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On a hot day in Almagordo New Mexico, my best friend’s son asked if he could go outside to play. 

Being quite aware of ‘dangerous’ local fauna, she replied, “Sure, just watch out for rattlesnakes, 

tarantulas, scorpions and fire ants.” Grinning, her son went outside only to return a moment later and 

deliver this little gem: 

 

“It’s ok Mummy, I didn’t see any rattlesnakes, tarantulas or scorpions… I did see some ants, but its 

ok, they weren’t on fire!”  

 

 

 

 

 

 

 

 

 

 

‘Every kid starts out as a natural-born scientist, and then we beat it out of them. A few trickle 

through the system with their wonder and enthusiasm for science intact.’ 

- Carl Sagan 
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Abstract 

Outbreaks of insect pests pose a serious threat to local economies and global food production, 

with as much as 15% of global crop production lost to herbivorous insects annually. Outbreaks 

of transboundary pests and diseases that affect food crops have increased in frequency in 

conjunction with globalization, international trade and the impacts of climate change. Indeed, 

increasing global temperatures are predicted to increase the distribution, rate of development, 

survival and population density of many pest insects. Such changes have important ramifications 

for host plant exploitation.  

The Queensland fruit fly (Bactrocera tryoni) is Australia’s worst horticultural pest, and is feared 

by international buyers of Australian produce. Like other Tephritid fruit fly species, B. tryoni has 

the potential to breach quarantine barriers via human mediated transport, and can rapidly establish 

in ‘new’ environments. This pest species is responsible for an estimated AU$28.5 million in 

annual yield loss, management costs and loss to domestic and international markets. Increasing 

and ongoing outbreaks of B. tryoni in Australia’s major growing regions has put international 

trade in jeopardy.  

The objective of this research project was to investigate the reproductive process of B. tryoni, to 

identify stages where pest management techniques may be applied to interrupt the life cycle and 

suppress offspring production. The scientific literature from the last 20 y (1996 - 2016) was 

systematically analysed in the form of a quantitative literature review (Chapter 2). From a total 

of 187 original research papers, the review identified that well-known pest control methods have 

received much attention, however, studies that investigate new environmentally friendly methods 

were considerably more limited. Most manipulative experiments thus far appear not to have taken 

into account potentially important environmental conditions. Many papers yielding promising 

results for the development of new control methodologies recommend further study, however 

limited further studies were found in these areas.  

To begin addressing some of the gaps highlighted in the systematic analysis of the literature, this 

project assessed the host selection process of gravid B. tryoni when presented with unblemished 

apples and apples infested with 3rd stage larvae (Chapter 3). Fruits were exposed to flies for a 

period of one hour, and the flies’ behaviour was recorded using video cameras and carefully 

analysed. There was a distinct preference for unblemished fruit, whereby fewer landings were 

observed on fruit already containing larvae than those that did not. This study also assessed 

whether gravid flies deposit eggs every time they puncture the fruit with their ovipositor. Peach 

halves were placed in a cage with 20 gravid flies for a period of 30 min. Flies were permitted to 

oviposit, and punctures were marked and covered to prevent conspecific females utilising the 



 

vi 

 

same puncture. After the exposure period, fruits were dissected and evaluated for the presence or 

absence of eggs. Approximately 31% of punctures in peach fruit did not contain eggs. Results 

from both studies suggest that there are probably chemical signals at play in the immediate 

vicinity around the fruit that allow females to determine the most suitable sites to deposit their 

eggs.  

Neem is often regarded as an environmentally friendly pesticide. This study also assessed the 

population suppressing potential of eco-neem® and its active ingredient azadirachtin (technical 

grade) against B. tryoni (Chapter 4). Eco-neem® and azadirachtin were delivered in protein based 

lure at environmentally realistic concentrations of 4, 20 and 100 μg/L each. Flies were exposed 

to neem treatments over a period of 7 d. Females were allowed to oviposit in apple domes, which 

were collected daily and incubated at 25°C for two days to allow larvae to hatch. Adults exposed 

to all three concentrations of eco-neem® produced 50% less larvae than those in azadiracthin 

treatments, which were not significantly different from the control. Adults exposed to 4 μg/L of 

azadirachtin produced larger larvae than those exposed to higher concentrations. Larvae were 

noted to be abnormally small in eco-neem® treatments, and abnormally large in azadirachtin 

treatments. As a proxy for survival, this suggests a reduction in survival between 11 and 23% and 

between 16 and 31% after exposure to eco-neem® and azadirachtin, respectively. Results from 

this study indicate that there is strong potential for further cross-generational carry-over effects 

from exposure to neem.  

