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ABSTRACT
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Master of Philosophy

THE DEVELOPMENT OF A LURE AND KILL SYSTEM FOR CONTR OL
OF THE MEDITERRANEAN FRUIT FLY, CERATITIS CAPITATA
(DIPTERA: TEPHRITIDAE)

By Craig D. Rogers

The Mediterranean fruit fliferatitis capitata(Wiedemann) (Diptera: Tephritidae) is
a polyphagous pest of global economic importanceaAesult, many systems have
been proposed to reduce their impact and populaoead, each of which has its
limitations. Lure and kill systems are extensiveged to combat medfy infestations.
However, widely used bait spray applications indismately contaminate the target
area with insecticide, having harmful effects omddecial and other non-target
organisms. Alternative systems rely on traps thet flies in where they are killed,
these require regular maintenance and rely onreg@hgngle sex attractant (which
only have limited effect on the female populaticr) the use broad spectrum
attractants that attract and Kill beneficial, pasttrolling, insects. This work allows
the development of a lure and kill control stratd@sed on insecticide formulated
electrostatic powders that can be autodissemindtegugh a pest population.
Laboratory survival experiments were used to complae LT50s of two insecticides
(chlorpyrifos and spinosad) formulated with differepowders (Entostdf and
Entomag™) and to show secondary transfer of ingdetifrom contaminated males
to females through courtship. The combination otoBmf™ powder and 2%
spinosad gave the best performance allowing seffictime for transfer between
conspecifics before mortality and rapid mortalitysecondary contaminated females.
Field studies were undertaken to establish a deifalmtotype electrostatic powder
container. The proposed system would have bermfets other existing systems, as
the targeted nature of the application method $#ragntamination of produce and the
environment with insecticide. Secondly, the autselisination nature of the system
would target female members of the pest populationinitially attracted to the
insecticide. Three stations were tested, with thditional delta design proving to be
the most effective, with higher numbers of mediynteats on the area that would
house the insecticidal agent, suggesting greaterbats of primary transmission
from this design.
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Chapter 1: Introduction

1.1 Mediterranean fruit fly

Ceratitis capitata(Wiedemann, Diptera: Tephritidae), the Mediterrandauit fly
(medfly), is found in most tropical and subtropiea¢as. It originated in Africa and
spread from there to many countries through theitdednean basin, the Middle
East, Western Australia and South and Central Arae(iWWhite & Elson-Harris,
1992; Bonizzonet al, 2001; Bonizzonet al, 2004). Since the 1980s, infestations in
the continental United States are limited to tvaiest, California and Florida while it
has been established in Hawaii since 1910 (Backegnlberton, 1918; Burk &
Calkins, 1983). The medfly is a pest of a repo2&8 varieties of fruits, nuts and
vegetables (Christenson & Foote, 1960; Hageml, 1981; Liquidoet al, 1991)
including pomme and citrus fruits, cocoa and gu@xeems, 1981). Damage is
caused by the larvae boring through the fruits rdgstg them or by secondary

infection by fungi and bacteria.

Eggs are laid in groups just under the pericarpgughe females protrusible
ovipositor. Egg incubation takes two to three days] are approximately 1 x 0.2
mm in size and white in colour when freshly laidb§1988). The egg stage lasts for
two days (Boller, 1985), after which the larvaedthrough the pulp of the fruit and
then take 6-10 days to develop through three isstapending on the host (Rivnay,
1950; Carey, 1984, Krainacket al, 1987). The first instar is about 2 mm in length,
while the third instar larvae achieve a length efween 6 and 9 mm when full
developed (White & Elson-Harris, 1992). Pupatiomally takes place in the soill
under the host tree and lasts for approximatelyl 9days but can be longer
depending on adverse conditions (Boller, 1985; Nkakis et al, 2000).
Reproductive maturity in females is reached fouysdafter pupal eclosion (Arita,
1982). First oviposition takes place after eighgsdand the flies live for up to two

months, feeding on sugars from damaged fruits (Rr#idiset al, 2009). In tropical
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and sub-tropical regions there may be three torseverlapping generations in a
year (Papadopoulos, 2004).

The combination of widespread distribution over tntepical and sub-tropical
regions, its polyphagous nature, high adaptabéitg multivoltine biological cycle
make this species an excellent coloniser and rarddfly as one the most damaging
pests globally (Bonizzonet al, 2001). The negative economic impact caused by
medfly is not limited to physical damage to comnadhg produced crops. Financial
loss can also be caused through: control or er@giicgorograms, quarantine
restrictions that can deny producers entry intcoeixparkets or costly disinfestation

and fumigation treatments (Siebert & Cooper, 1995).

1.2 Medfly control
There are a number of different methods currenthpleyed to control medfly
including mechanical control, chemical control, lbgical control and the use of

good field management e.q. field sanitation.

1.2.1 Current control methods

The use of protein-rich liquid attractants mixedinsecticide sprays is one of the
most commonly applied methods of controlling Meddaean fruit fly populations.

The bait insecticide sprays are applied to plartat tserve as refuges for
Mediterranean fruit fly. Baits serve to encourape tdults to feed on the spray
residue resulting in ingestion of the insecticifieis method of control can provide a
high kill rate, however, this is a very untargetedthod of control that results in

large quantities of insecticide entering the envinent (Van den Beregt al,, 1999)

Another method employed to control medfly is masgping using baited traps.
However, mass trapping is a high cost and high teaance method of control
(Navarro-Llopiset al, 2008). As traps need to be serviced regularlyrevent

clogging with retained flies and to prevent dryingof the trapping mechanism.
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The most widely used biological control method étease of SIT (sterile insect
technique) flies. It acts by reducing the reprotkecbutput of the female. Large
numbers of mass-reared sterile males are releasedm infested area, where they
mate with female conspecifics (Hendrichs et alQ20During mating the released
males pass on sperm carrying dominant lethal noustipreventing the female from
producing viable progeny. SIT is widely believedlte the most environmentally
sensitive method of control but there are many lerab associated with it such as
cost, the possibility of reduced fitness of SIT esahnd the complicated logistics

involved.

1.3 Trap design

A number of trap and designs have been developedrtol and monitor the adult
medfly. Traps can be broken down into three maimmanents; the structural
element, the functional element (i.e. retentioraase insecticide treatment) and the
attractant. In general, tephritid traps availablialy are classified as either wet or dry
depending on which trapping mechanism is employé¢ek traps are those that retain
flies in a reservoir of fluid, usually a form ofgtein bait. This style of trap is
predominantly used against females. Dry traps lawset that use a sticky surface or
an insecticide to neutralise the fly and employ yatlsetic lure such as a

parapheromone as an attractant.

McPhail Traps developed in the 1930’s (Newell, Z9@6Phail, 1939) are still used

for control and monitoring of medfly today. Thegreonsists of a transparent bell-
shaped body with access holes at the top and baseupper entrance is used for
applying liquid baits and is plugged during opemafiwhilst the hole in the base
allows the flies to gain access to the trap amuhalrelease of the attractant. McPhail
traps generally use liquid food bait such as hyded protein as an attractant. This
attractant also acts as the retainer which classitie McPhail trap as a wet trap.
These traps are mainly used for control purposethasfood bait yields a high

percentage of female catches unlike synthetic phene/parapheromone traps
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(USDA, 2003). However, the female biased catchsrateo make them ideal for the
monitoring of natural populations of fruit fly dag the mass release of sterilised
males during SIT control (Midgardest al, 2004). A disadvantage of McPhail traps
is that they are very labour intensive as servi@ng re-baiting takes much longer
than dry traps.

The Multilure trap is an updated version of the MaPtrap. It is a two part plastic
container that clips together, the lower sectionyeéflow and the upper part is
transparent (USDA, 2003). This contrast has beenddo be attractive to the flies
(IAEA, 2003).

Like the McPhail trap, the lower section has amarde hole that also acts to release
the attractant. Unlike McPhail’s the Multilure mhg used either as a wet or a dry
trap. When used as a dry trap, a synthetic fergée comprising of ammonium
acetate, putrescine and trimethyl amine is combimig an insecticidal dichlorvos
(DDVP) strip. The multilure dry system has advaeta@ver traditional McPhail
traps; lack of liquid bait makes servicing cleaaad less labour intensive and the
lack of water reduces the quantity of non-targseats caught (IAEA, 2003).

Tephri traps are similar to the McPhail and mutgluraps except that the yellow
lower section of the trap is larger than that of thither two traps and holes are

positioned across the top of the base part toiti@elthe release of the attractant.

The three traps described above belong to a grotqams known as ‘bucket traps’.
There are several problems encountered when usickebtraps: the bait solution is
easily spilt and any spills will compete with thigractant within the trap itself; fly
samples decompose in the retaining fluid makingntifleation difficult for
monitoring; and the size and weight of these trapkes deployment difficult.
(Heathet al.,, 1996)
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A Jackson trap is delta shaped and made up of &ednor waxed cardboard or
corex. This dry trap uses a sticky cardboard ingesitioned on the floor of the trap
to retain the flies. As the Jackson trap cannotubed with liquid protein, it is
generally used for the control and monitoring oferfaes using the para-pheromone
Trimedlurd™ as an attractant (USDA, 2003). Some variationshef trap use an
insecticide such as malathion or DDVP impregnatedavicks or panels to aid fly
retention (Dantas & Andrade, 2005). Historicallye thackson trap was white but
experiments by Greamst al. (1982) have shown that this basic style of tap be
improved for use with tephritids by altering thdaro to yellow.

Yellow panel traps simply consist of a rectangwat|ow cardboard panel coated in
glue. A dry synthetic lure is used as an attractatihough labour saving and
inexpensive, Yellow panel traps are limited to cohas the glue destroys samples
and makes identification for surveys and monitonmgre difficult (USDA, 2003).

ChamP traps are yellow sticky panels covering &acant impregnated polymeric
panel, perforations in the sticky panel allow rekeaf the attractant (IAEA, 2003).

The Cook and Cunningham trap is made up of thremlpaspaced 2.5 cm apart
(IAEA, 2003). The internal panel is polymeric amapregnated with a dry synthetic
lure. The external sides of the outer panels aatecbin glue. These are fastened to

the middle panel with clips.

There are many disadvantages associated with peaped; the lack of housing
around the sticky board can result in fouling af thap with foliage and other plant
debris, reducing the efficiency of the trapping headsm, the trap will quickly
become saturated in instances of high infestatiesulting in premature trap shut
down. As a result of these problems, panel trapstrbe checked and replaced
frequently which increases labour costs. Finalhgse traps tend to catch large

numbers of non-target insects including benefisacies.
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Open bottom traps are vertical green cylinders mafdeither plastic or waxed
cardboard, with a transparent top. Three holes positioned around the
circumference half way up the cylinder to alloweade of the dry synthetic lure. The
base of the trap is open and allows flies accetsetsticky board situated there.

Steiner traps (Steiner, 1957) are horizontal cledinders, with open ends. The
cylinder contains a dry synthetic lure and an itisete.

1.4 Attractants

1.4.1. Visual attractants

Trap designs for medfly have relied on chemicatsurather than visual cues such as
colour and shape (Gilbeet al, 1984), however, visual cues are required fomugt
catches (Epsky & Heath, 1997). There is evidena the colours and shapes
attractive to medfly are different depending on ¢b& and sexual maturity of the fly
and may also change through the season. Food-getida will respond to cues
indicating a ripe fruit (Katsoyannos, 1986) whitstipositing females are attracted to

shapes and colours representing egg laying skessgyannos, 1987)

In trap design, attraction to colour is the mogtlexable visual cue utilised by the
medfly as it is easiest to incorporate into traigie Prokopy and Economous
(1975) found that McPhail traps that had been pdifiuorescent yellow were more
attractive than those painted enamel yellow, regrey. Studies by Epsky and Heath
(1997) show that traps painted with a green sti@gctc more female medfly

compared to a clear trap or those with an orangeltow strip whereas males in this
experiment have a preference for yellow over oraagd green. Yellow sticky

inserts for Jackson traps have also been usedswuititess (Epskgt al, 1996)

Shape is also an important cue for medfly but nabifecult to incorporate into trap

design. Both male and female medfly have been shiowprefer black or yellow
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spheres over cylinders, rectangles and cubes okdhee colour and surface area
(Nakagaweet al,, 1978).

