University of Missouri, Columbia, MO.

The cages used for exposing moths to treated surfaces in this bioassay
consisted of 9.2 cm long, 4.5 cm wide, and 5.7 cm long, 2.5 cm wide,
respectively, clear plastic vials. The bottom of the vial as well as the center

portion of the vial’s pliable plastic snap-cap lid were removed and replaced with
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wire mesh (1.5 x 1.5 mm) screening. The cages were lined with removable
plastic mesh (2 x 2 mm) screening.

For treatments, the plastic-mesh cage liners and screened cage lids were
immersed in either a solution of methoxyfenozide or surfactant for 60 second and
allowed to air-dry. This consisted of a total 10 treated exposure cages with 5
repetitions for both the surfactant and methoxyfenozide treatments for each of the
different orchard block treatments. Liners and lids for control cages followed the
same procedures but were dipped in water. To avoid contamination, after each
use, the exposure cages and liners were washed thoroughly with hot soapy water
and dried before they were retreated and reused.

Formulated methoxyfenozide (Intrepid® 2F, Dow AgroSciences,
Indianapolis, IN) was prepared in water (250 ml) at a concentration corresponding
to the recommended field rate, 0.30 g (Al)/liter water (0.27 kg (Al)/ha). Because
field applications of methoxyfenozide are recommended to include a surfactant,
such as Latron B-1956° (UAP-Loveland Products, Greeley, CO) or a similar
spreader-sticker, a proportionate field rate of Latron (0.125% vol:vol) was added
to methoxyfenozide treatment solutions (hereafter referred to as the
methoxyfenozide treatment). Solutions of surfactant (mixed with water) and
water only (control) were also prepared. Treatment solutions were refrigerated in
glass flasks wrapped in aluminum foil. Fresh solutions were prepared weekly to

guarantee maximum effect.
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Female and male moths were each treated with one of the three different
treatment solutions (methoxyfenozide, surfactant and water). The following are

the seven treatment combinations:

Treatments Female Male
1 H,0 H,O
2 H,0 methoxyfenozide
3 methoxyfenozide H,0
4 methoxyfenozide methoxyfenozide
5 H,0 surfactant
6 surfactant H,0
7 surfactant surfactant

Once the plastic mesh was treated it was allowed to air dry before being
placed in glass vials. The treated plastic mesh was placed in glass vials such that
no horizontal surface area was left unexposed. Males and females were kept
separate in the growth chamber to ensure the virginity of subjects used. All adults
were 48 hours old or less. Moths were then placed in exposure cage vials and
returned to the growth chamber to undergo the 24-hour exposure time.

C. pomonella adults become active a few hours before and after twilight
(Howell et al. 1978). Therefore, moths were not introduced into the arena until
the onset of the growth chamber’s dark cycle and only took place during the first
4 hours of scotophase. Both females and males were then removed from the

growth chamber in a manner that resulted in the least amount of disturbance
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possible. During this transfer, no moth was exposed to any light other than red

light.

2. Video Setup and Mating Arena

Recordings of C. pomonella mating behavior were taken with a RECO
204 DVR system and 2 B/W Panasonic digital cameras with the ability to take
recordings at light levels as low as .08 lux. The RECO DVR uses a MPEG2
compression that creates digital data storage as it records. Once all recordings
were taken, the DVR hard drive was removed and placed in a computer. MPEG
Streamclip 1.7° was used to both convert the MPEG files and to play the video
footage. The MPEG Streamclip 1.7° enhanced the accuracy of behavioral
observations by allowing for slow motion playback frame by frame, frame length
being .033 seconds long.

Petri dishes, 9.5 cm in diameter, were used as mating arenas. Plastic mesh
was attached to all petri dishes to constrict the moths to the field of vision,
creating a rectangular mating area 9.5 cm long and 6 cm wide. Foam board was
used to establish a fixed placement for all mating arenas. Arenas were situated
prior to moth introduction to help reduce disturbance. After each use, the arenas
were either discarded or washed with warm soapy water to prevent pheromone
contamination. During recordings, the light was no higher then 10 lux and only
came from a headlamp with a red light and two lamps with red bulbs. All

recordings were taken at room temperature.
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3. Experimental Design and Mating Behaviors
The experimental design consisted of an incomplete block design that was
repeated twice. Each recording had a duration of 20 minutes. This resulted in 56

recordings with a total of 18.6 hours. The design was as follows:

Block No. Treatments
1 3 56 7
2 1 4 6 7
3 1 2 5 7
4 1 2 3 6
) 2 3 4 7
6 1 3 45
7 2 4 5 6

Males were placed next to the mating arena to minimize disturbance.
Once females had been chilled, cameras were turned on. Moths were gently
introduced into the arena with male and females consistently being introduced on
opposite sides. Once moths were in place, the top was placed over the area.

When making behavioral observations, each recording was analyzed
thoroughly, often watched at a rate slower than 1 second per minute. Both the
duration and frequency of all behaviors were recorded. Also observed were the

start of sexual behavior for both sexes and the preceding 4 behaviors.
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Below is a list of the Cydia pomonella behaviors observed:

Cydia pomonella Courtship Behavior

movement towards partner

movement away from partner

wing fanning

antennal contact with partner's abdomen
raised wings

antennal stroking

walking in circles

genital contact

lateral abdominal bending

4. Data Analysis

All statistical analyses were analyzed using the mixed procedure (PROC
MIXED) in SAS (SAS Institute 2004). Differences among treatment
combinations in regards to mating behavior were analyzed as a incomplete block
design. Differences were considered statistically significant at the level of P<0.05

unless otherwise noted.
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CHAPTER III. RESULTS
A. Field Study
1. Trap Catches — Trees Not Treated

Within the first 24 hours of the May 15-18 trapping period, traps baited
with the DA and 10 mg septa lures captured significantly more male C. pomonella
than traps baited with the 1 mg septa lure and treated or non-treated female moths
(Table 1). However, there were no significant differences in mean moth captures
between the DA and 10 mg traps. In addition, the 1 mg and female-baited traps
were not significantly different from each other. 10 mg lures attracted the greatest
mean number of moths with 10 males per trap, while non-treated female-baited
traps captured a mean of 0.2 males per trap (Table 1). Interestingly, during the
48- and 72-hour periods, 1 mg septa traps caught significantly greater mean
numbers of males, 10 and 4.2 males per trap, respectively. There were no
significant differences in mean moth counts between remaining trap types during
these latter two trapping periods.

When trap data are pooled across the 72-hour period, trap types with the
greatest mean numbers of males captured were the 10 mg, 1 mg and DA septa-
baited traps with 16.4, 15.4 and 10.0 males per trap, respectively (Table 1). These
three means were not significantly different from each other. Both the 1 and 10
mg lures caught significantly more males than traps baited with female lures.

The second control trapping period began on May 19. As was done prior
to each trapping period, all female-baited traps were baited with new treated and

non-treated females. Septa lures that had been used in the previous trapping
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period (May 15-18) were used again (up to this point these rubber septa lures had
a field exposure of 4 days). Twenty-four hours after deployment, traps with 1 mg
and 10 mg lures had the highest mean number of males captured both with means
of 4.0 males per trap (Table 2). There were no significant differences between
these means and they were not significantly greater than means from the DA lure
trap of 1.4 males. Although all codlemone-baited traps were significantly higher
(P < 0.07) than treated and untreated female traps, both resulting in a mean of 0.4
males per trap, the DA lure was only significantly greater than untreated female
traps.

After 48 hours in the field there were no significant differences in mean
male captures among all of the trap types (Table 2). After 72 hours, the 1 mg
baited trap had the highest mean capture of 4.8 males per trap. Although not
significantly different from the 10 mg and DA lures, the 1 mg lure was the only
pheromone-baited trap that had a significantly higher mean male catch than both
the treated and untreated female baited traps.

After pooling the trap data across the 72-hour trapping period, the 1 mg
baited traps captured a mean of 10.8 males per trap. This mean was significantly
higher (P < 0.07) than that found with in female-baited traps, but not significantly
different from the 10 mg and DA septa traps (Table 2).