Progress in furthering our understanding of B. tryoni is hindered by several key factors. Much of 

our experimentation is carried out with pest management as the primary goal. This leaves much 

of our understanding of the biology, genetics, biochemistry and geographic dispersal limited. 

Although much of this project was focussed on ultimately supporting the development of new 

control methods, this study focussed on developing our understanding of the biology of this 

species under environmentally relevant conditions, as much as was feasible. Developing a more 

thorough understanding of reproductive biology will be a vital part of our understanding to 

successfully control this economically important pest species. 
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CHAPTER 1 

General Introduction 

1.1 Insect pests: A threat to global food security 

Insect pests pose a serious threat to global food security (Maxmen 2013; Denecke et al. 2015).  

Approximately 15% of the world’s total crop production is lost to herbivorous insects annually, 

with the largest losses incurred in tropical regions (Maxmen 2013). Crop losses of over 50% have 

been reported by farmers in tropical regions, where insect pests are present year round 

(Christenson and Foote 1960; Lloyd et al. 2010; Maxmen 2013). The incidence of transboundary 

pests and diseases affecting food crops has increased with, globalisation, international trade and 

climate change (FAO 2008, 2016). With the global human population estimated to reach 9 billion 

people by 2050, outbreaks of these pests have serious implications for both local economies and 

global food security (FAO 2008; Maxmen 2013; FAO 2016). 

Clear evidence exists to support a climate change mediated range expansion of many insect 

species (Bale et al. 2002; FAO 2008; Hill et al. 2011). Climatic warming is expected to induce 

changes in the distribution, rate of development, voltinism (number of broods annually), survival, 

population density and extent of host plant exploitation of many insects (Bale et al. 2002; Dukes 

et al. 2009; Hill et al. 2011). Temperate insect species are expected to benefit from a range 

expansion to higher latitudes and altitudes (Bale et al. 2002; Dukes et al. 2009; Hill et al. 2011). 

For polyphagous pest species with an already extensive latitudinal range, this range expansion is 

likely to have serious implications for world crop production. For example, under current climatic 

conditions, a plague of desert locusts (Schistocerca gregaria) may spread over an estimated 30 

million square kilometres, affecting up to 60 countries (Cressman 1999). These plagues, although 

sporadic, can be long lasting and put the livelihood of a significant portion of the world’s 

population in jeopardy (FAO 2009). The Food and Agriculture Organization of the United 

Nations (FAO) lists locusts, armyworm and fruit flies as the most destructive transboundary pests 

worldwide (FAO 2016). Unlike locusts and armyworm which are migratory pests, fruit flies pose 

a risk to quarantine via human mediated introduction through transport of commodities.  
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1.2 The fruit fly threat 

Fruit flies from the family Tephritidae are pests of global importance and are known to attack a 

wide range of fruits and vegetables (Christenson and Foote 1960; Aluja and Mangan 2008; Qin 

et al. 2015; Vargas et al. 2015). They are present in the majority of fruit growing areas of the 

world and can cause significant damage to crops, particularly areas using inadequate pest control 

methodologies, where entire crops can be destroyed by an outbreak (Christenson and Foote 1960; 

Drew and Lloyd 1991; White and Elson-Harris 1992; Qin et al. 2015). Although many species 

are endemic to particular areas, introduced species are capable of establishing quickly in areas 

presently free of them which increases and complicates the levels and methods required to control 

them (Lindner and McLeod 2008; Qin et al. 2015). The Southeast Asian and Pacific regions are 

host to considerably more pest species than any other region (Drew and Romig 1999). 

The Tephritid subfamily Dacinae contains over 40 known pest species that are concentrated in 

two particular areas of the world: the Afrotropical region and the region covering Southeast Asia 

to the South Pacific, including north eastern Australia, with significantly fewer numbers of 

species occurring outside these regions (Drew and Hancock 1999). The genus Dacus occurs 

primarily in the Afrotropical region, whilst the genus Bactrocera occurs throughout Southeast 

Asia, across north eastern Australia and into the South Pacific zone, with evidence of some 

overlap of these genera in the Indian subcontinent (Figure 1-1) (Drew 2004). 
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Figure 1-1 Distribution zones of Dacus Fabricus (Blue) across the Afrotropic region and genus Bactrocera 

Macquart (pink) throughout Southeast Asia, across Northeastern Australia and into the South 

Pacific Zone. There is a significant overlap on the Indian subcontinent. Map adapted from 

Drew (2004). 