1.4.2 Chemical attractants

Most traps do not rely on visual cues alone to ltditait flies. The addition of a
chemical attractant to a trap can increase itshcafficiency and effective range
(Joneset al,. 1983). Economopoulos (1979) and Katsoyannos (1889 shown
that yellow traps that employ an olfactory cuechanore flies than those possessing
only the yellow visual cue. Potential chemicaladtants that are used against medfly

are pheromones, para-pheromones and liquid fodsl. bai

1.4.3. Pheromone

Pheromones were originally defined as “substaneeseted to the outside by an
individual and received by a second individual loé same species in which they
release a specific reaction , for instance a defipehaviour [releaser pheromone] or
development process [primer pheromone]” (KarlsorLi&cher, 1959). Although
pheromones are widely used in the control of tejolsifor example, Spiroketal (1,7-
dioxaspiro-[5,5]-undecane) fdBactrocera oleaglAEA, 2003), this is not so for
medflies. The sex pheromone of medfly is emittedh®s male during calling. The
first components of the pheromone blend were ifledtibby Jacobsomt al. (1973)
and Bakeret al. (1985). During electroantennograph (EAG) experitaepxcised
female antennas have responded to over sixty coemperemitted by calling males
(Bakeret al, 1985). The three major components of the mesiby pheromone are
ethyl (E)-3-octenoate, geranyl acetate and d=f&Bmnesene. A field study by Heath
et al. (1991) found that sphere traps baited with thisrpmone blend were more
attractive to medfly than unbaited traps. The aoldibf A-1 pyrroline to the blend
further increased the relative catch rates (Healp&ky, 1993).

However, these pheromone blends have not been tounel as effective as the more
complex blend under field trial conditions (Del8oOrtu, 1988; Heatlet al, 1991).
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When tested against calling males, the synthetezgghone blend was shown to be
far less attractive. It is likely that the complpkeromone blend of male fruit flies

out-compete the attractants, which are simple syittkfive part blends (Howse &

Knapp, 1996). This partly explains the poor fiektfprmance. It is also suggested
that failure of synthetic pheromone lures in citarshards could also be a result of
the volatiles released from citrus fruits. Thirtyeoof the main compounds attributed
to the male sex pheromone are also present indbkeqgb oranges. Thus, the odours

produced by oranges may well mask the weaker stratbleeromone.

1.4.4 Para- pheromones

Para-pheromones elicit the same response as anpbreeo however, they are not
produced by the responding species (Epsky & HeEIB8). These chemicals are
often similar in structure to the pheromone thatytimimic inducing a similar
response from the target organism. Para-pheronmameessed to attract a number of
Tephritid species. For example from the geBastrocera,melon fly 8. cucurbitag
and Queensland fruit flyB( tryoni are attracted to cuelure, while methyl eugenol is
used to capture Oriental fruit fly8( dorsalig, peach fruit fly B. zonat3, carambola
fruit fly (B. carambolag Philippine fruit fly 8. philippinensiy and banana fruit fly
(B. musag (Howlett, 1915; Alexandest al, 1962)

Medfly have been found to be attracted to mixtafethe isomers of tetr-butyl 4 (and
5)- chloro-2-methylcyclohexane-1-carboxylate, knoas trimedlure (Berozat al
1961). Medfly display a lek mating system, malegragate around host plants and
defend territory on the underside of leaves (Prgk&glendrichs, 1979). From these
leaves the males emit a combination of chemicalali and auditory signals that
attract male and female conspecifics to theirtnyi(Shelly & Whittier, 1997).

Trimedlurd™ is a para-pheromone that appears to mimic theopi@ne produced by
the males during lekking. That trimedlure attractsdfly is beyond doubt, Steiner

traps baited with trimedlure were found to captsignificantly more flies than
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unbaited Steiner traps (Nakagaekal, 1971a). However, catch rates using this
attractant are strongly sex biased (Nadel & P€l8§5). Only 0-1% of flies caught
during studies were female. Trimedlure is seenn&saj the strongest attractants for
male medfly and consequently is widely used inc&ia and eradication programs.
Ceraluré”, a mixture of the ethyl esters of 4-(and 5-)-idtlo-
methylcyclohexanecarboxylic acids, acts in a similay to Trimedlure and was

successfully trialled by McGovern and CunninghaSBg).

1.4.5 Food baits
There is a long history of food bait use for thea&tion of tephritids. Early traps
used protein and fermenting sugar mixes as attractgsurney, 1925). Volatiles

released from the protein and sugar act as foosl touthe flies.

Protein baits such as Nuldle Torula yeast' and Bumind™ are commonly used
against a range of tephritid pests including me@dyEA, 2003). When protein baits
are used in bucket-style traps, the liquid protso serves as the retainer of flies
entering the trap. Additives such as borax are tsesfow down the decomposition
of captured flies. Unlike pheromones and para-pherees, food baits are not sex
specific, although the percentage of females cagtusy food baited traps is
substantially higher than males (IAEA, 2003). Fesalrequire protein for
reproduction (Christenson & Foote, 1960) and séakti more readily than males.

However, the water associated with these luresatasct beneficial insects.

Synthetic food lures are also used to attract gedinmonium acetate, putrescine
and trimethylamine (Epskyet al, 1999) are combined in ampoules to make

Tripack™

Synthetic food lures are more species-specific tiganid protein baits
whilst still maintaining dual sex attraction. Theck of water reduces the catch rates

of beneficial insects.
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Numerous chemicals have been suggested and triafedse as an attractant for
medfly including: kerosene (Severin & Severin, 19lhgelica oil (Steineet al,
1957), ginger oil (Shelly & Pahio, 2002) and citpesel oils (Levinsoret al, 1990).
However, the liquid protein baits Tripack, Trimedlure™ and Ceraluré™ are the

only attractants used commercially.

1.5 Lure and kill technologies

Traditional insecticide spray methods indiscriméhatdeposit large amounts of
insecticide into the environment and the resultomft and runoff sometimes
contaminate non-target areas, soils and aquatierags as well as produce. Lure and
kill technologies use lower quantities of pesticaled target the pest species more

effectively than these methods. (Lanier, 1990).

Killing agents are sometimes housed within a coetaor trap and target species are
lured to the pesticide source with a species-siedftractant. Lure and Kill

technologies, therefore, have the potential to cedaosecticide residues on produce
and also reduce the impact on non-target organssiols as beneficial predators and

parasites.

1.6 Electrostatic powders

Certain powders have been shown to display higttrelgtatic potential that causes
adherence to an insect’'s cuticle (which also carae electrostatic charge that is
achieved through tribocharging) (McGonigle, 2002he use of electrostatic

powders within a lure and kill system allows thévay of insecticides to the target

pest and also gives the added benefit of potetméiakmission of the insecticide onto

conspecifics through social activities, autodiss&tion.

Entostat™ is a proprietary powder developed by Exosect I\Mdinchester, United
Kingdom, which is being developed for a wide variet delivery systems for pest

management applications (Buresal, 2005, Nanseet al, 2007). Entostat" is a

10
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refined carnauba wax powder produced from the Baaziwax palm,Copernica
cerifera (Martius Palmae) an@Entomag™ (Exosect Ltd., Winchester, UK) is a

proprietary metallic powder that displays eleciatistproperties.

Adhesion of these electrostatic powders to medlynsworthet al, 2006, Bartoret

al., 2006) as well as transfer of Entostat to con§ips¢Bartonet al, 2006) has been
proven, indicating potential for autodisseminatiof insecticides through the
population. However, no work has been carried omttlee compatibility and
suitability of these powders for delivery and dmegeation of insecticides through

lure and Kill.

1.7 Killing agents

Spinosad, released by Dow AgroSciences under tme faacef" in 1997, was the
first insecticide identified in the Naturalyte cdaand is currently widely used to
target medfly, commercially referred to GF-120 (Bset al, 2001; Starket al,
2004). Spinosad is a naturally occurring mixturévad macrolides, spinosyns A and
D. These are the two most active metabolites deérivem the soil actinomycete
Saccharopolyspora spind&irst et al, 1992). They are commercially produced by

the aerobic fermentation &. spinosan nutrient media (Boegt al, 1994)

Activity which was originally used to target Lepjtera, is proven against the orders
Coleoptera, Diptera, Homoptera, Hymenoptera, Isapt®rthoptera, Siphonoptera,
Thysanoptera and Acari (Thompsenal, 1995). The insecticide can work through
topical application or through ingestion (Cisnerets al, 2002). No significant
toxicological effect was found for many insecticided drug target sites, and as a
result, spinosad is described as having a novelemmfdaction. Spinosyns are
neurotoxins which affect the nicotinic acetylchelireceptor and the GABA
receptors (Watson, 2001) by an unknown mechanisne 1 the novel mode of
action there is no cross-resistance with currealobical and synthetic insecticides
(Salgado, 1997; 1998).
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Contaminated insects display involuntary muscletremtions caused by excitation
of neurons of the central nervous system. The leyo#ation results in paralysis
attributable to neuromuscular fatigue due to owerimit not due to the activity of
spinosad on the neuromuscular system (Salgado,).1®@&hermore, Watson (2001)
describes a shut down of feeding in cockroachessponse to intoxication through

ingestion of spinosyns.

Spinosad shows, despite the broad spectrum toxagginst pest insects, reduced
toxicity against beneficial insects such as ladybiand lacewings (DeAmicet al,
1997; Williamset al, 2003). It was also demonstrated that toxicitybimls and
mammals is minimal (Bredt al, 1997; Breslinet al, 2000). The organic nature of
the compound coupled with its low toxicity towansn-target organisms and short
microbial and photodegredation have resulted imagad being listed as an
environmentally and toxicologically reduced riskterél by the U.S. Environmental
Protection Agency (Saunders & Bret, 1997).

Toxicity has been tested on a number of tephritlidan et al. (1996) showed
mortality of medfly when exposed to low concentai of spinosad, whilst King
and Hennessey (1996) tested it on Caribbean fivit(Anastrepha suspense
Moreno et al., 2000 described comparable mortality of medfly whesting the
product SolBaif™ which contained spinosad) against the malathiariaioing Nu-
Lure™. The bait spray product GF-120 which contains e has also been used

effectively against medfly.

The DOW Chemical Company launched chlorpyrifos %63 and it has become one
of the most widely used insect control agents (Mairial, 2006). Chlorpyrifos

belongs to the organophosphate class of insecsicldeauses mortality by inducing
excessive transmission of nerve impulses. This iesalt of the accumulation of

acetylcholine at nerve endings due to acetylchstarase enzyme inhibition.

12



C. D. Rogers Chapter 1

Currently chlorpyrifos is the killing agent contath in the commercial products
Lorsbad™ and Dursbad™. It is used to protect pomme, stone and citruisfras

well as a wide range of other crops (Dow AgroSossn2000).

Methoxyfenozide belongs to the class of insectikiBown as the diacylhydrazines.
These were first classified by the Rohm and Haasgamy in the 1980s (Wingt
al., 1988) and are a novel class of insect growthlaggrts (IGRs) (Hsu, 1991). RH-
5849 was the first of this class to be used andvshasecticidal activity against
larvae of lepidopteran, coleopteran and dipteragrigs (Aller & Ramsay, 1988).
This class of insecticide mimics the natural insecbulting hormone 20-
hydroxyecdysone (ecdysone), binding to ecdysonesitham nuclear receptors
(EcRs). Ecdysone regulates genes integral to denedat and reproduction so that
when diacylhydrazines are applied to larvae it eausortality by interrupting or
initiating the moulting process. Contaminated larndisplay a range of cuticle
malformations including premature apolysis and bitlon of ecdysis (Trisyono &
Chippendale, 1997).