The third control trapping period was initiated on May 23. Septa lures that
had been used in the previous two trapping periods were used again during this
period (with a field exposure of 8 days). After the first 24 hours, traps with 1 mg

septa lures had a mean capture of 3.6 males per trap, which was greater but not
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significantly different from traps baited with 10 mg and DA septa lures (Table 3).
However, traps with the 1 mg septa lures were the only traps with mean male
captures significantly higher than that found in treated and non-treated female-
baited traps. After 48 hours, 1 mg septa traps again had the highest mean male
capture, 2.4 males per trap, which was significantly greater than all other trap
types. After 72 hours there were no significant differences among trap types in
the mean number of male moth captures.

When the data are pooled the highest mean number of males captured
occurred in traps baited with the 1 mg septa, and this mean was significantly
greater than the means from all the other trap types. The mean values for the
remaining four lure types were not significantly different from one another (Table
3).

The fourth control trapping period was initiated on May 30. All
pheromone-based traps received new septa lures. None of the trap types showed
significant differences in mean male moth captures after 24, 48, and 72 hours
from deployment (Table 4). Similarly, the pooled data revealed no significant
differences between trap types. However, traps with the 1 mg septa lures did have
the highest mean of 11 males per trap, while the traps baited with non-treated
females resulted in the lowest mean of 5 males per trap.

The fifth control trapping period was initiated on June 2. Septa lures that
had been used in the previous trapping period were used again during this period
(with a field exposure of 3 days). Twenty-four hours after trap deployment, traps

baited with 1 mg septa lures had captured a mean of 3 males per trap, which was
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significantly greater than the mean captures from the other trap types (Table 5).
There were no significant differences between the remaining four trap types.
Interestingly, after 48 hours traps with non-treated females captured the greatest
mean number of males, 3.8 males per trap, and this mean was significantly higher
than the remaining trap captures. None of the remaining trap types showed any
significant differences from one another. After 72 hours of trap deployment, traps
with the 1 mg and 10 mg septa lures had the highest mean male catch of 2.2 and
1.6 males per trap, respectively (Table 5). Although these means were not
significantly different from one another they were significantly greater than trap
captures in the female-baited traps.

When the data are pooled, the 1 mg septa and untreated female moth
baited had significantly greater mean male captures than all other treatment types
(6.0 and 4.6 males per trap respectively). These values were not significantly
different from each other.

On June 6, a sixth control trapping period was conducted that evaluated
wild male moth responsiveness to traps baited with caged females only. During
the entire period, traps with non-treated females consistently caught the highest
mean number of males. There were no significant differences between the two
female-baited traps 24 and 48 hours after trap deployment (Table 6). After 72
hours, the mean number of males captured in the non-treated female traps (4.6
males) was significantly greater than the mean from the treated female trap (0.8
males). Similarly, when the data is pooled for the entire 72-hour period, the mean

male capture in the non-treated female-baited traps (11.4 males) was also
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significantly greater than traps baited with that from the treated female trap (3.0
males) (Table 6).

On June 24, a seventh control trapping period was conducted that repeated
the examination of the attractiveness of traps containing only nontreated and
treated females. There were no significant differences in mean male captures
between them 24, 48, and 72 hours after trap deployment (Table 7). Means from
pooled data revealed traps baited with non-treated females captured 6.8 males per
trap, and treated females captured 6.2 males per trap.

Similarly, another female-baited trap comparison beginning on July 1
revealed no significant differences in mean male captures between two trap types
throughout the 72-hour period. Analysis of the pooled data showed means of 7.4
and 7.6 males per trap occurring in the non-treated and treated female baited

traps, respectively (Table 8).
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Table 1. The mean number of male Cydia pomonella captured, beginning May 15, during a 72
h period (at 24, 48 and 72 hours) in traps with different lures placed in the control block (ho
insecticide applications).

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female
moths 0.2+0.20 a 0.8+0.49 a 0.4+0.40a 1.4+0.74 a
(nontreated)
2. Female
moths 1.2+0.80 a 1.6+0.87 a 0.6+0.60 a 3.4+2.20 ab
(treated)
3. 1mg 1.240.80 a 10.0£2.09b  4.2¢1.02b 15.443.17
septum
4. 10 mg
10.0+1.97 b 4.4+1.96 a 2.0+0.44 a 16.4+2.97 ¢
septum
5. DA septum 6.4+1.80 b 26+060a  1.0+077a  10.0+2.56 bc

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05).
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Table 2. The mean number of male Cydia pomonella captured, beginning May 19, duringa 72 h
period (at 24, 48 and 72 hours) in traps with different lures placed in the control block (no
insecticide applications).

Mean (+SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 0.4+0.24 a 1.0+0.44 a 1.4+0.51 ab 2.8+0.97 a
(nontreated)
2. Female moths 0.4+0.24 a 0.2+0.20 a 0.6+0.60 a 1.2+0.58 a
(treated)
3. 1 mg septum 4.0+0.89 b 2.0+0.44 a 48+1.20c 10.8+1.28 b
4.0+1.81b 0.8+0.37 a 1.84+0.58 abc 6.6+1.93 ab

4. 10 mg septum

1.4+0.92 ab 2.2+1.74 a 4.0+£2.02 bc 7.614.62 ab
5. DA septum

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.07).
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Table 3. The mean number of male Cydia pomonella captured, beginning May 23, duringa 72 h
period (at 24, 48 and 72 hours) in traps with different lures placed in the control block (no
insecticide applications).

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 0.2+0.20 a 0.0+£0.00 a 0.8+£0.58 a 1.0+0.54 a
(nontreated)
2. Female moths 0.8+0.80 a 0.4+0.24 a 0.0+0.00 a 1.2+0.97 a
(treated)
3. 1mg septum 3.6+1.16 b 2.4+0.92 b 2.4+124 2 8.4+3.01 b
1.6+0.67 ab 0.4+0.40 a 1.2+0.37 a 3.2+0.80 a
4. 10 mg septum
5. DA septum 1.6+0.51 ab 0.2+0.20 a 1.2+0.58 a 3.0+1.14a

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
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Table 4. The mean number of male Cydia pomonella captured, beginning May 30, during a 72 h
period (at 24, 48 and 72 hours) in traps with different lures placed in the control block (ho
insecticide applications).

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 0.8+0.37 a 241112 a 1.8+0.80 a 5.0+2.23 a
(nontreated)
2. Female moths 0.4+0.40 a 3.8£2.22 a 1.4+0.74 a 56+3.18 a
(treated)
32+1.39a  46tl74a  32t146a 11.0+4.00
3. 1 mg septum A

0.0+£0.00 a 2.8+0.66 a 4.6+£1.36 a 7.4+1.86 a
4. 10 mg septum

1.8+1.56 a 3.6x1.74 a 1.6+0.92 a 7.0£3.22 a
5. DA septum

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05).
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Table 5. The mean number of male Cydia pomonella captured, beginning June 2, during a 72
h period (at 24, 48 and 72 hours) in traps with different lures placed in the control block (no

insecticide applications).

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1 Femalemoths 45,520,  38:0.58b 0.6£0.40a 4.6£0.98 be
(nontreated)
2. Female moths 4 6,80 0.2+0.20 a 0.2+0.20 a 1.2¢0.97 a
(treated)
3. 1 mg septum 3.0£1.04b 0.8+0.58 a 2.2£0.73 b 6.0£1.58 c
4. 10 mg septum 0.4+0.24 a 0.2+0.20 a 1.6£0.51 ab 2.240.37 ab
5. DA septum 0.8+0.49 a 0.0+£0.00 a 0.4+040a 1.2+0.80 a

Means followed by the same letter are not significantly different (Fisher’s protected LSD;

P<0.05).
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Table 6. The mean number of male Cydia pomonella captured, beginning June 6, duringa 72 h
period (at 24, 48 and 72 hours) in female moth-baited traps placed in the control block (no
insecticide applications).

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total

1 Female moths  24%fl12a  4.4%237a  46£116b 11.443.18 b

(nontreated)

2. Eemale moths 0.6+0.24 a 1.6+1.03 a 0.8+0.49 a 3.0+1.09 a

(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05).
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Table 7. The mean number of male Cydia pomonella captured, beginning June 24, duringa 72 h
period (at 24, 48 and 72 hours) in female moth-baited traps placed in the control block (no
insecticide applications).