1.3 Life cycle and economic impact of fruit flies 

These insects have both a long life and high fecundity, which means that they have a high ability 

to considerably damage to crops. Female fruit flies cause damage to fruits by laying eggs under 

the skin in the fruit. Bacteria including Klebsiella oxytoca, Erwinia herbicola, Enterobacter 

cloacae, Citrobacter freundii, Providencia rettgreri and Proteus spp. are also deposited during 

egg laying, leading to bacterial digestion of the fruit tissue (Fletcher 1987; Drew and Romig 1999; 

NFFS 2010; Clarke et al. 2011). This initial bacterial digestion facilitates the feeding of larvae, 

which burrow into the fruit tissue, consuming material from the ‘bacterial soup’ created within 

the fruit (Drew and Yuval 1999). Mature larvae emerge from infested fruit, drop to the ground 

and pupate in the soil until such time as they emerge as adults. Life cycles of fruit fly vary between 

species and environmental conditions, with tropical species usually having high voltinism, i.e. 

multiple generations each year. Temperate species, however, may have only a single generation 

annually. Generally, the entire life cycle is completed in three to five weeks under favourable 

conditions (NFFS 2010). Adults of most species live for two to six months and are capable of 

flying many kilometres across land and water, further increasing their capacity for rapid 
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infestation of otherwise fruit fly free crops (Lindner and McLeod 2008). Fruit flies are highly 

mobile insects and are notable for their ability to breach quarantine barriers (Allwood and Drew 

1997). 

The Mediterranean fruit fly (Ceratitis capitata) is regarded as one of the world’s most destructive 

pests, with an already extensive global range (Vera et al. 2002; Szyniszewska and Tatem 2014; 

Qin et al. 2015). In Brazil, this species is estimated to cause US$242 million p.a. in economic 

losses (Qin et al. 2015). The eastern Mediterranean region experiences substantial losses due to 

infestation of this species, estimated at US$192 million p.a. (Enkerlin and Mumford 1997; 

Szyniszewska and Tatem 2014). Although not currently established in California, the cost of 

control of C. capitata, should the species become established in the region, were estimated to be 

between US$493 million to US$875 million, with additional revenue losses of an estimated 

US$564 million from trade embargos from countries presently free of this pest species (Siebert 

and Cooper 1995; Szyniszewska and Tatem 2014). The species was accidentally introduced into 

Australia in the late 1890s, established in Western Australia and spread to the eastern states of 

New South Wales, Victoria and Tasmania (Vera et al. 2002; Dominiak and Daniels 2012). By the 

1930s, however, the Australian native species, Bactrocera tryoni, began to displace C. capitata 

as the dominant horticultural pest in the eastern states (Vera et al. 2002; Dominiak and Daniels 

2012). 

1.4    Bactrocera tryoni: Australia’s worst horticultural pest 

1.4.1 Biology and economic impact 

The Queensland fruit fly (Bactrocera tryoni), is the major pest fruit fly species in Australia, 

infesting most commercial fruit species and many vegetable crops. This insect has been recorded 

from over 100 host plants in Queensland, and most likely occurs in more (Drew 1982; Drew and 

Romig 1997; Sutherst et al. 2000; Clarke et al. 2011; Dominiak and Daniels 2012). Females lay 

eggs in batches of up to 12. Eggs hatch within two to three days and larvae feed and develop 

within the fruit tissue. Pupation occurs in the soil under the host plant. Under ideal climatic 

conditions this process can take as little as three weeks (DAF 2012; GISD 2015). Sequential 

fruiting of different host plants provides available hosts throughout most of the year and, 

depending on climate suitability, can support at least 6 generations per year within the ranges of 

the insect’s normal distribution (Bateman 1976; Smith et al. 1997; Clarke et al. 2011). Bactrocera 

tryoni is a medium sized fly (approximately 7mm overall body length), red-brown in colour, with 

distinctive yellow markings (Figure 1-2) (Drew 1982). 
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  Figure 1-2 (a) Wild B. tryoni on immature mandarin fruit (b) Laboratory reared female B. tryoni 

ovipositing into a peach fruit. 