RH-5849 was later replaced by RH-5992 (tebufengzidend RH-0345
(halofenozide). These show greater efficacy andcsiglty than RH-5849 and are

sold commercially under the trade names Mifffiand Mach 2.

Methoxyfenozide (RH-2485) was described by &k al, 1996. Traditionally,
methoxyfenozide has been used as a larvicide thramgestion by lepidopteran
pests as uptake through ingestion is more efficecithan topical application
(Carlsonet al, 2001). Exposed larvae show symptoms consistetit thiose of

earlier diacylhydrazines.

Methoxyfenozide, which is not lethal to adults, ¢enused for chemo-sterilisation of
lepidoptera. Application to females causes disamptf oogenesis resulting in the

reduction of fecundity (Sust al, 2000). Application to males cause eggs produced

13
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by females fertilised by these individuals to b&iahle (Suret al, 2000). There are
a number of theories put forward to explain thishaBialla (1998) suggests
diacylhydrazines disrupt the spermatogenic processele Carpenter and Chandler
(1994) believe treated males are incapable of feamsg sperm during mating.
Hoelscher and Barrett (2003) reported that Codimagh males’ locomotor activity
was affected when exposed to surfaces treatedméatinoxyfenozide. This resulted
in a reduction in males’ ability to respond to @&pimone-producing female causing
a reduction in her egg viability.

Carlsonet al. (2001) has shown that methoxyfenozide binds tdepielopteran EcRs
six times more effectively than tebufenozide and 4imes more than 20-
hydroxyecdysone. However, when binding to dros@phitcRs methoxyfenozide
displays only half the affinity of 20-hydroxyecdyso For use against dipteran pests
such as medfly a higher or more targeted dose wbeldequired than those used

against lepidopteran pests.

1.8 Aim of theresearch

There are a number of lure and kill systems culyeavailable for use against
tephritid fruit flies and medfly specifically. Hower, such systems primarily target
only one sex. Food baits are used to mainly atfexotles while para-pheromones
such as TrimedlurE”" are used to attract males, but no system cansboéls sexes
effectively without having adverse affects on basiaf organisms.

Medfly are known to display polyandry and polygy(lyakagawaet al, 1971b;

Hendrichs & Hendrichs, 1990). Males of this spe@éso display in a lek mating
system (Prokopy & Hendrichs, 1979) where they wilakly defend their territories
(Whittier et al, 1992; Whittier & Kaneshiro, 1995). These behavad traits give

rise to frequent contact between conspecifics. &rsxial interactions result in a
number of opportunities for insecticide-laced elestiatic powder to be transferred
from one individual to another. Medfly were usedtlas preliminary target for this

lure and kill system due the potency of commergialailable attractants for this
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species and a social behaviour that lends itselfb&ng targeted through
autodissemination by allowing secondary transferirafecticide to both sexes
through transmission during courtship, mating agkkihg events. It is hoped that
this will resolve the problem of single sex attragtencountered by other control
systems.

The primary aim of the current research is to dgvel lure and kill system for the
Mediterranean fruit fly that targets both sexeslsthising an attractant that targets
only one. The efficacy of the killing agents spiads chlorpyrifos and
methoxyfenozide will be trialled on their own and tombination with the
electrostatic powders Entostaf and Entomad™ at different concentrations. No
work has been carried out on the compatibility aodability of these powders for
delivery and dissemination of insecticides throdghe and kill. The optimum
combination and concentration will be selected #mel possibility of secondary
transfer and subsequent mortality to conspecifitenzand female medfly during
social interactions will be examined. Powder digiey bait station prototypes will
also be developed and will then be tested agaiastlard delta bait stations in field-

based experiments.

1.9 Aims
» Establish the most suitable killing agent for iglusion in the system by;
o Quantifying carrier powder uptake by male and fenmaédfly
0 Assessing the use of methoxyfenozide as a stetdamedfly
0 Assessing the effect of spinosad on medfly
0

Assessing the effect of chlorpyrifos on medfly

» Establish the most suitable carrier powder for thesystem by;
0 Assessing the effect of Entostat electrostatic poveth medfly

0 Assessing the effect of Entomag electrostatic powdemedfly
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e Establish the most suitable carrier powder/kiling agent dose

combination

» Confirm lethal contamination from male to females hrough courtship

* Assess the efficacy of open and closed containersags through field

trials

« Establish what aspects are important in container dsign through

behavioural observations
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Chapter 2: The potential of electrostatic powders @ad killing agents
for inclusion in an autodissemination control systen for the medfly,

Ceratitis capitata (Wiedemann)

2.1 Introduction

Increased consumer awareness of food safety andetivronmental issues
surrounding agricultural practices has increasatswmer demand for organic and
low pesticide input produce (Michaelidou & Hass&008). This shift in public
opinion and the associated increase in politicakgure have resulted in restrictions
on the application of many traditional pesticidegh some having been withdrawn
from use altogether. This shift in cultural peréeptof how we produce food has led

to a drive towards more targeted solutions to pestlems.

There are a number of control strategies currestiployed to limit damage incurred
by medfly (USDA, 2003). Bait sprays are extensivapplied and the use of mass
trapping and sterile insect technique (SIT) are alglespread (Enkerlin, 1984; Peck
& McQuate, 2000; Navarro-Llopiset al, 2008). These methods have their
limitations and recent developments have lookedatd# the prospect of infield
sterilisation by chemosterilising baits, primarilyfeneron (Navarro-Llopiset al,
2007).

Traditional medfly control techniques have gengrailtilised lure and Kkill
methodology where a protein rich liquid attracteombined in an insecticide spray
is applied to harbourages and host crops. Malathi@hother organophosphates are
commonly used within bait spray systems (Bwehsl, 2001). These chemicals and
application methods are effective but non-specKitting many beneficial insects
(Chuecaet al, 2007). They have implications for human healtid dave shown

resistance problems within some insect populat{deganaet al, 2007; Vontast
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al., 2011). Spinosad based bait sprays such as GFD20 AgroSciences,
Indianapolis, USA) have shown to be less toxicaime beneficial insects (Michaud,
2003). The sugar based attraction component ofctmrol system, however, is
associated with spot damage and an increase ity sootld growth in orchards
(Chueceet al., 2007).

Mass trapping is also implemented for control ofdftye (Navarro-Llopiset al,

2008). Baited traps, however, incur a high econaoat due to the component parts
and maintenance (USDA, 2003). These traps nee@ teelviced regularly to keep
them operational due to inactivation of the traggkilling mechanism or due to loss

of attraction.

Attractants utilised in these systems are eitheegd sugar based formulations that
attract a broad spectrum of insects, many benéfithe natural control ahedfly,
while the species-specific trimedlure para-pheroenaimost entirely attracts only

male flies.

The most promising chemical sterilent identified foedfly is lufeneron (Casafa-
Gineret al, 1999; Navarro-Llopi€t al, 2004), a phenylbenzoylurea insect growth
regulator (IGR) that has previously been used tdgroblepidopteran and coleopteran
larval pests. Methoxyfenozide which belongs to dmecylhydrazine class of IGR,
has also been shown to be active against lepidapteipteran larvae topically and
through ingestion, (Pinedat al, 2007). Further to this, activity was described
against adult codling mothCgdia pomonellpin which reductions in fertility and
fecundity were recorded (St al, 2000). Carlsort al (2001) have shown that in
Diptera (drosophila), methoxyfenozide activity isetresult of binding of the
compound to the ecdysone sensitive nuclear recefffmRs), mimicking the natural
insect moulting hormone 20 hydroxyecdysone (ecdggothat regulates genes
integral to development and reproduction (Hagedd®85). This suggests potential

activity against adult medfly.

18



C. D. Rogers Chapter 2

A control method that can reduce the amount anttilision of the killing agent
while also affecting both sexes but not contairangroad insect attractant such as a
sugar formulation that can potentially cause furtleeop damage, would be
advantageous. A powder-based lure and kill/steridisntainer could fill this niche.
Species-specific lures could be used to attracte nmagdfly to containers which
included a killing agent-impregnated electrostggmvders. These powders would
adhere to the insects’ body and be passed on tpeoifics through courtship and
other social interactions or allow sterilised maiedeave the container to compete

with male conspecifics.

This study tested the suitability of two differeathesive powders, Entostat and
Entomag, as pesticide carriers for use in a lucklalh pest control system. Both of
these powders have been shown to adhere to matlilysavisiting bait stations in
the field but it has not been ascertained whethrenai these powders can be
combined with killing agents to kill medfly (Armswth et al, 2008). In this study
Entomag was formulated with chlorpyrifos or spirdbsad Entostat only with the
latter. The efficacies of these three powders weEmapared using dose response
bioassays conducted on medflihe killing agents were also applied with solvent

assess the affect of the carrier powders on tHernpeance of the pesticides.

The efficacy of methoxyfenozide on egg productiad &iability in medfly was also
assessed. Methoxyfenozide was applied directly tmtocuticle of both male and
female medfly and the effect on the fertility andcdndity of the flies was
considered. A novel dosing technique was develdpedimulate uptake of the
powder formulations by medfly under field conditsorPrior to dosing, the powders
were mixed with a fluorescent dye to allow uptake ke quantified using a
fluorometric assay. Lethal time to 50% mortality revecalculated for male and
female medfly contaminated by each of five différeloses of the insecticides
(chlorpyrifos and spinosad) formulated with eachriea powder to give an idea of
which doses would be most appropriate for use imsyatem reliant upon

autodissemination to conspecifics and associatezbnslary knockdown. The
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optimum dose and formulation were selected andhéurbioassays were conducted
to allow quantification of secondary transfer oé fiormulated powders to male and
female medfly during social interaction. Delayediat of the pesticide is vital to
ensure transfer of killing agents to conspecifltoswever, sub-lethal dosing during
primary transfer must be avoided to prevent restato the insecticide from

occurring.

2.1.1 Aims
» Assess the use of methoxyfenozide as a sterilantedfly
e Quantify carrier powder uptake by male and female nedfly
» Establish the most suitable killing agent for inclion in the system
» Establish the most suitable carrier powder for thesystem
e Establish the most suitable carrier powder/kiling agent dose

combination

» Confirm lethal contamination from male to females hrough courtship
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2.2 Material and Methods

2.2.1 Study organisms

Medfly used in this study were cultured within tipgarantine facility at Exosect Ltd.,
Winchester, UK, and originated from a strain mamgd at the Moscamed mass-
rearing factory in Guatemala, established in 1%8dn(o6n, 1996). Rearing of medfly
and all experiments were conducted at 28£365+5% relative humidity (RH) and
16:8 hour light:dark (L:D). Adults and larvae wessared according to Armsworth,
et al, 2006.

In all experiments, adult flies of unknown matistgitus were used in trials four to
eight days after eclosion and individuals were amdgd once. Except the ‘powder
transfer and sterilisation experiments’ where ifdlials were separated into male
and female cages within 24 hours of eclosion taenthat only virgins were used,
and these were used in trials two to six days atdémsion. Each experiment was
repeated on ten occasions giving a sample sizemfexcept the powder transfer
experiment which was replicated three times.