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total

1. Female moths 1.8£0.91 a 1.8+0.73 a 3.2+091a 6.8£1.82 a
(nontreated)

2. Female moths 2.0£0.63 a 2.611.24 a 1.6+£0.81 a 6.2+2.45a
(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05).
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Table 8. The mean number of male Cydia pomonella captured, beginning July 1, duringa 72 h
period (at 24, 48 and 72 hours) in female moth-baited traps placed in the control block (no
insecticide applications).

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total

1. Female moths 3.410.67 a 2.0£0.54 a 2.0£1.04 a 7.410.74 a
(nontreated)

2. Female moths 3.4+1.60 a 3.44£0.92 a 0.8£0.20 a 7.6£2.54 a
(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
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2. Trap Catches — Trees Treated With Methoxyfenozide

On July 13, all five trap types were placed in a block just after it had been
treated with the ecdysone agonist methoxyfenozide (Intrepid 2F). Septa lures
that had been used in the previous two trapping periods were used during this trial
as well (with a total field exposure of 8 days). As done previously during the
control trials, traps were checked at 24, 48 and 72 hours after deployment.

After 24 hours, the greatest mean number of male C. pomonella captures
occurred within the 10 mg septa traps (3.0 males). However, this mean was not
significantly greater from other trap means which ranged from 0.2 to 2.6 males
per trap (Table 9). Similarly there were no significant differences in mean male
moth captures among the five trap types at the 48 and 72 hour counts, although
the greatest means during these two periods (4.8 and 2.6 males respectively) were
found in the 1 mg traps (Table 9). When the trap data are pooled, there are no
significant differences in mean male moth captures among all trap types, but the
highest mean (10.0 males) still occurred within the 1 mg septa traps.

The second trapping period conducted in the methoxyfenozide-treated
block was initiated on July 16; 3 days after the ecdysone agonist had been applied
to the trees. New treated and non-treated females were place in traps, as was done
before each trapping period. Septa lures that had been used in the previous
trapping periods were used again (with a field exposure of 9 days). There were no
significant differences in mean male captures among all five lure types at 24, 48,
and 72 hour assessments (Table 10). However, traps with the treated female

moths consistently had the lowest mean male captures of all trap types throughout
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the 3-day trapping period. Although no significant differences among trap types
were found when the data were pooled, the 10 mg lure had the highest mean male
catch (11.6 males per trap) while the treated-female traps had the lowest mean
(1.2 males per trap).

Twelve days after the first application of methoxyfenozide, July 25, two
types of female-baited lure traps were placed in the block. Mean male captures
after 24, 48, 72 hours revealed no significant differences between the two trap
types (Table 11). When the data are pooled there was no significant difference.
Non-treated female traps captured a mean of 21.6 males per trap and treated
females traps captured a mean of 16.2 males (Table 11).

On July 28, a second application of methoxyfenozide was made to the
trees. After a 2-3 hour of drying period, female-baited traps were placed within
the block. As with the previous trial there were no significant differences in mean
male captures between the two trap types after the 24, 48, and 72 hour periods
(Table 12). After the initial 24 hours, non-treated female traps had a higher male
capture at 48 and 72 hours, but again none of these values were significantly
higher than treated female traps. When the data are pooled, traps with the non-
treated females captured a mean of 32.8 males per trap, while traps with treated
females had a mean of 28.6 males per trap. These two means were not
significantly different from each other.

On Aug. 8, 11 days after the second methoxyfenozide application, the two
female-baited trap types were again placed in the block. After 24 hours, non-

treated female traps captured a mean of 28.6 males per trap; however, it was not
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significantly greater than the mean of 5.8 males captured from treated female
traps (Table 13). After 48 hours, non-treated female traps had the greatest, but
not significantly greater, mean number of male caught (10.6 and 7.2 male
respectively) (Table 13). After 72 hours, nontreated female traps caught 7.2
males per trap which was significantly higher than treated female traps mean of
0.4 males per trap. When the data are pooled the non-treated female traps had a
significantly greater mean catch of 46.4 males, whereas the treated female traps

had a mean catch of 8.2 males per trap (Table 13).
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Table 9. The mean number of male Cydia pomonella captured, beginning July 13, duringa 72 h
period (at 24, 48 and 72 hours) in traps with different lures placed in the methoxyfenozide-

treated block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 1.2+0.49 a 2.2+1.56 a 2.0£1.76 a 5.4+3.70 a
(nontreated)
2. Female moths 0.2+0.20 a 1.4+0.74 a 1.0+0.54 a 2.6+0.92 a
(treated)
3. 1 mg septum 2.6£0.98 a 48+1.35a 2.6£0.92 a 10.0+1.87 a
1.4+0.40 a 0.4+0.24 a 1.2+0.49 a 3.0£0.70 a
4. 10 mg septum
5. DA septum 3.0£2.53a 2.0+2.00 a 0.8£0.58 a 5.8+4.65 a

Means followed by the same letter are not significantly different (Fisher’s protected LSD;

P<0.05).
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Table 10. The mean number of male Cydia pomonella captured, beginning July 16, during a 72
h period (at 24, 48 and 72 hours) in traps with different lures placed in the methoxyfenozide-
treated block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 1.0+£1.00 a 3.4+2.27 a 3.0+2.00 a 7.4+4.51 a
(nontreated)

2. Female moths 0.0+0.00 a 0.6+0.60 a 0.60+0.40 a 1.2+0.58 a

(treated)
3. 1 mg septum 2.8+0.37 a 4.0t151a 1.6+0.67 a 8.4+1.53a
4. 10 mg septum 2.240.37 a 5.4+2.78 a 4.0+0.63 a 11'622'94
5. DA septum 1.8+1.20 a 2.240.97 a 2.4+1.69a 6.4+3.31a

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05). Methoxyfenozide applied to trees on July 13
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Table 11. The mean number of male Cydia pomonella captured, beginning July 25, during a 72
h period (at 24, 48 and 72 hours) in female moth-baited traps placed in the methoxyfenozide-
treated block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72 h Total

1. Female moths 3.0£2.14 a 10.6+7.15a 8.0+4.33 a 21.6x12.75a
(nontreated)

2. Female moths 1.8+1.35a 11.645.87 a 2.8+1.59a 16.245.25a
(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD;
P<0.05). Methoxyfenozide applied to trees on July 13.
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Table 12. The mean number of male Cydia pomonella captured, beginning July 28, duringa 72 h
period (at 24, 48 and 72 hours) in female moth-baited traps placed in the methoxyfenozide-treated

block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72h Total

1. Female moths 10.4+3.84 a 11.6+2.96 a 10.8+2.95a 32.8+6.65 a
(nontreated)

2. Female moths 14.6+£0.92 a 9.0£2.49a 5.0+1.00 a 28.6+3.26 a
(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
Methoxyfenozide applied to trees on July 28.
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Table 13. The mean number of male Cydia pomonella captured, beginning August 8, during a 72
h period (at 24, 48 and 72 hours) in female moth-baited traps placed in the methoxyfenozide-
treated block.

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total

1. Female moths 28.6+10.03 a 10.6£5.68 a 7.2+1.82b 46.4+14.13 b
(nontreated)

2. Female moths 5.8+2.35a 2.0+0.54 a 0.4+0.24 a 8.2+2.87 a
(treated)

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
Methoxyfenozide applied to trees on July 28.

64



3. Trap Catches — Trees Treated With Methoxyfenozide and Mating Disruption

On August 24, a third application of methoxyfenozide was applied to the
block, nearly a month since the second application. Previously, placement of
mating disruption dispensers (Isomate C-Plus) in the same trees occurred on
August 15. On August 26, all lure types (pheromone- and female moth-based)
were placed in the treated block. After the first 24 hours, the 1 mg and 10 mg
septa lures had the highest mean capture of males (12.4 and 7.4 males per trap
respectively) (Table 14). Although these values were not significantly different
from one another, mean male capture from 1 mg septa traps was significantly
higher than all the remaining three trap types. Female-baited and DA lure traps
caught the lowest number of males after the first 24 hours, less than 0.5 males per
trap (Table 14).

After 48 hours, the 1 mg septa trap again captured a significantly greater
mean number of males than the other trap types (22.4 males per trap) (Table 14).
There were no significant differences between the remaining trap types. At the
72-hour period, the 10 mg lure captured the greatest number of males (22.8 males
per trap). When trap data are pooled, female (non-treated and treated) and DA
septa-baited traps captured the lowest mean number of males (1.4, 0.8, and 6.0
males per trap respectively) (Table 14). Conversely, 1 mg and 10 mg traps
captured significantly greater mean number of males, 46 and 38.4 males per trap
respectively. There was no significant difference between these two means.