The Australian National Fruit Fly Strategy (NFFS 2010) states that fruit fly susceptible 

horticulture in Australia is worth AU$4.8 billion annually, with approximately 25% of that total 

traded interstate. Export quality fresh fruit from fruit fly susceptible crops is valued at nearly 

AU$500 million annually (NFFS 2010). Estimated economic costs as a result of direct yield loss, 

direct and indirect management costs and loss to domestic and international markets from fruit 

flies was AU$28.5 million p.a. Over the five year period from 2003-2008, more than AU$128 

million was invested in the management of fruit flies (not including costs to growers for managing 

crops) (Sutherst et al. 2000; NFFS 2010; Clarke et al. 2011). This economic loss is predicted to 

increase under climate change forecasts (Sutherst et al. 2000; Clarke et al. 2011).  

1.4.2 Distribution 

The native distribution of B. tryoni is thought to be the tropical and subtropical coastal regions of 

Queensland and northern New South Wales. However, it is now much more widely established 

in the coastal areas of Eastern Australia (Clarke et al. 2011; Dominiak and Daniels 2012). This 

economically important species is also established in New Caledonia, the Austral Islands, and in 

many islands in the Society Group (French Polynesia) (Drew 1982; Clarke et al. 2011). This 

species has a high potential for spread and is feared by both domestic and international recipients 

of fresh produce grown in infested areas. 

Under climate change parameters, longer and more favourable fruit fly seasons are expected at 

the southern reaches of the B. tryoni distribution in Australia (Sutherst et al. 2000). This change 

in climatic conditions will support more generations per year and reduce winter mortality. It is 

likely that B. tryoni will establish in the major horticultural areas in New South Wales, Victoria 
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and, eventually, South Australia (Sutherst et al. 2000). Range expansion into these areas will 

dramatically increase the cost of management, cause loss of markets and possibly threaten 

industry viability as an international trader (Sutherst et al. 2000). 

1.4.3 Current situation in Australia 

Many international trading partners require fruit grown in Australia to be grown and handled in 

an area that is certifiably free of B. tryoni. In 1996, the Greater Sunraysia Pest Free Area (GSPFA), 

incorporating the major horticultural areas in New South Wales and Victoria (Figure 1-3), was 

established to meet this criterion (White et al. 2011). The GSPFA was situated within the 

boundary of the Fruit Fly Exclusion Zone (FFEZ) (Figure 1-3), which provided a buffer in which 

potential incursions of fruit fly were identified and managed prior to threatening the GSPFA ‘area 

free’ status (Lindner and McLeod 2008; Florec et al. 2013). On July 1, 2013, the ‘area free’ status 

of the FFEZ was rendered invalid due to the increased number of ongoing outbreaks of B. tryoni 

(NSWDPI 2013). The ‘area free’ status of the GSPFA was voluntarily suspended in April 2014 

(AV 2016b). On December 5, 2016, there were 191 towns within the GSPFA with declared 

outbreaks of B. tryoni, each listed as being under a chemical control program (AV 2016a). The 

number of towns with declared outbreaks has nearly doubled since July 7, 2016. 
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Figure 1-3 Location of the Fruit Fly Exclusion Zone (FFEZ) and Greater Sunraysia Pest Free Area 

(GSPFA). 

Control of B. tryoni in major horticultural areas is essential to the continuation of both interstate 

and international trade. Several methods such as Sterile Insect Technique (SIT), Integrated Pest 

Management (IPM) programs, protein bait spray and, where necessary, pesticides are used to 

control B. tryoni in its endemic regions, as well as in valuable horticultural regions that are prone 

to outbreaks (Smith et al. 1997; Lloyd et al. 2010; Dominiak and Ekman 2013). The cost and 

sustainability of these techniques vary, as does the appropriateness of their application to wild 

populations (Smith et al. 1997; Hardy and Jessup 2012). Current restrictions on hard chemical 

control methods in horticulture have resulted in a new and urgent need for research into field 

control of B. tryoni. Stringent restrictions on chemical usage, coupled with suboptimal, large scale 

control methods, have meant a higher number and increased severity of fruit fly incursions into 

Australia’s primary horticultural regions (Sutherst et al. 2000; Clarke et al. 2011; NSWDPI 2013). 



8 

1.5 Thesis objectives 

Although a significant body of work exists on B. tryoni, the great majority of the research 

available to date has focussed on the adult life stage and how to control this pest in the field. This 

has resulted in a paucity of information on the basic biology of the species. Although the general 

mechanics of the reproductive cycle are well known, a deeper understanding of the drivers and 

processes would help develop more effective methods to disrupt the life cycle of this 

economically important species using environmentally friendly methods. 

The main objective of this study, therefore, was to investigate the reproductive cycle of the 

Queensland fruit fly to identify stages in the reproductive process where pest management 

techniques may be applied to interrupt the life cycle and suppress offspring production.  