2.2.2 Formulation of carrier powders

Two powders were investigated; the first is an tetestatic powder called Entostat
(Exosect Ltd, Winchester, UK), a refined carnaulax wwroduced by the fronds of
the Brazilian wax palmCopernica cerifera(Palmae). The second is a proprietary
metallic powder called EntomagTExosect Ltd, Winchester, UK). These powders
were each formulated with technical grade spinggamlv Agrosciences, Oxford,
UK) at five different insecticide concentrations (2 0.5, 0.1 and 0.05% w/w) using
proprietary formulation techniques developed atdexd Ltd. To quantify how much
powder medfly took up during dosing, a fluorometagsay was used in which a
fluorescent dye, Glo-Brite® AW Powder (Himar, Bradf, UK) was combined with
each powder at a concentration of 10% w/w (Armskvettal, 2006; Bartoret al,
2006).
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2.2.3 Powder uptake quantification

Dyed Entostat or Entomag powder was applied asealéiyer to a foil dish by finely

dusting powders onto the dish surface and genplyitg off the excess powder. The
foil dishes were housed inside upturned plastidaioars with a hole on the side for
access. Individual flies were captured in glas$svéend shaken gently onto the fine
layer of powder. Only flies that landed, contacdteel powder once and then flew off
were included in the experiment. After dosing, fires were recaptured individually
in Eppendorf tubes containing 1 ml 95% ethanol ahdn run through a

Luminescence Spectrometer LS50B (Perkin Elmer LAK,Ltd) as in Armsworth

et al, 2006 to find out the average quantity of powaaiake.

2.2.4 Methoxyfenozide Sterilisation

Flies were collected and anaesthetised by platiagntinto a freezer (-14°C) for 2 to
3 min. Fifteen male and fifteen female adult fliwere selected for each of the
treatment groups: control (acetone only), acetoréhaxyfenozide 1000 ppm. 1 ul
of the appropriate treatment was applied to thdraksurface of the abdomen of
each fly using a micro-applicator (Burkhard Mantdaing Co., Ltd.). Adults were
kept in Perspex cages (33 cm x 20 cm x 22 cm) (W&tgDirect.com) and fed on a
75% sugar and 25% yeast paste. Water was prouwdagbot with a sponge wick. A
12 cm diameter Petri dish containing tap water pi@€ed under the oviposition
screen to collect the eggs. Eggs were removed ab@dintervals and counted then
fly mortality was assessed to adjust for decreaijngopulation. Eggs were retained
for five days at which point egg viability was assed by counting hatched larvae.
This experiment was replicated three times givingample size of 45, error bars

were used to assess differences between the treagmoeips.

2.2.5 Toxic powder application assays

Foil dishes were coated in a fine layer of Entomag Entostat at each
spinosad/chlorpyrifos dose (2, 1, 0.5, 0.1 and%.08w) using the same application
method as in the previous experiment (see abowe). tiays were also treated with

unformulated blank Entostat or Entomag to act astipe controls. Ten male and ten
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female medfly were dosed on each tray (as in Se&id.3). After dosing, the treated
flies were recaptured and housed individually inn@5 ventilated pots (SHC Web
POT25ml) and were provided with water and a dietso€rose and yeast (3:1)
mixture ad libitum. The condition of the treated flies, as well as tireup of

untreated controls, were assessed at regular aiserwmdividual flies were recorded

as alive, dead or moribund (irreversible knockdawn)

2.2.6 Toxic solvent application assays

Acetone (>99.5%) was used as a carrier for spinasadl chlorpyrifos in this
experiment. Solutions at doses of 0.1, 0.05, 0.028)5 and 0.0025 % w/w of both
spinosad and chlorpyrifos were prepared. Thesesdosze selected in order to
expose the flies to equivalent doses of pestiadibdse expected to be delivered by
the carrier powders as indicated by the resultsthef fluorometric assays in
Experiment 1 (Fig. 3.1.). A Burkard microapplicai@urkard Manufacturing Co.
Ltd. UK) was used to administer aulldroplet of formulation or acetone control onto
the ventral surface of 10 male and 10 female me@ihaesthetised by placing in a
freezer for a few minutes) for each treatment. Aftesing, the medfly were housed
individually as in Experiment 2 (see above). Thedition of the treated flies as well
as the group of untreated controls was assessedjaar intervals. Individual flies

were recorded as alive, dead or moribund.

2.2.7 Secondary transfer of spinosad in Entostat to conspecifics

Virgin male medfly were dosed with Entostat powttemulated with 2% spinosad
w/w on foil trays (as in previous experiments - abeve). The male flies were then
introduced into a Perspex cage (43 cm x 28 cm xrmB containing virgin female
flies at a ratio of at least 1:3 males to femaldss cage was observed and when a
copulation event began, timeating pair was removed and transferred to a stepara
holding pot. For comparison, an unmated female n@asoved for observation each
time a mating pair was collected. Upon terminataincopulation the males and
females were housed separately. All medfly wereshduindividually in small,

ventilated containers with food and water, obsemtedkgular intervals and assessed
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as alive, dead or moribund as before. This experimeas repeated three times

giving a sample size of 51.

2.2.8 Statistical analysis

One-way analysis of variance was used to comparengman uptake of Entomag and
Entostat for males and females. Prior to analglasa were transformed by lpgo
Normalise residuals. Error bars were used to assédésrences between the
treatment groups in the sterilisation experimemthke toxicity studies the lethal time
to 50% mortality (LT50) was estimated for each &agplon method this was done by
applying a Probit model to the data using Minitab sbftware (Finney, 1971), a
commonly used assessment of killing agent efficggyptaet al, 2009; Birgi &
Mills, 2010; Hardke et al., 2011). Time of initimhoribundancy (the onset of
abnormal behaviour leading to death, for examphgtching’ and the dragging of
appendages) was used to calculate the dose obxiwant expected to kill 50% of
population (LT50) as flies were irreversibly knodkdown after this point. Non-
overlapping 95% fiducial limits were used to detemnthe significance of any
differences between groups. The LT50 was only ¢aied for doses that had caused
>50% mortality except in the secondary transfer spinosad in Entostat to

conspecifics experiment.
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2.3 Results

2.3.1 Powder uptake quantification

The average pick-up of dyed Entostat powder by medhs found to be 25.5 ug for
females and 24 pg for males (fig. 2.1.). Howeversignificant difference was found
between the sexes. Pick-up of dyed Entomag powaesr46.5 pg for females and
44.8 ug for males but again this difference wasangnificant. However, Entomag
was found to adhere to medfly far more readily tRatostat (Fg= 11.03, P<0.01).

The average powder pick-up values were used tmatdithe quantity of spinosad
that would be transferred to the flies during thexid¢ powder application
experiments. The quantity of spinosad picked up aoy individual fly during
treatment with 0.05, 0.1, 0.5, 1 and 2% Entostaidsr was estimated at dosages of
0.012, 0.024, 0.12, 0.24, 0.48 respectively for males and 0.013, 0.026, 0.135,0.
0.52 pg respectively for females. The estimated quantityspinosad picked up
during treatment with Entomag for doses of 0.083, 0.5, 1 and 2% were 0.023,
0.045, 0.225, 0.45 and 0.4@ respectively for males and 0.024, 0.047, 0.23%/ 0
and 0.52ug respectively for females.
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Figure 2.1 Mean quantity of dyed carrier powder pi&ked up by male and female
Medfly.
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2.3.2 Methoxyfenozide sterilisation

Overlapping error bars imply that tkelues observed during the fertility (fig. 2.2)

and fecundity (fig. 2.3) assessments for the tweattnents,

control and

methoxyfenozide did not differ significantly. Retsuin the fertility experiments were

highly variable meaning that any differences inatmeents would be difficult to

elucidate.
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Figure 2.2 Fertility of medfly post application of methoxyfenozide.
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Figure 2.3 Fecundity of Medfly post application oimethoxyfenozide.

2.3.3. Toxic powder application assays

Chlorpyrifos formulated with Entomag produced 10@%rtality at doses of 0.5%
and above in females and at 0.1% and above in mhEsO’s were calculated

through Probit analysis for all chlorpyrifos dostést provided 100% mortality

(Table 2.1). There was no significant differencaween LT50’s for any dose

administered to either female or male flies and thas due to the overlapping of
Fiducial limits. The slowest acting dose that ressaiin 100% mortality to both male

and female flies was 0.5%.

The two lowest dosages of spinosad formulated Eatt@nd spinosad formulated
Entomag (0.1% and 0.05%), were sub-lethal to baaterand female flies (table 2.2
and 2.3). However, doses of 0.5, 1 and 2% spingaad rise to 100% mortality in
both males and females allowing LT50 values todleutated using Probit analysis.
Male flies displayed a greater susceptibility t@ thpinosad powder, with LT50
values being lower than those of the females aksponding doses. LT50 values for

males dosed with 0.5% and 2% Entostat powder wgrgfisantly lower than those
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of the females although the fiducial limits of th€50 of males and females dosed at

1% were not distinct (fig. 2.4).
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Figure 2.4 LT50 of male and female medfly contamirtad with the carrier

powders Entostat and Entomag formulated with varyirg doses of spinosad.
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Table 2.1 Mortality (LT50) through Entomag applied chlorpyrifos.
Approx. Fiducial limits )
] KA ) LT50 Slope Mortality
Carrier/KA Weight of Sex ) (95%)
(%) (min) (+SE) (%)
Al (1) Lower Upper
_ 0.05
chlorpyrifos 0.0235  Female  * * * * 20
0.00078
0.045 Male 34ab -48 100
Entomag/ 01 +0.00024
chlorpyrifos ' 0.00078
0.047 Female 407c 177 769 80
+0.00024
0.08532
0.225 Male 49ab 31 56 100
Entomag/ 05 +0.00136
chlorpyrifos ' 0.00506
0.235 Female 54ab -42 103 100
+0.00105
0.06109
0.45 Male 27a -150 37 100
Entomag/ 1 +0.29279
chlorpyrifos 0.05114
0.47 Female 49b 37 57 100
+0.01291
0.05539
0.9 Male 3lab 22 39 100
Entomag/ ) +0.01277
chlorpyrifos 0.04595
0.94 Female 46ab 22 51 100
+0.01283

LT50 values with unlike letters were significantlydifferent (P<0-05)
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Table 2.2. Mortality (LT50) through Entomag applied spinosad.
Approx. Fiducial limits .
) KA LT50 Slope Mortality
Carrier/KA Weight of Sex . (95%)
(%) (min) (% SE) (%)
Al (png) Lower  Upper
Entomag/ 0.0225 Male * * * * 10
) 0.05
spinosad 0.235 Female * * * * 0
Entomag/ o 0.045 Male * * * * 40
spinosad 0.047  Female  * * . * 20
0.00740
0.225 Male 159a 109 100
Entomag/ 05 +0.00136
spinosad ' 0.01085
0.235 Female  307b 285 335 100
+0.00216
0.01364
0.45 Male 164a 135 184 100
Entomag/ 1 +0.00299
spinosad 0.01217
0.47 Female 205a 178 227 100
+0.00265
0.06436
0.9 Male 205a 169 207 100
Entomag/ ) +0.01797
spinosad 0.01777
0.94 Female 191a 139 257 100
+0.00403

LT50 values with unlike letters were significantlydifferent (P<0-05)

30



C. D. Rogers Chapter 2
Table 2.3. Mortality (LT50) through Entostat applied spinosad.
Approx. Fiducial limits .
) KA LT50 Slope Mortality
Carrier/KA Weight of Sex . (95%)
(%) (min) (+SE) (%)
Al (png) Lower  Upper
Entostat/ 0.012 Male * * * * 0
. 0.05
spinosad 0.013 Female * * * * 0
Entostat/ o 0.024 Male * * * * 30
spinosad 0026  Female  * * * * 30
0.00091
0.12 Male 1286a 970 100
Entostat/ 0.5 +0.00015
spinosad ' 0.00068
0.13 Female 3661b 3210 4060 100
+0.00011
0.00172
0.24 Male 543c 373 733 100
Entostat/ 1 +0.00046
spinosad 0.00086
0.26 Female 1537ac 626 1961 100
+0.00024
0.00931
0.48 Male 248d 195 280 100
Entostat/ ) +0.00178
spinosad 0.007722
0.52 Female 420c 385 476 100
+0.00206

LT50 values with unlike letters were significantlydifferent (P<0-05)

2.3.4 Secondary transfer of spinosad in Entostat to conspecifics

Females that mated with contaminated males werarstio have a significantly

faster mortality rate when compared to unmated fesp& T50 mated 1712 min and

unmated LT50 3636 min (table 2.4). Mortality in tbemated females was 41%

compared to 75% mortality for mated females. Mdstaktes for female flies were

significantly slower than that of the artificialljontaminated male flies LT50 191

min.
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Table 2.4Conspecifics transfer of 2% spinosad Entostat.