On September 8, 10 days after the last methoxyfenozide application and

about a month (24 days) after mating disruption dispensers had been applied, the
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five trap types were again placed throughout the block. The septa-baited traps
received new lures.

Twenty-four hours after trap deployment, the two trap types with the
significantly highest mean number of male moths (11.8 and 13.6 males per trap
respectively) were found in the 10 mg and 1 mg septa-baited traps (Table 15).
There was no significant difference between these means. This pattern was
repeated the following 24 hours, with 1 mg and 10 mg codlemone septa-baited
traps having the highest mean male moth captures (13.6 and 9.4 males per trap
respectively) (Table 15). The 1 mg septa trap mean capture was significantly
greater than the 10 mg septa trap capture.

At the 72-hour assessment, 10 mg septa lures had a significantly higher
mean number of males captured (10.2 males per trap). Remaining trap captures
were not significantly different from each other. After pooling the data, mean
numbers of males captured in the 1 and 10 mg septa traps (31.6 and 31.4 males
respectively) were significantly greater than all other trap types.

On Sept. 12, another application of methoxyfenozide was applied to the
trees (at this time mating disruption dispensers had a field exposure of 32 days).
After a short drying period the five trap types were placed throughout the block.
Septa lures used in the previous trapping period were used for this trapping period
as well.

After 24 hours, the 10 mg septa traps had the significantly greatest mean number of males
caught than all other trap types (10.8 per trap) (Table 16). The other trap types showed no
significant differences between each other, however, non-treated and treated female traps had the

lowest mean catch (0.2 and 0 males per trap respectively) (Table 16). This same pattern of mean
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male captures was repeated 48 hours after trap deployment. After pooling the data, traps with 10

mg septa lures captured a significantly greater mean number of males (25) than the other four trap

types.
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Table 14. The mean number of male Cydia pomonella captured, beginning August 26, during a 72 h
period (at 24, 48 and 72 hours) in traps with different lures placed in the methoxyfenozide- and

mating disruption-treated block.

Mean (£SE) No. of Males Captured

Lure Type 24 h 48 h 72h Total
1. Female moths 0.4+0.24 ab 1.0+0.63 a 0.0+0.00a 1.4+0.67 a
(nontreated)
2. Female moths 0.0+0.00 a 0.2+0.20 a 0.6+0.40 a 0.8+0.37a
(treated)
3. 1 mg septum 12.443.77 ¢ 22.4+9.80 b 11.242.95b 46.0£9.42 b
4. 10 mg septum 7.4+3.94 e 8.242.08 a 22.8+7.31 ¢ 38.4+13.11b
5. DA septum 0.4+0.24 ab 2.842.77 a 2.840.80 ab 6.0£0.89 a

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
Methoxyfenozide applied to trees on August 24. and mating disruption applied on August 15.
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Table 15. The mean number of male Cydia pomonella captured, beginning September 8, during a
72 h period (at 24, 48 and 72 hours) in traps with different lures placed in the methoxyfenozide- and

mating disruption-treated block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72 h Total
1. Female moths 0.2+0.20a 0.2+0.20a 0.6+0.40 a 1.0+0.54 a
(nontreated)
2. Female moths 0.0+0.00 a 0.0+0.00 a 0.0 +0.00 a 0.0 +0.00 a
(treated)
3. 1 mg septum 13.6£3.37 b 13.6+£1.88 c 4.4+1.03 a 31.6+4.53 b
4. 10 mg septum 11.842.13 b 9.442.15 b 10.242.92 b 31.4+4.89 b
5. DA septum 2.0+0.94 a 2.2+1.06 2 3.0+1.22a 7.242.49 a

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
Methoxyfenozide applied to trees on August 24. and mating disruption applied on August 15.
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Table 16. The mean number of male Cydia pomonella captured, beginning September 12, during a
72 h period (at 24, 48 and 72 hours) in traps with different lures placed in the methoxyfenozide-
and mating disruption-treated block.

Mean (xSE) No. of Males Captured

Lure Type 24 h 48 h 72 h Total
1. Female maths 0.2+0.20a 0.0+0.00 a 0.0+0.00 a 0.2+0.20 a
(nontreated)
2. Female moths 0.0+0.00 a 0.0+0.00 a 0.0 +0.00 a 0.0 +0.00 a
(treated)
3. 1 mg septum 2.2+0.58 a 1.0£0.54 a 2.241.02 ab 5.4+1.36 a
4. 10 mg septum 10.8+3.56 b 4.8+2.78 b 9.4+6.75 b 25.0+10.31 b
5. DA septum 4.4+1.56 a 0.2+0.20 a 0.0+£0.00 a 4.6x1.60 a

Means followed by the same letter are not significantly different (Fisher’s protected LSD; P<0.05).
Methoxyfenozide applied to trees on August 24. and mating disruption applied on August 15.
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4. Trap Catches-Summary

The mean number of males caught per lure type during the 72-hour
trapping periods conducted in the control block (no insecticide applications) were
calculated. Traps baited with methoxyfenozide-treated females had the lowest
mean number of males caught among all lure types (3.13 males per trap) (Table
17). Although this mean was not significantly different from non-treated female
lure mean catch, 3.84 males per trap, it was significantly lower than all remaining
lure types. The 1 mg septum lure had a significantly greater mean number of
males caught (7.04) than all lure types except for the 10 mg septum lure (5.75
males per trap) (P<0.05). No other significant differences were found (Table 17).

The total mean number of males caught per lure type for the 72-hour
trapping periods conducted in the methoxyfenozide-treated block were also
calculated. No significant differences were found between lure types (Table 18).
The total mean number of males captured ranged from 4.29 to 5.88 males per trap
among lure types, with methoxyfenozide-treated females having the lower mean
catch and the 1 mg septum lure having the highest.

The total mean number of males caught per lure type for the 72-hour
trapping periods conducted in the methoxyfenozide and mating disruption-treated
block were calculated as well. Methoxyfenozide-treated females caught a
significantly lower total mean number (0.68 males per trap) in comparison to all t
other lures (P<0.05) (Table 19). There were no significant differences found
between the 1mg and 10 mg septum lure (9.02 and 9.59 respectively), however

both were significantly higher than all remaining lure types.
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Table 17. The total mean number of male Cydia pomonella captured for each different
lure type in the control block (data pooled).

Lure Type Total Mean No. of Males Captured
b e o ssuoa
2. (l:rezerggg)moths 31303 d
3. 1 mg septum 7.0439 a
4. 10 mg septum 5.7582 ab
5. DA septum 5.1338 cb

Means followed by the same letter are not significantly different. (Fisher's protected
LSD; P<0.05).
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Table 18. The total mean number of male Cydia pomonella captured for each different
lure type in the methoxyfenozide-treated block (data pooled).

Lure Type Total Mean No. of Males Captured

1. Female moths

(nontreated) 43932
2. (I;ree?:agg)moths 42993
3. 1 mg septum 5.886 a
4. 10 mg septum 5.614a
5. DA septum 4,359 a

Means followed by the same letter are not significantly different. (Fisher's protected
LSD; P<0.05).

73



Table 19. The total mean number of male Cydia pomonella captured for each different
lure type in the methoxyfenozide-treated and mating disruption-treated block (data
pooled).

Lure Type Total Mean No. of Males Captured

1. Female moths

(nontreated) 13727 ¢
?t.rg;[rg](?)le moths 0.6828 ¢
3. 1 mg septum 9.0253a
4. 10 mg septum 9.5978 a
5. DA septum 41197 b

Means followed by the same letter are not significantly different. (Fisher's protected
LSD; P<0.05).
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B. Laboratory Bioassay

1. Displays of Movement Towards Moth Partner

When the data were pooled by sex, females and males exposed to water
(Treatment 1) displayed the highest mean number of individual movements
towards one another (48.8) per 20-minute observation period (Table 20).
Conversely, pairs where both males and females had been exposed to
methoxyfenozide (Treatment 4) averaged only 23.6 movements towards their
partner. For the remaining treatment combinations, the mean number of
movements towards a partner per observation period ranged from 28.1 to 38.6
times. Data analysis revealed no significant differences between treatments
regarding this behavior (P = 0.234) (Table 20).