The specific goals of this thesis were: 

1) to conduct a thorough systematic quantitative literature review to assess the body of

work on B. tryoni in the past 20 years and Identify possible research gaps; 

2) to investigate the frequency of egg deposition by gravid females and the preference of

gravid females to fruit of varying prior infestation levels as suitable oviposition sites; and 

3) to assess the effects of the bio-pesticide neem (Azadirachta indica) as a

transgenerational population suppressant and an environmentally benign, highly target 

specific addition to protein bait sprays. 

1.6 Thesis outline 

Each chapter in this thesis, with the exception of the current chapter and the final discussion 

chapter, is presented as a stand-alone research study, each of which addresses one of the specific 

objectives listed above. It is intended that each of these chapters will be submitted for publication 

in peer-reviewed journals. 

Chapter 1 (this chapter) introduces the main issues surrounding pest fruit flies in agricultural areas 

and provides a brief outline of the fruit fly management problem in Australia. The species of 

interest in this study, B. tryoni, is introduced, along with current issues with management of this 

species. 
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Chapter 2 provides a quantitative review of the literature from the past 20 years, outlining 

strengths and weaknesses in the publication history within primary sources and identifying 

knowledge gaps.  

Chapter 3, the first experimental chapter, presents a series of laboratory based experiments 

designed to investigate oviposition triggers in gravid Queensland fruit fly. 

Chapter 4 presents a laboratory based study that investigates the impacts of neem (A. indica), a 

natural oil of interest due to its insecticidal properties, on larvae of exposed sexually mature adult 

flies. 

The final chapter, Chapter 5, provides an overall summary of the entire study, drawing together 

the findings of each chapter. The final conclusions of this body of work are presented here, along 

with a number of recommendations for future research. 
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CHAPTER 2 

Using systematic quantitative literature review methods to 

identify critical knowledge gaps in pest management research: 

A case study of an economically important pest, the 

Queensland fruit fly 

Erin L. Wallace 

Griffith School of Environment, Griffith University, Gold Coast, Qld 4222, Australia. 

This chapter has been written and formatted with the intent to submit to PLoS ONE. 

2.1 Abstract 

Increasing globalisation, international trade and the threats posed by the changing climate is 

predicted to increase the incidence of transboundary pests and diseases affecting food crops. With 

a rapidly growing human population, food security is of paramount importance. Rapid 

identification of gaps in pest management research using a systematic review approach will 

provide an evidence based platform from which to launch new investigations. The major 

Australian pest species Bactrocera tryoni was used as a model organism for a systematic 

quantitative literature review based on the PRISMA statement. Twenty years of literature on this 

species was systematically analysed to determine important gaps and weaknesses in the research 

and recommend important directions for future investigations. A total 187 original research 

papers were found using the Google Scholar and Web of Science search engines. Of these, 

biology, as a discipline, yielded the most publications. Direct implications for pest control were 

found in 77 papers, outside the ‘pest control’ discipline. This systematic quantitative literature 

review successfully helped to identify several important weaknesses in B. tryoni research. Pest 

control research focussed on sterile insect technique, monitoring and post-harvest treatment. 

Investigation into new environmentally benign methodology was comparatively poor. Most 

experiments were run in the laboratory, and did not take into account environmentally relevant 

conditions. Many papers yielding promising results for the development of new control 

methodologies recommend further study, however limited further studies were found in these 

areas. This method of review is suitable for rapidly identifying gaps in pest control literature, 

however, may need to be modified to allow for large bodies of literature to be efficiently analysed 

and reported on.  
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2.2 Keywords  
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review, research history 

2.3 Introduction 

Systematic reviews have been an integral part of health services research for many years 

(Petticrew 2001; Gates 2002; Moher et al. 2009). Traditional narrative style reviews often do not 

follow any specific scientific based methodology to identify, assess and synthesise information 

gathered, leaving openings for reporting bias and the possibility of misleading conclusions 

(Mulrow 1994; Gates 2002; Klein 2008). The rigour of methodological framework for systematic 

reviews provides a strong evidence base for decision making, superior to traditional literature 

reviews conducted in many other fields (Gates 2002). Furthermore, this style of systematic review 

has application for the assessment of publications from multidisciplinary backgrounds with 

several focal points (Klein 2008). There is room for a systematic framework, such as that provided 

in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

statement (Moher et al. 2009), to be applied in many areas of research across all fields of natural 

sciences. In light of the effects of globalisation, international trade and climate change, pest 

management is a field in which a rigorous systematic review approach would provide the research 

community with a rapid diagnostic tool for evaluating weaknesses, trends and an evidence based 

platform from which to proceed.  