LT50 Fiducial Limits (95%) Slope Mortality
Status Dose ) .
+
(Min) Lower Upper (+SE) (%)
Entostat/
Contaminated ] 0.01029
spinosad 191a 186 197 100
Male
204 +0.00045
Mated Entostat/ 0.00068
| spinosad 1712b 1553 1905 75
Female 20 +0.00005
Entostat/
Unmated . 0.00045
| spinosad 3636¢ 3234 4242 41
Female 2% £0.00005

LT50 values with unlike letters were significantlydifferent (P<0-05)

2.3.5 Toxic solvent application assays
All doses of spinosad and chlorpyrifos applied gsam acetone carrier resulted in
100% mortality.

LT50 values for spinosad at dosages of 0.0025,504& 0.1% active ingredient
showed significant differences between males anuhlies at corresponding doses
(table 2.6). 0.02bg of spinosad applied through al Hroplet of acetone gave 100%
mortality to both males and females in contrasthe 30% mortality achieved as a

result of the application of similar quantitiesspinosad via Entostat powder.

Chlorpyrifos applied through acetone gave LT50 galihat were significantly
different between sexes at every corresponding drsept 0.025% where Fiducial
limits slightly overlapped, with males having a L T50 than females (Table 2.5).
LT50 values were lower for dosages of chlorpyriépplied with acetone than with
Entomag, but the variability of the Entomag dataegaide-ranging Fiducial limits

so that no significance was found.
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Table 2.5 Mortality (LT50) through acetone appliedchlorpyrifos.
Approx. Fiducial limits _
) KA LT50 Slope  Mortality
Carrier/KA weight of Sex ) (95%)
(min) (xSE) (%)
Al (ug) Lower Upper
0.08397
Male 44a 40 48 100
Acetone/ +0.01807
) 0.0025 0.025
chlorpyrifos 0.00861
Female 128a 86 168 100
+0.00235
0.07183
Male 40a 35 45 100
Acetone/ +0.01465
) 0.005 0.05
chlorpyrifos 0.08873
Female 74a 69 79 100
+0.02404
0.13615
Male 28b 25 31 100
Acetone/ +0.03195
) 0.025 0.25
chlorpyrifos 0.07710
Female 35a 30 40 100
+0.01584
0.09152
Male 19c 15 23 100
Acetone/ +0.01913
] 0.05 0.5
chlorpyrifos 0.12823
Female 34b 30 37 100
+0.03323
0.17167
Male 13c 10 15 100
Acetone/ +0.03661
_ 0.1 1
chlorpyrifos 0.11728
Female 28b 22 31 100
+0.03262

LT50 values with unlike letters were significantlydifferent (P<0-05)
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Table 2.6 Mortality (LT50) through acetone appliedspinosad.
Approx. Fiducial limits _
) KA LT50 Slope  Mortality
Carrier/KA Weight of Sex ) (95%)
(%) (min) (+SE) (%)
KA (ug) Lower Upper
0.01405
Male 123a 108 136 100
Acetone/ +0.0023
. 0.0025 0.025
spinosad 0.01569
Female  193b 179 211 100
+0.00218
0.02024
Male 74c 34 90 100
Acetone/ +0.00526
. 0.005 0.05
spinosad 0.01935
Female 125a 110 136 100
+0.00333
0.08183
Male 55¢ 50 58 100
Acetone/ +0.01493
. 0.025 0.25
spinosad 0.04625
Female 54c 42 60 100
+0.01009
0.03452
Male 52c¢ 44 59 100
Acetone/ +0.00613
_ 0.05 0.5
spinosad 0.01295
Female 70c 51 84 100
+0.00173
0.06295
Male 3labc 22 337 100
Acetone/ +0.01473
_ 0.1 1
spinosad 0.04840
Female 48c 42 53 100
+0.00898

LT50 values with unlike letters were significantlydifferent (P<0-05)
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2.4 Discussion

2.4.1 Sterilisation

Overlapping error bars in the fecundity experimamdicate that there was no
significant difference in the oviposition of methydenozide treated flies. High
variability in the fertility experiment means thety differences in treatments would
be difficult to expose. Variability in this experant may have been down to the
methodology or working on a laboratory strain of dify or potentially,
inconsistency in the activity of the killing ageiihe dose of killing agent used was
the highest possible that could be formulated ithi® two electrostatic powders
considered for use in this lure and sterilise systeligher concentration or oral
application of methoxyfenozide may offer clear ifigng effects on medfly but were

not trialled in this study.

2.4.2 Toxic powder application assays

2.4.21 Chlorpyrifos

The LT50 for male medfly dosed with chlorpyrifospéipd via the proposed carrier
powder Entomag was 48.6 minutes. A previous studyhe reaction of medfly to
contamination by Entomag showed that 50 minutes posder application, as few
as 2.5% of males had participated in mating eveatssworthet al, 2006). This
experiment was carried out in flight cages unddéotatory conditions and it is
expected that the figure for mating within the Shuie time period under natural
conditions would be much reduced due to the lovesrsdies of conspecifics. This
rapid knockdown rate provided by chlorpyrifos wolitdit the flies to a very narrow
window of opportunity to leave the container anditipgate in social interaction
before succumbing to the effects of the insectickte this reason, chlorpyrifos was

not deemed suitable for inclusion in an autodissation lure and kill system.
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2.4.22 Spinosad

Spinosad dosages of 0.1% and 0.05% killing agemdtated with either powder
were sub-lethal on both females and males and wikerefore, discounted for
inclusion in the lure and kill system. The slowesting dosage applied through
Entomag was 0.5% (LT50 of 158.6 minutes). Armswathal (2006) found that
there was a significantly smaller proportion okedliobserved mating in Entomag
contaminated flies compared to control flies untdoratory conditions 120-200
minutes post contamination. Entomag formulationhwspinosad was, therefore,
deemed unacceptably fast for use with an autodissgion lure and kill system as
the short time frame post contamination would lingbtential transfer to
conspecifics. As a result, Entomag was discourgedge in the system and was not
used in further trials.

Spinosad doses of 0.5% and 1% on Entostat powader J20% mortality, the LT50
for both doses were over 9 hours (table 2.3) whinolild allow powder transfer to
conspecifics. However, the LT50s at these doses wsr 24 hours for females. The
>24 hour window given by 0.5% and 1% spinosad wqadrnit the female to mate

and begin to oviposit.

The 2% dose was selected for inclusion in the aystee to the lower LT50 values
associated with this dosage which limits the fersalegg-laying window to
approximately seven hours, but allows the malescqopately four hours to lek and
mate transferring powder to conspecifics. Armswogthal (2006) found that
Entostat contaminated males had recovered suffigidoy 260 minutes post
application that there was no significant differerin the proportion of observed
matings by control or Entostat coated males. Thyghe time of death of males at
2% spinosad, the flies had returned to normal fewélmating frequency, thereby,
allowing greater carrier powder transfer. The 2%negad formulation, therefore,

was selected for further testing.
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2.4.3 Toxic solvent application assays

All quantities of spinosad applied via acetone ltesuin a much faster knockdown
time than comparative quantities of spinosad foatad with Entostat and Entomag.
This may be a result of the loss of carnauba waxdeo through time (Armswortat
al., 2006). The carrier powder becomes dislodgedutiiranovement and grooming,
and results in a lower effective dose of spinosattivleads to reduced mortality. It
is also possible that the acetone carrier coulde heided absorption of spinosad
through the cuticle of the fly which would incredbe activity speed of the spinosad,

whereas in the powders the insecticide is bounith tipe formulation.

2.4.4 Secondary transfer of spinosad in Entostat to conspecifics

The mortality of females mating with artificiallyontaminated males was not 100%
but the LT50 was significantly faster than thatteé unmated females in the cage.
This is evidence supporting the transfer of powilem males to females during
mating. The mortality observed in the unmated f@maliggests that powder transfer
Is also present whether or not mating occurs. Bagtoal. (2006) also found that
dyed Entostat powder was transferred from contam@éhanale medfly to female
conspecifics, with mating events increasing tranisfeapproximately 400%. Powder
transfer to females that did not mate with contat@d conspecifics may in part be
due to interactions such as mating attempts. Howvéwvie also likely that transfer to
non-mated individuals was a result of loss of pawftem males to the cage
environment, thus transfer from males to femaleth wihich mating did not take

place is expected to be much lower under field tms.

2.4.5 Insecticide

Spinosad and chlorpyrifos were tested as poteinsaicticides for use within the lure
and kill system. In dose response assays chlogsyvfas found to be very effective
resulting in 100% mortality in medfly at low con¢eations and displaying very fast
knockdown times. Spinosad also produced 100% nityrtal most doses, but the
knockdown times were slower than those of chlofpgriAutodissemination systems

require slow knockdown times to allow for socialeiractions to occur between the
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target insects and thus transfer the insecticidedgo from one individual to the
next. The slower knockdown times observed with egad would allow more
transmission opportunities to occur therefore spagovas considered to be the more
suitable killing agent for inclusion into the syste

An added advantage of the use of spinosad rathardhlorpyrifos is that spinosad is
of natural origin, shows limited toxicity to nonrg@t organisms and breaks down
rapidly in the environment on exposure to UV radiatIn contrast, chlorpyrifos is a
broad-spectrum organophosphate and its use cduddefore, be associated with
many health and environmental risks. One of thennaamns of the lure and kill
system is to reduce the adverse effects on noettarganisms and the environment
usually associated with insect pest control meth®te ecologically sound nature of
spinosad combined with the low dose, targeted aaifdhe lure and kill system will

provide a safe and ecologically sound method ofrobfor medfly.

2.4.6 Carrier Powder

Two carrier powders were tested for inclusion itite lure and kill system. These
were Entostat, a fine carnauba wax powder and Eagp metallic powder, chosen
due to their electrostatic properties. Both wemanfbto adhere to medfly in suitable
guantities. However, all doses of insecticide agplising Entomag were either sub-
lethal to some or all flies, or caused mortality tapidly to allow social interaction
to occur. Thus it was unsuitable for inclusion witlan autodissemination control
system. In contrast, Entostat was found to give tas100% mortality in combination
with spinosad at 2%, and at this concentration, time-frame between
contamination and knockdown was such that soctalaetions could occur but that

the potential for successful oviposition by contaatéd females would be limited.

2.4.7 General
Previous autodissemination studies have mainly deduon social or highly
gregarious insect pests, such as Hymenoptera, elso@nd Dictyoptera. Many

species belonging to these orders live in closecetson with each other often
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living within a central nest or communal harbousagehere frequent conspecific
interaction leads to higher killing agent transéed dissemination. Coprophage and
necrophage play an important role in systems usethrget Dictyoptera species.
Killing agents formulated into food baits are ingek by individuals and upon
returning to communal harbourages defecate andlideing further conspecifics to

contaminate themselves.

Current systems used for the control of medfly cardre problematic for a number
of reasons. Firstly, systems containing broad specbrganophosphate insecticides
such as malathion are acetylcholinesterase inlngbh{8ilvaet al, 2008). Exposure,
ingestion or misapplication can be hazardous (Br&Brix, 1998; Blain, 2001) and
as a result are being phased out of use in manytes (Jonegt al, 2010). These
chemicals are also highly deleterious to the emwrent including high toxicity to
fish and beneficial insects (Fountagt al, 2007). Spinosad based bait sprays,
although displaying no toxicity to vertebrates amdiuced toxicity to beneficial
insects, are incorporated into systems that ehér target males of the species or
use general protein and sugar based attractantsatbaattractive to non-target
organisms (Breet al, 1997; Bresliret al, 2000; Langewal@t al, 2010).