Pooling data by treatment revealed no significant differences between
males and females in the mean number of movements towards a partner (Table
21). There were also no significant differences between sexes for movement
towards a partner within individual treatments (Table 22). However, significant
differences were found for this behavior when all treatment types were compared
per sex per treatment combination (Tables 22-24). For example, water-treated
females from Treatment 1 moved to their water-treated partner an average of 45.2
times, which was significantly higher than what the methoxyfenozide-treated
females in Treatment 4 who moved 17.1 times towards their methoxyfenozide-
treated partner (P<0.04) (Table 23). There was also a close significant difference
between water-treated females in Treatment 6, 42.2 times, and methoxyfenozide-

treated females of Treatment 4 (P<0.06).
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Significant differences were found when comparing the mean number of
movements-towards-partner for male moths amongst treatment types. Water-
treated males from Treatment 1, moved toward water-treated females significantly
more (52.3) than water-treated moved toward surfactant-treated females in
Treatment 5 (24.3 times) (P<0.05) (Table 24). Males from Treatment 1 displayed
a marginal significantly lower number of toward movements when compared to
surfactant-treated males paired with water-treated females in Treatment 7 (26.8

toward movements) (P<0.06).
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Table 20. The mean number of times paired male and female Cydia pomonella displayed
movements towards partner of opposite sex during courtship by treatment (sex data pooled).

Treatment Exposure By Sex

Mean No. Times (+SE)
Movement Towards
Partner

Treatment
No. Males Females

1 water water 48.8+7.22
2 water methoxy 34.5+7.22
3 methoxy water 28.1+6.42
4 methoxy methoxy 23.6+6.69
5 water surfact 38.6+7.22
6 surfact water 38.6+7.22
7 surfact surfact 28.7+6.78
P-value 0.2343
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Table 21. The mean number of times paired male and female Cydia pomonella displayed
movements towards partner of opposite sex during courtship (treatment data pooled).

Mean No. Times (+SE)

Sex Movement Towards Partner
Female 30.6+3.57
Male 35.0+3.56
P-value 0.3561
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Table 22. Mean number times Cydia pomonella, by sex, displayed movement towards partner of
opposite sex during courtship and the within-treatment P-value (Nonprotected LSD).

Sex 1 2 3 4 5 6 7

Female 452 24.6 24.3 17.1 30.5 422 30.5
(water)  (methoxy) (water) (methoxy) (surfact) (water)  (surfact)

Male 52.3 44.4 32 30 24.3 35 26.8
(water) (water) (methoxy) (methoxy) (water) (surfact) (surfact)

Pvalue 0.5764 0.122 0.4953 0.2615 0.654 0.5764  0.7573

Each methoxyfenozide treatment solution also contained a field rate of the surfactant Latron B-
1956 (as per label recommendations). The surfactant treatment consisted of a labeled field rate
(0.125%, vol:vol) of Latron B-1956 mixed with water.
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Table 23. P-values of treatment comparisons of female Cydia pomonella regarding the mean
number of times they displayed movement towards male partner using a Nonprotected LSD test.

Sex: Female Treatment

Treatment 1 2 3 4 5 6 7
1 - 0.1332 0.1062 0.0321* 0.3127 0.8256 0.2691
2 - - 0.9763 0.5632 0.9783 0.1996 0.6561
3 0.5597 0.6498 0.1661  0.6150
4 0.3354 0.0553*  0.2870
5 0.4221  0.9997
6 0.3795
7 - - - - - - -
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Table 24. P-values of treatment comparisons of male Cydia pomonella regarding the mean number

of times they displayed movement towards female partner using a Nonprotected LSD test.

Sex: Male Treatment

Treatment 1 2 3 4 5 6 7
1 - 0.5638 0.1166 0.0913 0.0497* 0.2064 0.0553*
2 - - 0.3355 0.2741 0.1571 0.4912 0.1843
3 - - - 0.8748 0.5673 0.8132 0.6789
4 0.6737 0.7037 0.8004
5 0.4486  0.8524
6 0.5349



2. Displays of Movements Away from Partner

When data were pooled by sex, water-treated females and males of the control
(Treatment 1) had the highest mean number of movements away from their
partner during the 20-minute observation period, 42.3 times (Table 27).
Methoxyfenozide-treated females and males (Treatment 4) had a much lower
mean number (22.5 times). Remaining treatments had means ranging from 27.2
to 39.7 times (Table 27). Interestingly, these results were similar to results found
for the behavior of towards movements, with the control having the higher mean
number than that of the methoxyfenozide-treated moths. However, when
considering all treatment types, the data analysis revealed no significant
differences between treatments for this particular courtship behavior (p>0.22)
(Table 27).

Pooling these data by treatment type revealed no significant differences
between sexes in the mean number of times they moved away from their partner
(p>0.9) (Table 28). Comparisons of mean away movements by sex within each
treatment also found no significant differences between female and male moths
(Table 29).

Significant differences were found when comparing the mean number of
times female moths moved away from their male partners amongst all the
treatment types (Table 30). For example, water-treated females (Treatment 1)
moved away from water-treated males an average of 52.3 times, which was
significantly greater than methoxyfenozide-treated females of Treatment 4 moved

towards their methoxyfenozide-treated males (16.7 times) (P<0.01) (Table 30).
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Females from Treatment 4 also had a significantly lower mean than water-treated
females of Treatment 6 (P<0.05) (Table 30). There were no significant
differences found when comparing males of all treatment types for this behavior

(Table 31).
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Table 25. The mean number of times paired male and female Cydia pomonella displayed
movements away partner of opposite sex during courtship by treatment (sex data pooled).

Treatment Exposure By Sex

Mean No. Times(+SE)
Movement Away
From Partner

Treatment
No. Males Females

1 water water 47.3+7.27
2 water methoxy 35.547.27
3 methoxy water 28.06.47
4 methoxy methoxy 22.546.78
5 water surfact 27.248.08
6 surfact water 39.747.27
7 surfact surfact 28.246.83
P-value 0.22463
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Table 26. The mean number of times paired male and female Cydia pomonella displayed
movements away from partner of opposite sex during courtship (treatment data pooled).

Mean No. Times (xSE)

Sex Movement Away From Partner
Female 33.0+3.55

Male 32.5+3.54

P-value 0.9047
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Table 27. Mean number times Cydia pomonella, by sex, displayed movement away from partner of
opposite sex during courtship and the within-treatment P-value (Nonprotected LSD).

Sex 1 2 3 4 5 6 7
52.3 27.6 27.3 16.7 30.0 45.0 323
Female (water) (methoxy)  (water)  (methoxy) (surfact) (water) (surfact)
42.3 43.3 30.6 28.2 24.4 344 24.1
Male (water) (water) (methoxy) (methoxy) (water) (surfact) (surfact)

Pvalue 0.0701 0.2077 0.7682 0.3085 0.6856  0.1468  0.4820

Each methoxyfenozide treatment solution also contained a field rate of the surfactant Latron B-
1956 (as per label recommendations). The surfactant treatment consisted of a labeled field rate
(0.125%, vol:vol) of Latron B-1956 mixed with water.
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Table 28. P-values of treatment comparisons of female Cydia pomonella regarding the mean
number of times they displayed movement away from male partner using a Nonprotected

LSD test.

Sex: Female Treatment

Treatment 1 2 3 4 5 6 7
1 ---0.0701 0.0532 0.0066** 0.1226 0.5923 0.1302
2 0.9833 0.4020 0.8714 0.2003  0.7209
3 0.3852 0.8497 0.1695  0.6887
4 -—- --- - - 0.3411 0.0302*  0.2152
5 0.2966  0.8662
6 0.3348
7 - — - - - - -
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Table 29. P-values of treatment comparisons of male Cydia pomonella regarding the mean
number of times they displayed movement away from female partner using a Nonprotected LSD

test.

Sex: Male Treatment

Treatment 1 2 3 4 5 6 7
1 - 09411 0.3608 0.2800 0.2063 0.5588  0.1660
2 - --- 0.3214 0.2474 0.1822 0.5103  0.1440
3 - --- --- 0.8445 0.6455 0.7667  0.5986
4 0.7828  0.6343  0.7453
5 0.4802  0.9806
6 0.4323
7 — — — — — — —
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3. Wing Fanning Behavior

Wing fanning was displayed the highest number of times (48.08) when
both sexes were treated with water (Treatment 1). The methoxyfenozide-treated
pair (Treatment 4) had the lowest mean (23.5 times) (Table 30). The mean
number of times wings were fanned per 20-minute observation period for all
remaining treatment types ranged from 27.7 to 41.5. There were no significant
differences between treatment types for this behavior (p>0.30) (Table 30).