 

The incidence of transboundary pests and diseases affecting food crops has increased with 

globalisation, international trade and climate change (Domenech et al. 2006; FAO 2008, 2016). 

With the global population estimated to reach 9 billion people by 2050, outbreaks of these pests 

have serious implications for both local economies and global food security (FAO 2008; Maxmen 

2013; FAO 2016). On a global scale, herbivorous insects are responsible for the loss of 

approximately 15% of total crop production, on average (Maxmen 2013). In tropical regions, 

where insects are present year round, farmers have reported crop losses of over 50% (Christenson 

and Foote 1960; Lloyd et al. 2010; Maxmen 2013). 

 

Expansion of the range of many insect species is one of the most apparent consequences of climate 

change (Cannon 1998; Logan et al. 2003; Svobodová et al. 2014; Lancaster 2016). In addition to 

changes in distribution, global warming is expected to induce changes in the rate of development, 

voltinism (number of broods annually), survival, population density and the extent of host plant 

exploitation (Cannon 1998; Bale et al. 2002; Dukes et al. 2009; Svobodová et al. 2014). Of 
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particular concern are polyphagous pest species with an already extensive latitudinal range 

(Svobodová et al. 2014). Range expansion of species such as the desert locust (Schistocerca 

gregaria), African armyworm (Spodoptera exempta), and Mediterranean fruit fly (Ceratitis 

capitata) will have serious implications for world crop production (Domenech et al. 2006).  

Fruit flies from the family Tephritidae are known pests of global importance (Suckling et al. 2014; 

Qin et al. 2015; Vargas et al. 2015). The most economically significant genus Bactrocera includes 

651 described species. At least 50 of these are considered important pests, many of which are 

highly polyphagous (Vargas et al. 2015). Although many species are endemic to particular areas, 

introduction of exotic species via anthropogenic activities through transport of commodities, such 

as infested fruit, can lead to rapid establishment of exotics in areas presently free of them, 

increasing and complicating the levels and methods required for successful control (Lindner and 

McLeod 2008; Qin et al. 2015). High mobility and rapid infestation success make these flies 

notable for their ability to breach quarantine barriers (Allwood and Drew 1997; Dube et al. 2015). 

The Mediterranean fruit fly (Ceratitis capitata) is regarded as one of the world’s most destructive 

tephritid pests, with an already extensive global range (Vera et al. 2002; Szyniszewska and Tatem 

2014; Dube et al. 2015; Qin et al. 2015). This species causes an estimated US$242 million 

damage p.a. in economic losses in Brazil (Qin et al. 2015) and US$445 million damage p.a. in 

Mediterranean countries (Dube et al. 2015). Periodic outbreaks and resulting eradication 

programs of C. capitata in the US state of California are costly, however, predictions of economic 

losses if this species were allowed to become established, are catastrophic (Siebert and Cooper 

1995; Szyniszewska and Tatem 2014). 

Introduced into Australia in the late 1890s, C. capitata established in Western Australia and was 

recorded as present in the Eastern states of New South Wales and Victoria by 1898 and 1900 

respectively (Vera et al. 2002; Dominiak and Daniels 2012). By the 1930s, however, the 

Australian native, Queensland fruit fly (Bactrocera tryoni), began to displace C. capitata as the 

dominant horticultural pest in the Eastern states (Dominiak and Daniels 2012). Currently, 

B. tryoni is the major pest fruit fly species in Australia, infesting most commercial fruit and many

vegetable crops. This species has been recorded from over 100 host plants, likely occurring in 

more (Drew 1982; Drew and Romig 1997; Hancock et al. 2000; Sutherst et al. 2000; Clarke et 

al. 2011; Dominiak and Daniels 2012). Sequential fruiting of different host plants provides 

available hosts throughout the year and, depending on climate suitability, can support at least six 

generations per year within the ranges of the species’ normal distribution (Bateman 1976; Smith 

et al. 1997; Clarke et al. 2011). 
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Under climate change expectations, this species is expected to undergo range expansion into 

major agricultural regions in New South Wales, Victoria and eventually South Australia. 

Establishment in these areas will dramatically increase the cost of management, loss of markets 

and, threaten industry viability as an international trader of fresh produce (Sutherst et al. 2000). 