It has been suggested that fast-acting insecticetast in fewer individual exposures
and thus fewer total mortalities when autodissetionaechniques are implemented
in termite control (Thorne & Breisch, 2001, SaranR&st, 2007). Chlorpyrifos
Entomag formulations in this study gave a rapiddkaown time which limited the
number of social interactions that contaminatedividdals could participate in
before succumbing to the effects of the insectickt®eprono and Rust (2004) found
that slow-acting insecticides allowed ants great®ount of time foraging in the
application area, recruiting a greater number st neates to the contamination area.
In the proposed system a slower acting insectideleiery system like spinosad and
Entostat at 2% would allow the medfly greater timeecover from the initial dosing
and patrticipate in courtship, mating and lekingaxeburs before dying. This would
mean that more individuals are contaminated andthasbenefit of transferring

39



C. D. Rogers Chapter 2

killing agent to female medfly while using a predoately male only, species
specific attractant such as the para-pheromoneetiume, limiting exposure to non-

target organisms.

This study showed that it was possible to tranafiathal amount of insecticide from
one conspecific to another. This allows the prospéaising single sex attractants
that are highly specific, to contaminate males #meh transfer a lethal dose to
females in the population. Such a system would grevhe luring of beneficial

insects to the insecticide area of the containdrtarget both sexes.

2.4.8 Conclusions

High variability in experiments carried out on m@thfenozide meant that any
differences in treatments would be difficult to egp. Although the experiment did
not indicate any effect of the killing agent on rftgd cannot be ruled out given the
variability of results and the limited maximum qtignof killing agent delivered to
the insect via the carrier powder. It was conclutlet the insecticide chlorpyrifos
was incompatible for use in this lure and kill gyst due to the fast rate of
knockdown which limits potential transfer to consifies. The carrier powder
Entomag is also unsuitable for use within a luré kil autodissemination system as
the knockdown time was also too fast. Future figldwon this system should focus
on the carrier powder Entostat. Entostat has beevep to be compatible with the
insecticide spinosad. When formulated with 2% sgéal) Entostat will result in
100% mortality to primary contaminated male medfiilst still allowing sufficient
time for the male to transmit a lethal dose of atisgle to a female during mating

before knockdown takes place.

The results of the experiment with conclude that;
* Flies pick up between 25 and 46.5 pg of electrosiatpowder when
contaminated
* Methoxyfenozide displayed no noticeable activity agnst medfly in this

study
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* Chlorpyrifos knocks down medfly males too rapidly ad is therefore
unsuitable for inclusion in a autodissemination syem

* All doses of spinosad applied using Entomag weretleer sub-lethal to
some or all flies, or caused mortality too rapidlyto allow social
interaction to occur

» Entostat formulated with 2% spinosad gave the morthty rate that best
fitted the autodissemination system

* Mortality through powder (2% spinosad Entostat) transfer during
mating proven

* Entostat 2% spinosad formulation chosen for inclu®n in the system
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Chapter 3: Carrier powder container design for inclusion in an
autodissemination control system for the medflyCeratitis capitata

(Wiedemann)

3.1 Introduction

The medfly is a pest of a reported 253 varietiefrwat, nuts and vegetables (Hagen
et al, 1981; Liquidcet al,, 1991) including pomme and citrus fruits, cocod guava
(Weems, 1981). Damage is caused by the larvaedtriough the fruits destroying
them or by secondary infection by fungi and baateri

Lure and kill systems are extensively used to cdnibphritid fly infestations
(Koyamaet al, 1984; Tsolakiet al, 2011). The standard bait spray applications
usually used for the control of the Mediterraneanitf fly indiscriminately
contaminate the target area with insecticide, aaktharmful effects on beneficial
and other non-target organisms (Michaud, 2003).yMare and kill systems involve
spraying an attractive protein/sugar based soluitomulated with an insecticide,
this is applied directly to the host crop or hanames (Varga®t al, 2002). Such
systems attract and kill non-target organisms gty causing a reduction of
beneficial insects while crop damage can occur tdutungal growth induced by
sugar based solutions (Chuesiaal, 2007). Alternative systems rely on traps that
lure flies which are then killed and retained ire ttrap through the use of glue
boards, insecticides etc., such as McPhail ana dielps (Dantas & Andrade, 2005).
Traditional tephritid control traps like the McPhand other styles of bucket trap
have successfully been used and adapted for cootratedfly since the 1930’s
(Newell, 1936). Delta traps have also successfhlen used for the control of
medfly for many years and in addition, they havevrmeen used effectively for
autodissemination/autoconfusion techniques for dbetrol of Lepidopteran pests

such ad. obesia botranandCydia pomonell§Howseet al., 2007).
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Medfly have an innate preference for yellow colaurebjects (Prokopy &
Economous, 1975), and curved surfaces are favaestthg places for this species
(Nakagaweet al, 1978), most probably as a result of the likertegke fruit that the
flies use as food and for oviposition sites. Theses can be incorporated into
container design in order to increase the likelthoof attracting medfly.
Commercially available species-specific lures dse available for medfly and these
should provide a reliable method of attractingsfliato the containers. Two such
attractants are Trimedlure and Tripack. Tripacla isynthetic food-bait lure that is
found to be very attractive to medflgspecially to females (Beroz al, 1961).
Timedlure is a parapheromone that mimics a lekkphgromone, which causes
males to aggregate around the source (Bezbzaa, 1961) and is shown to be a very
effective attractant for use in traditional contsgstems for medfly (IAEA, 2003).

The current control systems have a number of pnoklehey rely on either a single
sex attractants like the parapheromone trimedlurelwonly has limited effect on
the female population or the use broad spectrumactdints that attract and Kill
beneficial pest- controlling insects. An improventd and kill system would affect
both male and female medfly and not beneficial dgtsevhile retaining as much of
the insecticidal agent within the system to lindvarse effects on the crop and the

environment.

It is shown that electrostatic powders such as $atacan contaminate medfly and
be transferred to conspecifics (Bartinal, 2006). Further to this, when formulated
with the insecticide spinosad at 2% w/w the powdetoxic to male medfly and
powder transferred to females during mating evemith contaminated males
sufficient to cause secondary mortality. An elestatic powder formulated with
insecticide could be incorporated into a new lund kill system. This would be an
improvement on the current methodology for a nhunmidereasons. The insecticide
would be housed in a container which limits contation of the environment.
Species-specific lures could be used to target snéhat would subsequently

contaminate females through social interactionss T$1an advantage over current
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systems which can only target females while utiisbroad spectrum attractants that
kill beneficial organisms. The container design fmch a powder-based system

would require a modification of the current trasidas currently in use for medfly.

In order to develop an autodissemination lure arldskgstem for medfly, it is
necessary to produce a container capable of traimgfehe killing agent to the fly.
The bucket trap style is inappropriate for modiilma as a container for
autodissemination. The traps can easily be modiegrevent fly mortality within
the trap but the addition of fine powder to thigestof trap would inhibit the escape
of contaminated flies from the bucket. Delta tragsign used for lepidopteran
autodissemination control was chosen to be triafteduse in this lure and Kkill
system alongside two modified delta style contapretotypes: open and closed (fig.
3.1; 3.2; 3.3). Field trials were used to assessefficacy of each container design
and behavioural observations were used to deterthimenechanism by which the
containers achieved success. The suitability oh Boimedlure and Tripack were
also assessed for use in this system.

The lure and kill system proposed in this thesrgcfions by dosing individual flies

with an electrostatic powder laced with insectioid@ch adheres to the cuticle of the
insect leading to eventual mortality. The powddrasised in a number of containers,
which are designed so that the powder is retaimeidthat contaminated flies are able
to leave the containers and autodisseminate thiegkiigent through the population
to conspecifics through social interactions suckasting, mating and lekking. The
targeted dosing system employed in this control hoett coupled with the

containment of the killing agent within the con&is ensures that environmental

contamination is kept to a minimum.

3.2 Aims

e To assess the efficacy of open and closed containdesigns
through field trials
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 To establish what aspects are important in containe design

through behavioural observations

46



C. D. Rogers Chapter 3

3.2 Materials and methods

3.2.1Field sites
Field sites were located at two mixed citrus ordean Algarve, Portugal (fig 3.1).

Figure 3.1 Field site location, image taken from Gagle Maps - ©2011 Google.

Prototype container field trials and behaviouraterations were carried out in a
commercial orchard near Conceicdo de Tavira (fig) &nd at the agricultural
research station ‘Centro de Experimentacdo Agré@G&AT), Tavira (fig. 3.3). The
trials were carried out between May and July, 200@oth cases citrus trees were
planted in rows with 6 m between each row and 2twéen each tree within a row.
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Figure 3.2 Field plot location, commercial orchardnear Conceicédo de Tavira,
taken from Google Maps - ©2011 Google.
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Figure 3.3 Field plot location, at the agricultural research station ‘Centro de
Experimentacdo Agraria’ (CEAT), Tavira, taken from Google Maps - ©2011
Google.

3.2.2 Containers

The delta container (fig. 3.4) consisted of thendsad delta traps available for
monitoring insect pests, but without the adheshseiit used for trapping the target
organism. Instead, a tray was inserted into the lodshe trap to be used for the
retention of killing agent-laced powder (referredhereafter as the powder retention
tray). An attractant plug was placed into the cemf the powder retention tray to
lure the flies into the container.

The open style container (fig. 3.5) were modifiednf standard delta traps and
consisted of two parallel surfaces suspended on®prof the other. The powder
retention tray and attractant plug were placedhenawer surface of the container. It
was hoped that this design would allow increasefloai through the container

causing the attractant to spread over a wider #naa,attracting more flies.

49



C. D. Rogers Chapter 3

The closed style containers (fig. 3.6) were alsalifired from standard delta traps.
The two side walls of the trap were folded acrassheother resulting in a container
with a smaller volume than the previous designs\aitid arc-shaped open ends. The
powder retention tray and attractant plug were ragdaced on the floor of the
container. In this case it was hoped that the sludpe container would inhibit
escape thus increasing the likelihood of contativeen the flies and the powder,

therefore increasing contamination rates.

For the purpose of these trials, the powder redantray was replaced with an
adhesive monitoring board. This allowed easy olzemw of the number of flies that
may become contaminated with powder in a day.

Figure 3.4 Delta container design
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1lcm

Figure 3.6 Closed container design.

3.2.3 Field trial: Prototype containers

Prototype container designs were tested in a cignose against wild, naturally
occurring medfly. The open and closed designs wested independently against the
delta design using both male (Trimedlure) and fenfatipack) attractants.
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3.2.31 Fieldtrial: Prototype containers delta vs. open

Six treatments consisting of all possible comboradi of the two designs - open and
delta- and three attractants- Trimedlure, Tripactl a blank control, were hung in

rows at three different plots (plots 1, 2 and 3 Bge 3.2). The treatments were

placed in randomised Latin square of six replicats (fig 3.7) at each of the three
plots, giving 18 replicates in total. Each positionthe square was 12 m distance
from the next position. Containers were checkedcfiches, cleaned and position
rotated daily, this was continued for one comptetation of six days, allowing each

style of container to occupy each position in thair. square. For each day, the

number of fly catches in all the containers werrded. This approach was used to

limit the impact of daily fluctuations of fly numlee
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Figure 3.7 Example of a randomised Latin square @&ld plot for the delta and

open prototype container design experiment.
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B Delta x Tripack
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O Open x Trimed
X open x Tripack
® Open x Blank
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Observations were Normalised using a square reostormation. Fly catch rates
were then analysed using a General Linear Modeégo for significant effects of
prototype design, attractant and plot location asll vas interactions between
prototype design and attractant on fly catchesaiwpse comparison (Tukey’s) was

run to look at differences between the groups.