Pooling treatment data also revealed no significant differences between
female and male moths in regards to mean number of times wing fanning was
displayed (p>0.80) (Table 31). In addition, there were no significant differences
in mean wing fanning between sexes within each treatment (Table 32).

When comparing females among treatments, water-treated females paired
with water-treated males (Treatment 1) fanned their wings a mean of 50 times per
observation period, while methoxyfenozide-treated females paired with
methoxyfenozide-treated males (Treatment 4) fanned their wings significantly
less (19.6 times) (P<0.05) (Tables 32-33). There were no significant differences

for wing fanning found among males between treatments (Table 34).
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Table 30. The mean number of times paired male and female Cydia pomonella displayed

wing fanning during courtship by treatment (sex data pooled).

Treatment Exposure By

Sex Mean No. Times
(xSE) Wing
Treatment Fanning

No. Males Females

1 water water 48.08+8.21

2 water methoxy 33.0+8.21

3 methoxy water 30.40+7.31

4 methoxy methoxy 23.5+7.74

5 water surfact 27.7+49.17

6 surfact water 41.5+8.21

7 surfact surfact 29.7+7.71
P-value 0.3964
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Table 31. The mean number of times paired male and female Cydia pomonella displayed wing
fanning during courtship (treatment data pooled).

Mean No. Times (+SE)

Sex Wing Fanning
Female 33.9+3.91

Male 32.9+3.89

P-value 0.8262
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Table 32. Mean number times Cydia pomonella, by sex, displayed wing fanning during courtship and
the within-treatment P-value (Nonprotected LSD).

Sex 1 2 3 4 5 6 7

Female 50.0 28.8 26.4 19.6 35.0 452 32.5
(water)  (methoxy) (water) (methoxy) (surfact)  (water)  (surfact)

Male 46.1 37.2 34.4 27.3 20.4 37.8 27.0
(water) (water) (methoxy) (methoxy)  (water)  (surfact) (surfact)

P-value 0.7683 0.5256 0.4957 0.5181 0.3117 05730  0.6538

Each methoxyfenozide treatment solution also contained a field rate of the surfactant Latron B-1956
(as per label recommendations). The surfactant treatment consisted of a labeled field rate (0.125%,
vol:vol) of Latron B-1956 mixed with water.
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Table 33. P-values of treatment comparisons of female Cydia pomonella regarding the mean number

of times they displayed wing fanning using a Nonprotected LSD test.

Sex: Female Treatment

Treatment 1 2 3 4 5 6 7
1 - 01571 0.9600 0.0349* 0.3439 0.7484  0.2270
2 - - 0.8637 0.5197 0.7001 0.2730 0.8009
3 - - --- 0.6142 0.5726 0.1840 0.6563
4 0.3173 0.0750  0.3532
5 - 05183  0.8732
6 0.3794
7 - - — — - - -
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Table 34. P-values of treatment comparisons of male Cydia pomonella regarding the mean
number of times they displayed wing fanning using a Nonprotected LSD test.

Sex: Male Treatment

Treatment 1 2 3 4 5 6 7
1 -~ 0.5493 0.4058 0.1926 0.1000 0.5769  0.1859
2 - --- 0.8422 0.4925 0.2815 0.9674 0.4792
3 0.6019 0.3454 0.8086  0.5860
4 0.6474 0.4664  0.9811
5 0.2645  0.6638
6 0.4535
7 — — —— — — — —
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4. Antennal Stroking Behavior

When the data are pooled by sex, there were no significant differences
between treatment types in to the mean number of displays of antennal stroking
(p>0.07) (Table 35). Means ranged from 0.3 to 0.9 times per 20-minute
observation period. Pooling the treatment data revealed no significant differences
in displays of antennal stroking between males and females, 0.5 and 0.6 times
respectively (Table 36). In addition, comparisons of displays of antennal stroking
revealed no significant differences between female and male moths within each
individual treatment (Table 38).

When comparing only female displays of antennal stroking among the
treatments, significant differences were found (Table 38). The methoxyfenozide-
treated female paired with the water-treated male (Treatment 2) resulted in the
highest mean of antennal stroking displayed, 1.2 times (Table 38). This mean was
significantly higher than the water-treated females of Treatment 3 which
displayed a mean of 0.4 times antennal stroking (P<0.02) (Tables 37-38). The
surfactant-treated females paired with the water-treated males (Treatment 5) also
had a significantly lower mean, 0.2 times, than the methoxyfenozide-exposed

females of Treatment 2 (P<0.01) (Tables 37-38).

Significant differences were also found when comparing mean male antennal stroking
among the treatments (Table 38). The water-treated males of the control (Treatment 1) displayed
significantly higher mean number of antennal stroking, 0.8 times, than the methoxyfenozide-
treated males (Treatment 3), 0.4 times (P<0.05) (Tables 37-38). The males of Treatment 1 also
had a significantly greater mean number of antennal stroking displays than the surfactant-treated

males of Treatment 7 (P<0.05) (Tables 37-38).
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Table 35. The mean number of times paired male and female Cydia pomonella displayed antennal
stroking during courtship by treatment (sex data pooled).

Treatment Exposure By Sex

Mean No. Times (xSE)
Antennal Stroking

Treatment
No. Males Females

1 water water 0.8+0.17
2 water methoxy 0.9+0.17
3 methoxy water 0.3+0.15
4 methoxy methoxy 0.5+0.15
5 water surfact 0.5+0.18
6 surfact water 0.5+0.17
7 surfact surfact 0.3+0.16
P-value 0.0765
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Table 36. The mean number of times paired male and female Cydia pomonella displayed
antennal stroking during courtship (treatment data pooled).

Mean No. Times (+SE)

Sex Antennal Stroking
Female 0.6+0.08

Male 0.5+0.08

P-value 0.3740
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Table 37. Mean number times Cydia pomonella, by sex, displayed antennal stroking during
courtship and the within-treatment P-value (Nonprotected LSD).

Sex 1 2 3 4 5 6 7

Female 0.8 1.2 0.4 0.5 0.2 0.6 0.5
(water) (methoxy)  (water)  (methoxy) (surfact) (water) (surfact)

Male 0.8 0.7 0.1 0.5 0.7 0.5 0.1
(water) (water)  (methoxy) (methoxy) (water) (surfact) (surfact)

pP-
value 1 0.115 0.3012 0.9397 0.1687 0.846 0.2744

Each methoxyfenozide treatment solution also contained a field rate of the surfactant Latron B-1956
(as per label recommendations). The surfactant treatment consisted of a labeled field rate (0.125%,
vol:vol) of Latron B-1956 mixed with water.
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Table 38. P-values of treatment comparisons of female Cydia pomonella regarding the mean
number of times they displayed antennal stroking using a Nonprotected LSD test.

Sex: Female Treatment

Treatment 1 2 3 4 5 6 7
1 ---0.2447 0.2271 0.3760 0.0915 0.4376  0.3118
2 - --- 0.0154* 0.0352 0.0057**  0.0533 0.278
3 - --- --- 0.7300 0.5190 0.6973  0.8591
4 0.3432 0.9483  0.8746
5 0.3370  0.4309
6 0.8321
7 — — — — — — —
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5. Displays of Raised Wings

Water-treated males and females of the control treatment (Treatment 1)
raised their wings the highest mean number of times (1.5) per observation period
(Table 39). When considering all treatment types, the data analysis revealed a
significant difference in mean number of times wings were raised between the
control and remaining treatments (P<0.05) (Tables 39, 43).

When the data are pooled by treatment, males raised their wings
significantly more times than females (P<0.001) (Table 40). When comparing
this behavior by sex within each treatment, males treated with water raised their
wings significantly more times than their female partners in 2 out of the 7

treatments (Table 41).

There were no significant differences found when comparing female-only means for
displays of raised wings among treatments (Table 42). Water-treated males paired with water-
treated females (Treatment 1) raised their wings significantly more times (2.8) than males from all

the other treatments (P<0.001)(Tables 4).
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Table 39. The mean number of times paired male and female Cydia pomonella displayed
raised wings during courtship by treatment (sex data pooled).