In 1996, the Fruit Fly Exclusion Zone (FFEZ) and Greater Sunraysia Pest Free Area (GSPFA) 

were established to protect major horticultural regions in New South Wales and Victoria (Figure 

2-1). The goal of these areas was to provide a biosecurity system to prevent B. tryoni establishing 

in economically important growing regions, via a series of monitoring traps and road blocks for 

prevention of unregulated transport of fresh produce. To meet requirements of produce grown in 

an area certifiably free of B. tryoni, outbreaks were eradicated and produce grown in this region 

was subject to post-harvest treatment (White et al. 2011).  

 

 

Figure 2-1 Current recognised distribution of B. tryoni in regards to the location of the Fruit Fly Exclusion 

Zone and the Greater Sunraysia Pest Free Area established in 1996 around the most 

economically important growing regions in Australia. Map adapted from Dominiak and 

Daniels (2012) and Raphael et.al (2014). 

‘Area freedom’ status of the FFEZ was rendered invalid on July 1 2013, due to the increased and 

ongoing outbreaks of B. tryoni within the region (NSWDPI 2013). The ‘area freedom’ status for 

the GSPFA was voluntarily suspended in April 2014 (AV 2016b). On July 7, 2016, there were 

100 towns with declared outbreaks within the GSPFA, each listed as being under a chemical 
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control program (AV 2016a). These outbreaks have steadily increased through time, impacting 

on market access of fresh produce. Traditionally relied upon chemical control methods for B. 

tryoni have been withdrawn or heavily restricted by the Australian Pesticides and Veterinary 

Medicines Authority (APVMA 2016). Indeed, this restriction on chemical usage has occurred 

globally, and only developing countries continue to use cheaper, but more environmentally 

damaging, pesticides (Ecobichon 2001; Feltham et al. 2014; Handford et al. 2015). The 

progressive worsening of the fruit fly situation in Australia and the restrictions on control 

methodologies has seen a ‘call to arms’ in recent years aimed at controlling this species using 

alternate strategies. 

To demonstrate the value of systematic quantitative literature reviews in rapid identification of 

current knowledge gaps and opportunities to improve current pest control methods, B. tryoni was 

used as a model species. Systematic reviews are popular in health care fields to provide clinicians 

with up to date developments in a timely manner, and are often used as a starting point for the 

development of clinical practice guidelines (Moher et al. 2009) and the rigorous framework 

offered by the PRISMA protocol and meta analyses is becoming more popular in the 

environmental sciences (Gates 2002). Search terms for such reviews are usually extensive and 

studies often have under 50 papers accepted for analysis (Ballantyne and Pickering 2015; 

Stanhope et al. 2015). Research on fruit flies has spanned more than 100 years (Diaz-Fleischer 

and Aluja 1999). In order to compile a manageable database relevant to modern directions in 

research, primary literature over the 20 years from 1996 to 2016 was searched to determine what 

progress has been made in exploration of this economically important species, and what remains 

to be investigated. The specific objectives of this review were: 1) to determine the focus discipline 

in which the bulk of research was undertaken, 2) to clearly identify how much of the total research 

can be used to improve pest control methods by identifying sub-disciplinary focus, 3) to determine 

the relative proportion of research by pest management strategy, and 4) to identify where time 

and energy needs to be channelled to make substantial additions to the literature on this 

economically important pest species. 

2.4 Methods 

2.4.1 Identification and selection of relevant research 

A quantitative review was conducted on literature published over the last 20 years (January 1, 

1996 to January 1, 2016, based on the Preferred Reporting Items for Systematic Reviews and 

Meta Analyses (PRISMA) framework (Moher et al. 2009; Stanhope et al. 2015) (Figure 2-2). 

Original research papers on B. tryoni published in English language academic journals were found 
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using the electronic databases Web of Science and Google Scholar. The current taxonomic name 

‘Bactrocera tryoni’ and the common name ‘Queensland fruit fly’ were used as search terms. In 

Web of Science, these search terms were entered separately in a basic topic search. Searches were 

carried out between January 2016 and March 2016. A custom date range was used to limit papers 

to the years 1996 to 2016 in both search engines. The ‘include patents and citations’ options in 

Google Scholar were unchecked and results were sorted by relevance. Searches on Google 

Scholar were exhaustive, including the first 200 results (first 20 pages) for each search term, after 

which, it was noted that papers were not focused on B. tryoni. 

Figure 2-2 Flow diagram showing screening process for literature selection, based on the PRISMA 

framework. 