3.2.42 Field trial: Prototype containers delta vs. closed

Four treatments consisting of all possible combamet of the two containers- closed
and delta- and two attractants- Trimedlure, Tripaodre hung in rows at two
different plots (plots 4 and 5 see fig. 3.3). Thieatments were placed in a
randomised Latin square of four replicate sets. (@) at two plots, giving 8
replicates in total. Each position in the squares & m distance from the next
position. Containers were checked for catches,nel@aand rotated daily, and this
was continued for one complete rotation of fourgjajor each day, the number of
flies caught in all the containers were recorddus Bpproach was used to limit the
impact of daily fluctuations of fly numbers.

53



C. D. Rogers Chapter 3

36 4 g O [ |
24 9 A | O
3 @ Delta x Trimed
§ B Delta x Tripack
8 A Closed x Trimed
(7]
=) O Closed x Tripack
12 8 O A 2
o0& i A
0 12 24 36

Distance (m)

Figure 3.8 Example of a randomised Latin square fie plot for the delta and

closed prototype container design experiment.

Observations were Normalised using a square reostormation. Fly catch rates
were then analysed using a General Linear Modeégo for significant effects of
prototype design, attractant and plot location aal vas interactions between
prototype design and attractant on fly catchesaiwpse comparison (Tukey’s) was

run to interpret these data.

3.2.4 Behavioural observations: Prototypes open, delta and closed lekking study

This experiment was carried out with Trimedlurenglpas Tripack was found to be
ineffective for recruitment of flies to the powdetention board. Two of each of the
three container designs (delta, open and close® baited with a single Trimedlure

plug and hung at a randomly selected position withe citrus orchard (plot 6 see
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fig. 3.2). Each container was observed for ten teiseach day for five consecutive

days. Containers were relocated after each obsenvat

During the 10 min observation period, the total bemof flies within the container,
the total number of lekking events that occurredhiwi each container and the
number of lekking events that resulted in one orenfbes falling onto the base of
the container (where the powder retention tray wdié positioned) were recorded.
The latter is hereafter referred to as a ‘hit’. Augkal-Wallis (K-W) test was used for
analysis as the data was not Normally distributedrefore, a one-way analysis of
variance could not be used, as this is an anabfdise median these are shown on

the graph, +95% confidence intervals (Cl) of thedram.

3.2.4 Statigtical analysis
All statistical analysis was conducted using Mibita" edition (Minitab Inc.).

55



C. D. Rogers Chapter 3

3.3. Results
3.3.1 Fieldtrial: Prototype container open vs delta

Containers baited with the blank attractant contealght no flies during any of the
experiments. Delta containers were found to caighificantly more flies than the
open-style containers (fig. 3.11). When delta coets were trialled against the
open-style containers, mean catch rate of medilytHe delta was 7.3 (x1.9) flies
over the six day period compared to only 3 (xOd)the open-style (ANOVA: 1
=7.53, P =0.008).

The Tripack attractant displayed low catch ratesubhout the trial with a mean
catch of 0.5 (£0.2) medfly overall (fig. 3.10). THeimedlure-baited containers
caught a mean of 9.8 (x1.8) flies over the trialiqgue (ANOVA: F1 ;1= 161.07, P
<0.001). Both container designs performed betternsd@mbined with Trimedlure
than with Tripack, however, the combination of thedta design and the Trimedlure
attractant proved to be the most efficacious sefANOVA: F1 7;= 15.07, R0.001)
(fig. 3.9), with a mean catch rate of 14.3 fliesngared to that of 5.4 flies with the

open-style container-Trimedlure combination.
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Figure 3.9 Field trial catches design, delta vs. @m, Trimedlure vs. Tripack.
Mean (£SE) number of flies caught by delta and openontainer designs baited

with Tripack or Trimedlure.
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Figure 3.10 Field trial catches Trimedlure and Tripack. Mean (xSE) number of

flies caught by Trimedlure and Tripack attractants (delta and open).
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Figure 3.11 Delta vs. open catches. Mean (xSE) nuebof flies caught by the
delta and open container designs using either Trintdure or Tripack as an

attractant.

3.3.2 Fieldtrial: Prototype container closed vsdelta

Delta containers were also found to be more effizcecthan closed-style containers
(ANOVA: F1 3= 7.39, P = 0.012) (fig. 3.14). The mean medflchdor the delta
container was 2.5 (x0.5) compared to a catch of(044) from the closed-style
design. Again, Tripack performed poorly in companigo Trimedlure (0.2 (x0.1)
and 3.7 (£0.5) mean flies caught respectively), AMOF; 31=141.04, P<0.001
(fig. 3.13). There was also a significant interactieffect between container design
and attractant with the combination of delta desagd Trimedlure being the most
effective (ANOVA: R, 3:=9.37, P = 0.005) (fig. 3.12).
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Figure 3.12 Field trial matches combinations. Mean(xSE) number of flies
caught by delta and closed container designs baitedvith Tripack or

Trimedlure.
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Figure 3.13 Field trial catches Trimedlure and Tripack. Mean (zSE) number of
flies caught by trimedlure and tripack attractants (in both delta and closed

prototypes).
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Figure 3.14 Field trail catches design, delta vslased. Mean (£SE) number of
flies caught by the two container designs delta andlosed using either

trimedlure or tripack as an attractant.
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3.3.3 Behavioural observations: Prototypes open, delta and closed lekking study
There was no significant difference between the lmemof fly visits observed at each
of the different styles of container during the rhrute observation period (K-W
test: H 30=3.24, P = 0.198).

However, container design was shown to be an irapbffiactor in predicting lek
frequency (fig. 3.15). Lek frequency observed ia dpen-style container (24.5 leks
per container) was significantly greater than thfathe delta container (17 leks per
container) and the closed-style container (3 leds qontainer), (K-W test: Hso
=20.48, P<0.001). The closed-style container was the ledsc®fe for initiating
lekking behaviour. There was therefore no relatigmdbetween number of flies

attracted to the container and frequency of lekkiegaviour induced.

Open-style containers, whilst initiating the maoskKing behaviour, were found to
give rise to the least number of hits (median &ifit® per container). The delta and
closed-style designs had a significantly higher daite (a median of 1 hit per
container each) (K-W test:sHo= 9.39, P=0.009).
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Figure 3.15 Lekking behaviour. Median number of; melfly attracted,
lekking events and ‘hits’ recorded for three contamer styles over a

ten-minute observation period (n=10) (£95% CI of tle median).
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3.4 Discussion

3.4.1Fieldtrials: Attractant

Trimedlure and Tripack were trialled as potentititaetants for use in the lure and
kill system. Trimedlure is a parapheromone that iwsnthe lekking pheromone used
to recruit male medfly to lekking sites, and iswhao be highly attractive to males
of this species (Berozzat al, 1961). Tripack is a synthetic food lure whictkreown
to attract both females and males although cattdéres to be very female biased
when this lure is used (Braga-Sobrirdgtaal, 2004)

Trimedlure was extremely effective at inducing lieigk behaviour in males and is
thus considered to be a highly suitable attractantthis lure and kill system.
However, containers baited with Tripack caught vieny individuals of medfly so

this lure was discarded for use in the system.

3.4.2 Fieldtrials: Container design

Three container designs were tested in field tiralsrder to assess suitability for use
with the lure and kill system. A standard deltaigiesbased on those used for
monitoring of insect pests was trialled againsteimpcontainers’ (two parallel
surfaces suspended one on top of the other) aosedicontainers’ (delta containers
modified so that the open ends of the containeaereshaped and narrower than the

standard delta container.

Containers were set up so that adhesive monitdraggs were used in place of the
powder retention tray. The standard design wasddartatch far greater numbers of
medfly than either of the two modified delta desighhis was initially thought to be

due to differences in the attractiveness of thegdsesto medfly. It was thought that
the larger, more curved profile of the standardadééesign (medfly have been found
to show a preference for curved surfaces (Nakageival, 1978) would have

attracted medfly from a larger area when compavetié¢ smaller, flatter shape of the

closed prototype and the rectangular outline anallgmmofile of the open design.
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However, the behavioural study showed that the reunolb flies attracted to each
design were very similar, this discounts attractess as an explanation for the
disparity in catch rates between the three desigrthe earlier trials. During this

study two behaviours were recorded; lekking evantsaind each container design,
and number of lekking events that resulted in dispinent and landing on the
container floor (referred to as a ‘hit’). Hits regented fly activity that would have
resulted in a fly coming into contact with killiraggent formulated adhesive powder.

Lek frequency was highest in the open design amedoin the closed design. The
frequency was highest in the designs with the getaamount of ventilation, the
open and delta designs. This suggests that thdegrdaze air flow through the
container and thus across the lure, the greaterdbmitment of lekking males.
Frequency of lekking behaviour was low in the ctbsentainers, possibly due to
build up of the lure (Trimedlure) in the containé/ork on lepidopterans has shown
that exposing adult males to high levels of sexr@mene can make the moth
incapable of locating female conspecifics (NansQ7), this can be due to over
excitation of the sensory receptors causing serfatigue (Cardé & Minks, 1995). It
is possible that Trimedlure would have the samecefit high concentrations caused
by the conditions of the closed container.

The usual behaviour in lekking male medfly is tastrenly on downward facing
surfaces usually the underside of leaves in ngidakagaweet al, 1971b). Lekking
males, therefore, rested on the underside of theaower tops, rather than in the area
that contained the powder retention tray. Thus;hezg were only made when males
were dislodged from their resting places due td héyels of activity within the lek.
Dislodgement resulted in a significantly greatdchaate in those designs which had
side walls to direct the flies towards the contmifieor. Fewer flies became
dislodged in the closed design due to lower matevic levels as a result of the
effect of the concentrated Trimedlure. However, #ieg that were dislodged were

deflected onto the powder tray region due to thelosed nature of the container.
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The open design instigated significantly more nadtvity within the container but

dislodged flies escaped easily by exiting the doetaout of the open sides so that
few flies landed on the powder retention area efglototype. However, the level of
ventilation associated with the delta container g@sat enough to promote lekking
and the relatively enclosed nature of the design ehsured that a high number of
displaced flies were forced down into the trappiuga. This combination of

properties was the reason for the higher catcls rabserved in the standard delta
containers in the previous study. Wind tunnel ¢riasing standardised designs with
graduating ventilation levels may allow a more aatelassessment of how air flow
effects male behaviour in containers and contaiakosving further optimisation of

the delta container.

3.4.3Behavioural observations: Prototypes open, delta and closed lekking study
There was no significant difference between the lmemof fly visits observed at each
of the different styles of container during the rhlrute observation period ¢Hso
=3.24, P=0.198), implying that attractiveness & tlesigns could not explain the

differential catch rates observed in the previoiadst

However, container design was shown to be an irapbffiactor in predicting lek
frequency. Lek frequency observed in the open-stdatainer (24.5 leks per
container) was significantly greater than that loé elta container (17 leks per
container) and the closed-style container (3 leds gontainer), (Bl 30=20.48, P
<0.001). The closed-style container was the leafgcfe for initiating lekking
behaviour. There was, therefore, no correlationveen number of flies attracted to
the container and frequency of lekking behaviowtuced. This discrepancy was
attributed to relative levels of airflow though bacontainer design. The Lekking
pheromone released by males arrests other maletheygbin in the lek (Villedaet

al. 1988). Trimedlure acts in a similar way to thleeppmone, and arrests attracted
flies as if they are participating in a lek. At higoncentrations it is possible that the
Trimedlure overwhelms the flies and renders themesponsive or possibly masks

naturally produced pheromones that stimulate furtb&king behaviour such as
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‘butting’ and ‘jousting’. The open-style and dettantainers allow the relatively high
airflow across the attractant such that the atrdacis detected by medfly at
concentrations similar to those at which the natysheromone would be
encountered. Conversely, the closed-style contaatiews relatively little airflow

across the attractant, thus the parapheromonegidyhconcentrated within the

container causing males to become unresponsive.