Treatment Exposure By

Sex .
Mean No. Times(+SE)
Raised Wings
Treatment
No. Males Females
1 water water 1.5+0.27
2 water methoxy 0.1+0.27
3 methoxy water 0.3+0.24
4 methoxy methoxy 0.4+0.24
5 water surfact 0.3+0.30
6 surfact water 0.4+0.27
7 surfact surfact 0.0+0.25
P-value 0.0246
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Table 40. The mean number of times male and female Cydia pomonella displayed raised
wings during courtship (treatment data pooled).

Mean No. Times (+SE)

Sex Raised Wings
Female 0.0+0.14

Male 0.8+0.14

P-value 0.0001
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Table 41. Mean number times Cydia pomonella, by sex, displayed raised wings during courtship
and the within-treatment P-value (Nonprotected LSD).

Sex 1 2 3 4 5 6 7

Female 1.3 0.0 0.0 0.0 0.01 0.0 0.0
(water)  (methoxy) (water) (methoxy) (surfact) (water) (surfact)

Male 2.8 0.2 0.6 0.8 0.4 0.8 0.1
(water) (water) (methoxy) (methoxy) (water) (surfact) (surfact)

Pvalue <.0001 <.0001 0.2362 0.0735 0.6243  0.1462  0.9092

Each methoxyfenozide treatment solution also contained a field rate of the surfactant Latron B-
1956 (as per label recommendations). The surfactant treatment consisted of a labeled field rate
(0.125%, vol:vol) of Latron B-1956 mixed with water.
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Table 42. P-values of treatment comparisons of female Cydia pomonella regarding the mean
number of times they displayed raised wings using a Nonprotected LSD test.

Sex: Female Treatment

Treatment 1 2 3 4 5 6 7
1 -~ 0.8081 0.8765 0.7974 0.9544 0.8081  0.8888
2 -—- --- 0.9193 1.0000 0.7748 1.0000 0.9121
3 0.9141 0.8371 0.9193  0.9902
4 0.7637 1.0000  0.9067
5 0.7748  0.8491
6 0.9121
7 —— — — —— — — —
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Table 43. P-values of treatment comparisons of male Cydia pomonella regarding the mean number of
times they displayed raised wings using a Nonprotected LSD test.

Sex: Male Treatment

Treatment 1 2 3 4 5 6 7
1 --  <0.0001** <0.0001** 0.0002** <0.0001**  0.0002** <0.0001**
2 -- - 0.4826 0.2374 0.7324 0.3320 0.7797
3 -- - - 0.6030 0.7534 0.7458 0.3066
4 -- - - --- 0.4353 0.1038 0.1305
5 - 0.5527 0.5350
6 - 0.2012
7 - - - — - - -
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6. Male-only Behaviors
a. Antennal Contact
The water-treated males from the control (Treatment 1) displayed
significantly more mean antennal contacts with their female partners (6.7) than
the males from all other treatments. Aside from the control, there were no
significant differences in mean antennal contact among males between the

remaining treatments (Tables 44, 45).

b. Lateral Abdominal Bending
The water-treated males from the control (Treatment 1) displayed the
highest mean number of abdominal bendings (2.0 times) among all treatments
(Table 46). However, when each treatment is compared with other treatments,
males from the control (Treatment 1), displayed significantly more abdominal
bending than all other treatments. Aside from the control, there were no
significant differences in mean abdominal bending among males between

remaining treatments (Table 47).
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Table 44. The mean number of times paired male Cydia pomonella displayed antennal
contact during courtship by treatment.

Treatment Exposure By

Sex Mean No. Times
(xSE)
Treatment Antennal Contact

No. Males Females

1 water water 6.7+0.93

2 water methoxy 1.8+0.93

3 methoxy water 3.3£0.83

4 methoxy methoxy 3.3+0.85

5 water surfact 1.3+£1.00

6 surfact water 2.4+0.93

7 surfact surfact 1.41+0.87
P-value 0.0774
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Table 45. P-values of treatment comparisons of male Cydia pomonella regarding the mean
number of times they displayed antennal contact towards female partner using a Nonprotected

LSD test.
Sex: Male Treatment
Treatment 1 2 3 4 5 6 7
1 --- 0.0003** 0.0069** 0.0079** 0.0001** 0.0012** <0.0001**
2 - --- 0.2271 0.2273 0.7202 0.6505 0.7625
3 0.9883 0.1251 0.4650 0.1169
4 - --- -—- --- 0.1260 0.4619 0.1183
5 0.4270  0.9379
6 0.4420
7 — — —— — —— —— ——
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Table 46. The mean number of times male Cydia pomonella displayed lateral abdominal bending
during courtship by treatment (sex data pooled).

Treatment Exposure By Sex

Mean No. Times (+SE)
Abdominal Bent

Treatment Laterally
No. Males Females

1 water water 2.0+0.40
2 water methoxy 0.3+0.40
3 methoxy water 0.5+0.36
4 methoxy methoxy 0.6+0.36
5 water surfact 0.3+0.44
6 surfact water 0.4+0.40
7 surfact surfact 0.4+0.38
P-value 0.068
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Table 47. P-values of treatment comparisons of male Cydia pomonella regarding the mean number
of times they displayed antennal contact towards female partner using a Nonprotected LSD test.

Sex: Male Treatment

Treatment 1 2 3 4 5 6 7
1 - 0.0003**  0.0069** 0.0079** 0.0001**  0.0012** <0.0001**
2 -- -—- 0.2271 0.2273 0.7202 0.6505 0.7625
3 -- -—- - 0.9883 0.1251 0.4650 0.1169
4 -- -—- -—- --- 0.1260 0.4619 0.1183
5 - 0.4270 0.9379
6 - 0.4420
7 - —— —— — —— —— ——
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CHAPTER 1V. DISCUSSION

A. Field Study

Many studies have found that exposure to insecticides and insect growth
regulators have a negative impact on a moth’s ability to orient to pheromone
signals. For example, sublethal doses of a pyrethroid known as permethrin have
been found to reduce adult male pink bollworms, Pectinophora gossypiella
(Saunders), responsiveness to synthetic pheromone and decrease their upwind
orientation (Floyd and Crowder 1981, Haynes and Baker 1985). In addition
permethrin rendered female corn earworms, Helicoverpa zea (Boddie), less
attractive to males in comparison to the nontreated females (Moore 1988). Similar
results were found when the oriental fruit moth, Grapholita molesta (Busk), was
exposed to neuroactive compounds, greatly suppressing the males ability to orient
to pheromone sources (Linn and Roelofs 1985, Evenden et al. 2005).

Exposure to methoxyfenozide-treated surfaces reduced the sexual
excitability, orientation and response to pheromone for not only male C.
pomonella but the males of the redbanded leafroller, Argyrotaenia velutinana
(Walker), and the obliquebanded leafroller, Choristoneura rosaceana (Harris)
(Hoelscher and Barrett (2003). Oriental fruit moths exposed to methoxyfenozide
also displayed a reduction in their ability to orient to calling female moths in a
wind tunnel (Reinke and Barrett 2007). A field study in small orchard blocks
showed that adult moth exposure to methoxyfenozide treated surfaces
significantly dampens male C. pomonella response to both calling females and

synthetic pheromone lures (Barrett 2008).
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In my field study, although the treated females consistently had a lower
mean trap catch than that of the nontreated female lures, we found no significant
differences between the female-baited traps. This was not too surprising due to
the fact that prior studies have shown exposure to methoxyfenozide had less of a
negative impact on the female’s ability to attract males in comparison to the
impact on male’s responsiveness (Hoelscher and Barrett 2003). This was further
supported by our field study when comparing the trap data from the control
treatment of the orchard block to the treatment involving an application of
methoxyfenozide. It was not until the orchard was treated with methoxyfenozide,
exposing the wild males to treated surfaces, did we see a difference in trap catch
among the five different lure types.