During lekking, male medfly aggregate on the undess of leaves or fruit and

defend a territory against competing males. Assaltemales tend to congregate on
the underside of the upper surface(s) of the coataiand a hit is only achieved if a
fly is dislodged and falls onto the powder retemttoay. It might be predicted that
the greater the number of leks, the greater thebeurof hits as higher levels of
activity should result in a greater number of flescoming dislodged. However, the
open-style containers, whilst initiating the moskKing behaviour, were found to
give rise to the least number of hits (median &ifit® per container). The delta and
closed-style designs had a significantly higher daite (a median of 1 hit per

container respectively) @-0=9.39, P=0.009).

This was observed to be a result of the abilitga¢h container to deflect dislodged
individuals into the powder retention tray. Althdudlies were often dislodged
during lekking behaviour in the open-style contesnghe open structure allowed
displaced individuals to fly out of the containeomling the powder retention tray.
Frequency of lekking behaviour was low in the ctbsgyle containers, but when
lekking did occur and result in the dislodgementnfindividual, the fly was often
deflected into the powder retention tray off thdlsvaf the container. However, the
delta containers allowed enough airflow to prodocecentrations of Trimedlure to
encourage lekking in medfly whilst being enclosedwgh to deflect a high number

of displaced individuals onto the floor of the cainer.
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3.4.4 Conclusions

Field trials identified the delta container desad Trimedlure as the most effective
combination of container and attractant. Obserwnatiof male lekking behaviour in
the containers showed no significant differencattractiveness of the three designs.
However, differing behaviour of flies within the mainers affected catch rates and
therefore contamination levels in the final desidyale lekking behaviour was
retarded in the closed-style design possibly duwolevels of ventilation giving
rise to high concentrations of Timedlure and hawangarrestant effect on the flies,
similar to the effect of high concentrations of ggheromone on lepidopterans, that
cause over excitation of sensory receptors, leatingensory fatigue (Cardé &
Minks, 1995; Nansen, 2007). In the open-style desithe greater levels of
ventilation appeared to promote lekking and sodmeéraction, but when this
behaviour caused a competing fly to fall from timelerside of the top surface of the
container, it could escape from the open sidesyemteng catching/contamination.
The delta design promoted lekking activity in maledfly and resulted in a greater
number of hits per fly dislodged than the other tstgles of container. Thus, the
delta container was the most effective design fee in the autodissemination

system.

The conclusion of the field trials show:
e The delta container and the Trimedlure were the mads effective
combination of container and attractant.
* The greater the degree of openness of the containdesign the greater
the level of fly activity (lekking) within the container but the lower the hit

rate.
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Chapter 4: General discussion

4.1 Aims

This project aimed to develop a control systemMediterranean fruit fly based on
the autodissemination of toxic powders through pefpans. The specific
components assessed for use with this system \aeriercpowders, insecticides and
container structure. In order for such a systetetcuccessful, it was also necessary
to ensure carrier powder-pesticide compatibilitglaged mortality of individuals
contaminated with the powder-pesticide complex effiective transfer of insecticide

powder from primary contaminated individuals to gpecifics.

4.2 Insecticide
Aims and conclusions
* Aim: To assess the use of methoxyfenozide as a sterilanntedfly
o Conclusion: Methoxyfenozide displayed no noticeable activity
against medfly in this study
« Aim: To establish the most suitable killing agent forinclusion in the
system
o Conclusion 1: Chlorpyrifos knocks down medfly males too rapidly
and is therefore unsuitable for inclusion in an auvdissemination
system
o Conclusion 2: All doses of spinosad applied using Entomag were
either sub-lethal to some or all flies, or caused amtality too
rapidly to allow social interaction to occur
o Conclusion 3: Entostat formulated with 2% spinosad gave the
mortality rate that best fitted the autodisseminaton system
e Aim: To confirm lethal contamination from male to femaks through

courtship
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o Conclusion: Mortality through powder (2% spinosad Entostat)

transfer during mating proven

Spinosad and chlorpyrifos were tested as poteinsalcticides for use within the lure
and Kkill system. In dose response assays, chldogyvas effective; it resulted in
100% mortality in C. capitata at low concentrations and displayed very fast
knockdown down times. Spinosad also produced 10@Ybafity at most doses, but
the knockdown times were slower than those of ghyieios. Autodissemination
systems require slow knockdown times to allow focial interactions to occur
between the target insects and thus transfer tkeciicide powder from one
individual to the next. The slower knockdown tinwsserved with spinosad would
allow more transmission opportunities to occurtsewas considered to be the more

suitable killing agent for inclusion into the syste

General conclusion: Spinosad 2% formulation chosen for inclusion in he

system

4.3. Carrier Powder
Aims and conclusions
« Aim: To quantify carrier powder uptake by male and fenale medfly
Conclusion: Flies pick up between 25 and 46.5ug of electrostatpowder

when contaminated

* Aim: To establish the most suitable carrier powder fothe system
o Conclusion: Spinosad formulation chosen for inclusion in the

system due to slower knockdown rate with spinosad

« Aim: To establish the most suitable carrier powder/kiing agent dose

combination
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o Conclusion: Entostat formulated with 2% spinosad gave the

mortality rate that best fitted the autodisseminaton system

« Aim: To confirm lethal contamination from male to femdes through
courtship
o Conclusion: Mortality through powder (2% spinosad Entostat)

transfer during mating is proven

Two carrier powders were tested for inclusion itite lure and kill system. These
were Entostat, a fine carnauba wax powder and Eagoma metallic powder, chosen
for their electrostatic properties. Both adheredCtocapitatain suitable quantities.

However, all doses of insecticide applied usingoirdg were either sub-lethal to
some or all flies, or caused mortality too rapitlyallow social interaction to occur.
Thus it was unsuitable for inclusion within an alissemination control system. In
contrast, Entostat was found to give rise to 100%tatity in combination with

spinosad at 2%, and at this concentration, the-fraree between contamination and
knockdown was such that social interactions couwlduo but that the potential for

successful oviposition by contaminated females dde limited.

General conclusion: Entostat 2% spinosad formulation chosen for inclgion in

the system. Autodissemination of insecticide shown.

4.4 Container design

Aims and conclusions

« Aim: To assess the efficacy of open and closed contirdesigns through

field trials
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o Conclusion: Field trials identified the delta container design and
Trimedlure as the most effective combination of caminer and

attractant

e Aim: To establish what aspects are important in contaier design
through behavioural observations
o Conclusion: It was observed that the greater the degree of
openness of the container design the greater thevid of fly
activity within the container but the lower the ‘hit’ rate. As a
result standard delta designs were selected for ihusion in the

system

General conclusion: Standard delta container design and trimedlure skected for

inclusion in the system.

4.5 The autodissemination lure and kill system

It is envisaged that the final set-up for the sysigill comprise of outer container
similar in design to that of a delta trap with aseart on the floor of the container
containing Entostat powder formulated with spinoaa@%. This will be combined
with a Trimedlure attractant plug that will attratiale medfly into the container
(further work trialling food bait based lures maijoa the development of a
container capable of directly targeting femalesoaldMale medfly visiting the
container will position themselves on the undersiflehe container roof as they
would at a natural lekking site. High levels ofiaty during lekking will result in
many flies becoming dislodged and the walls of toatainer will deflect these
individuals downwards onto the Entostat powder leg base of the container.
Contaminated flies will then leave the containedt have a window of opportunity of
approximately 247 minutes to interact with conspegiand transmit the insecticide
to male courtship rivals during lekking and to féesaduring courtship attempts and

mating (fig 4.1).
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Delta dispenser emanating species
specific male lure

N
(g

T T
Medfly male attracted to Medfly male leaves
dispenser dispenser contaminated
with spinosad formulated
Entostat

Medfly male transfers
spinosad formulated .-, @%1
Entostat to males during *
lekking events

Medfly male transfers \aa/
spinosad formulated < %;-J%{%%%"‘F*-
Entostat to females /%% °
during courtship

Figure 4.1 Proposed autodissemination lure and kilkystem Mediterranean fruit

fly. Diagram adapted from images taken from exoseatom

The development of the autodissemination lure aild siystem offers several

advantages over current tephritid control methdtisss trapping using McPhail and
Jackson traps predominantly only target a singteasel if the trapping mechanism is
a glue board or a combined trapping/bait liquidhigh number of beneficial insects
and other non-target species are also trappedluféend kill system promotes the
spread of insecticide across the whole adult mgaifyulation with a greatly reduced
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risk of contamination of non-target organisms. Awmotadvantage of this system is
that servicing is greatly reduced compared to tiaul McPhail and Jackson traps.
The containers do not get fouled up by dead insexia the traditional traps and the
killing agent formulated Entostat powder is reptheath a simple tray change. This
is much easier than the replenishment of trappimy kit liquids common with the

use of McPhail and Jackson traps. It is also gudteid that improvements in the
formulation techniques used to produce the powdkresult in greater longevity so

that final formulations may persist and remain\acthroughout the growing season

so that replenishment of the system will not beunesgl at all.

The construction of the container is much the sam&aditional Jackson traps that
have been widely used for agricultural pest cordx@r almost 100 years. Thus, field

personnel and farm technicians will find the comeaifamiliar and easy to operate.

Spinosad bait sprays are currently of the most Ueed methods of control for
medfly in the Mediterranean and suppression of #pecies during outbreaks.
Spinosad bait sprays require reapplication evevgrsélays depending on infestation
levels and weather conditions (Dow AgroScience€620This is time consuming
and costly in terms of both consumables and lalfgpinosad is not UV stable and is
broken down rapidly when not adequately protecBai(ders & Bret, 1997). During
bait spraying much of the spinosad is exposed ah darfaces in direct sunlight
which results in the in breakdown of the insececi(Baunders & Bret, 1997).
However, when formulated with Entostat powder, spaosad could become more
stable due to naturally occurring UV stabilisingperties of the powder (Xi&t al,
2007). Further to this, the spinosad is housed iwith container casing which
provides further protection from UV and other eowmental factors that would
otherwise speed up degradation. Less applicatitirbeiirequired because the killing
agent will be sheltered and dispensed directly ahéotarget organism which will
greatly reduce the costs of consumables and ladrodiwill also reduce the amount

of killing agent released into the environment.
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At this stage of development, the product is propabt robust enough to act as a
stand alone product for control of medfly but thystem could be employed very
successfully as part of an integrated pest manageeM) scheme. The most
effective use of the system would be as a populatigppressant, to be employed
after the initial use of bait sprays. The lure adqlll system would prevent the
resurgence of medfly and maintain the reduced m@ijoul at a commercially

acceptable level.

Further work is required to develop the proposesdesy. The laboratory experiments
assessing the transfer of powder from contaminatatés to conspecifics would
need to be attempted in the field. Weather andr@heironmental factors may have
an effect on powder uptake and transfer, this cinddassessed through marking
experiments in the field. Male flies could be lutedand contaminated with marked
powder from containers containing TrimedIlure, tbatainers would be changed for
Tripack or another bait lure and a glueboard ateihours. Female flies caught in
the new container could then be analysed for mgvkerder, in a similar way as in
Armsworthet al (2008). Proving that transfer of carrier powdecwrs in the field
would confirm the novel claim of the system of &ligg both sexes of the pest
population. Studies would have to be conducteadd at the longevity of spinosad
when formulated with Entostat powder, Entostat pegperties that suggest that
longevity of spinosad may be increased but thigeisto be assessed (Xiet al,
2007). These experiment and large scale fieldstn@th spinosad formulated
Entostat would show how effective the proposedesysis in suppressing medfly

populations.
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