Typically, the 1 mg codlemone lure is the standard lure for monitoring C.
pomonella populations. The 10 mg ‘supercharged’ lure is recommended in areas
of mating disruption as the higher dosage overcomes sensory adaptation in the
males (McBrien et al. 1998). Higher trap catches have also been found when
using traps baits with higher doses in both orchard block with and without mating
disruption (McBrien et al. 1998). Therefore, as expected, both the 1 mg and 10
mg codlemone lures were significantly more attractive to the males than either of
the female-baited lures during our control treatment of the orchard block (see
Table 17). Whereas, when the orchard block was treated with an application of
methoxyfenozide, the results revealed no significant differences between the
mean trap catch of the pheromone lures versus the female lures (see Table 18).

This would indicate that exposing the male moths in the orchard to
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methoxyfenozide reduced their responsiveness to pheromone lures that are
normally considered to be greatly attractive.

When mating disruption and methoxyfenozide were both applied to the
orchard block, the female-baited lures had the significantly lowest mean number
of males per trap while the codlemone pheromone lures had the highest mean trap
catch. Itis surprising, however, that there were no significant differences
between the 1 mg lure and the 10 mg codlemone lures. Several studies have
found mating disruption to effectively suppress moth populations as well as
reducing male response to pheromone and calling females (Barnes et al. 1992,
Lawson et al. 1996). Therefore, the 10 mg codlemone lure is recommended in
monitoring moth populations in areas undergoing mating disruption (Barrett
1995), because this ‘supercharged’ lure is more attractive to the males in areas
that are saturated with female pheromone (Thompson et al. 2001).

Our data suggests that the application of methoxyfenozide diminished the
male response to pheromone sources in such a way that the stronger 10 mg lure,
typically more attractive under mating disruption, was no more attractive than the
1 mg lure. If this is the case, then an application of methoxyfenozide in tandem
with mating disruption could further aid in disrupting the males ability to find the
females. Conceivably, this would help suppress C. pomonella populations.
Further investigations would be greatly benefited by including fruit infestations
surveys and field studies involving multiple growing seasons to better assess the
impact on C. pomonella populations. Methoxyfenozide diminishing the

effectiveness of the 10 mg lure, however, is a hindrance to proper monitoring of
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the population during mating disruption. This must be taken in consideration
when using methoxyfenozide with mating disruptions as it is pivotal to timing
treatment applications to achieve the highest amount of control.

More research on the physiological effects of methoxyfenozide on moths is
needed to determine exactly how the orientation and response to pheromone is
being suppressed. Many studies have found that insect growth regulators
decrease moth fecundity and fertility (Sun and Barrett 1999, Knight 2000,
Smagghe et al. 2004, Reinke and Barrett 2007). Therefore it is possible that these
physiological alterations are also affecting the way in which female calling occurs
or perhaps even changing the composition of the pheromone itself.

However, our studies found no difference between the treated and
nontreated females as well as prior studies determining males to be much more
sensitive to methoxyfenozide (Hoelscher and Barrett 2003). The disruption of
normal sexual behavior and response could be due to an inability of the male
moths to recognize and respond to pheromone plumes once exposed to
methoxyfenozide. Further research is needed to determine the exact mechanisms
behind the effects of methoxyfenozide on male response and sexual excitability to

pheromone of the C. pomonella.
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B. Laboratory Bioassay

It is well documented that neuroactive compounds have sublethal affects
regarding moths mate-finding ability by reducing the males responsiveness or
orientation to pheromone sources (Floyd and Crowder 1981, Haynes and Baker
1985, Linn and Roelofs 1985, Moore 1988, Evenden et al. 2005). Both
tebufenozide and methoxyfenozide have also been reported to have deleterious
affects on tortricid males sexual excitability as well as their ability to orient to
pheromone (Hoelscher and Barrett 2003, Reinke and Barrett 2007, Barrett 2008).
Additionally, exposure to these insect growth regulators has been shown to
significantly reduce tortricid fertility and fecundity (Sun and Barrett 1999, Sun et
al. 2000, Knight 2000).

The purpose behind our behavioral observations was to determine if
methoxyfenozide also disrupts the close-range courtship behaviors of C.
pomonella. In general, our results indicated that exposure to methoxyfenozide-
treated surfaces did not stop the moths from initiating courtship behavior and was
not disruptive to the mating process. However, when both the male and female
were exposed to methoxyfenozide-treated surfaces (Treatment 4) there was a
significant reduction in female behavior in regards to wing fanning and movement
inside the mating arena.

Water-treated females paired with water-treated males moved towards and
away from the male significantly more times than the methoxyfenozide-treated
females paired with methoxyfenozide-treated males (see Table 24 and 28).

Females movements way from the male should not be viewed strictly as rejection
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of her partner as it was often observed during our behavioral trials that both the
male and female would walk around each other in an excited state upon
introduction to the mating arena. This walking in an excited state could play a part
in sexual selection, as persistence in courtship displays the male’s vigor, acting as
an indicator of his gene quality (Rutowski 1981). Behavioral observations made
on the obliquebanded leafroller, Choristoneura rosaceana (Harris), noted that one
male attempted to mate with the female up to 27 times before being successful
(Curkovic et al. 2006).

Studies have also shown that Lepidopteran males need a recovery period
after mating wherein they will show less interest and persistence in mating with
the female (Rutowski 1982, Perez and Wang 2004, Marcotte et al. 2007).
Additionally, female fecundity in the black lyre moth, Cnephasia jactatana
(Walker), was reduced by 40-50% if they had mated with a male that had
previously mated (Perez and Wang 2004) Therefore, it is in the best interest of the
female to mate with the most persistent and vigorous male to ensure her
reproductive success. Our results show that treating females with
methoxyfenozide and pairing her with a treated male made females less active in
regards to walking around the mating arena. It is possible that methoxyfenozide
is altering the females physiology in such a manner that she is less responsive to
male stimulus and less willing to engage in sexual behavior that aid in mate
choice.

This is further supported by our data showing that the methoxyfenozide-

treated females paired with treated males also fanned their wings a significantly
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less number of times than the females from the control group (see Table 33).
Female moths utilize wing fanning to aid in the release of their pheromone, which
also acts as a visual stimulus to male moths (Borden 1931, Baker and Carde 1979,
Allan and Wang 2001). Studies have also found that methoxyfenozide negatively
affects female calling by delaying the onset and frequency of pheromone release
(Trimble et al. 2004, Dallaire et al. 2004). Suppression of both the walking and
wing fanning of the female further support the possibility that methoxyfenozide is
interacting with the female in such a way that her capability or willingness to
display normal sexual behavior and pheromone release is diminished. More
research is needed in the field, however, to determine if this same suppression of
female mating behavior occurring in the lab would also take place in the wild.
Apple volatiles stimulate female C. pomonella pheromone release (Yan et al.
2004) and it is possible that in the wild where the female has both stimulus from
the male and kairomones from the host plant that methoxyfenozide may have little
impact on the female.

It is interesting that there were no differences found in male wing fanning
behavior amongst any of the different treatment types. Wing fanning in the
presence of pheromone among males moth is considered a sign of sexual arousal,
preparation for mating (Heath and Adams 1967, Judd et al. 2005, Curkovic et al.
2006) and correlated with the ability to hone in on pheromone sources (Baker and
Carde 1979). However in such close proximity the male moths do not need to
rely solely on ‘smelling’ the female (Traynier 1968, Doane 1968, Castrovillo and

Carde 1980). Tactile sensations, such as seeing and touching the female, play a
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larger role in inducing the short-range courtship behavior of the male. Castrovillo
and Carde (1980) found that C. pomonella males will spend more time in close-
range orientation when in proximity of dead female. Another study also found
that blinding the moths, by covering their eyes with paint, affected the number of
matings that occurred (Hutt and White 1977). Although our results indicate that
methoxyfenozide does not suppress the male’s sexual excitability when in close
proximity to the female this may be in large part due to the visual and tactile
stimulus the male is receiving.

Overall, we have concluded that methoxyfenozide will not prevent
courtship behavior or mating in laboratory settings once the male and female are
in close proximity. C. pomonella mating behavior is largely due to ‘good’ mating
behaviors from the male and simple acceptance from the female. So although
there was suppression of certain female sexual behaviors, these behaviors did not
alter the female acceptance of the male C. pomonella. In regards to the male C.
pomonella behavior, methoxyfenozide may hinder male reception of pheromone,
however, when in close-range the female visual and tactile sensations can make
up for inability to detect pheromone. More research into the physiological
impacts of methoxyfenozide on both the male and female C. pomonella would be

needed to determine the exact mode of actions.
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