Titles and abstracts of located literature were screened for relevance. Review papers, book 

chapters, conference proceedings and other types of grey literature were excluded. Literature 

focussing on parasites of B. tryoni was excluded from analysis, unless these papers included 

ecological or other critical information about B. tryoni per se, as in the case of Ero et al. (2011), 
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which described specific behaviours of B. tryoni. Papers were entered into a database recording 

various parameters, including: 1) basic indexing data including year of publication, author(s), 

publication and journal titles; 2) geographic location of data collection, categorised at the 

state/territory level within Australia, or by country outside of Australia; 3) The discipline of 

research presented including pest control, biology, geographic dispersal, genetics, biochemistry 

and taxonomy, primary and secondary focus topics were identified in the research, where 

applicable; 4) papers yielding results with implications for pest control, including quarantine, 

monitoring, market access and small scale/domestic control; and 5) information as to whether the 

experimental data was collected during field or laboratory experiments. 

2.4.2 Critical analysis of relevant research  

Due to the broad scope of literature found, statistical meta-analyses were not performed, as 

methodology and outcomes were not comparable in all cases. Patterns and gaps in the literature, 

however, were identified descriptively. As there is a tendency in modern research to cross 

disciplines (Aboelela et al. 2007; Klein 2008), objective 1 was fulfilled by determining the 

primary discipline for each paper as outlined by the research question/aims. Objective 2 took into 

account inclusions of primary and secondary focus information. For example, reproductive 

biology was a commonly researched topic, however many studies related results directly to 

reproduction of captive bread flies for inclusion in pest management programs. Objective 3 dealt 

with the avenues of pest management most commonly being investigated, by appraising the 

number of focus topics and the distribution of research therein. Objective 4 was met by 

incorporating a summary of the results of each previous objective.  

2.5 Results and Discussion 

2.5.1 Where has research on B. tryoni focused to date? 

A total of 967 publications were retrieved from the database search (Figure 2-2). After the 

screening process was completed, a total of 186 papers remained for analysis. The diverse range 

of journals which publish research on B. tryoni emphasises the range of topics investigated (Table 

2-1). The majority of papers were published in entomology, horticulture, biology and agriculture 

journals. The Australian Journal of Entomology (now Austral Entomology), and Entomologia 

Experimentalis et Applicata were the most popular journals. A total of 79 authors have published 

during this time, however only 9 of those published 5 or more papers. The literature was 

dominated by research led by Dominiak (22 papers), Meats (13 papers) and Weldon (10 papers) 

(Table 2-1; Supplementary Information Table 2-3).  
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Table 2-1 Details on the range of journals publishing papers on B. tryoni in the past 20 years, locations of 

data collection, type of study and how many papers outside of the pest control discipline had 

implications for control.  

Journal Type 
Number of 

papers 

Percent total 

publications  
Entomology 103 55% 

 
Horticulture 27 15% 

 
Biology 14 8% 

 
Agriculture 14 8% 

 
Ecology 8 4% 

 Genetics 7 4% 
 

Zoology 4 2% 
 

Biochemistry 4 2% 

 Food Science 2 1% 
 

Molecular Biology 1 1% 
 

Microbiology 1 1% 
 

General Science 1 1% 

Location of data collection 
  

 
Australia (New South Wales) 119 64% 

 
Australia (Queensland) 47 25% 

 
Australia (Australian Capital Territory) 3 2% 

 
Australia (Western Australia) 2 1% 

 
Australia (South Australia) 2 1% 

 Australia (Victoria) 2 1% 
 

Australia (Multiple States) 4 2% 
 

New Zealand 2 1% 
 

New Caledonia 1 1% 
 

Tahiti 1 1% 
 

Europe (Austria) 1 1% 
 

United Kingdom 1 1% 

 United States of America 1 1% 

Study type 
  

 
Lab 137 74% 

 
Field 31 16% 

 
Lab/Field 4 2% 

 
Desktop 14 7% 

Papers with implications for management outside of the ‘pest control’ discipline 
 

Yes 76 63% 
 

No 44 36% 
 

Possible 1 1% 

 

Nearly all research on B. tryoni (95%) was from studies conducted in Australia (Table 2-1). 

Within Australia, over two thirds of data was from New South Wales and a quarter from 

Queensland (Table 2-1, Figure 1-1 and Figure 2-3). Despite numerous outbreaks being recorded 

in South Australia and Western Australia (as recently as November 23, 2015 in Perth) (Sutherst 
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et al. 2000; PaDIS 2016), there has been limited research from these states. No studies were done 

in Tasmania, which is currently free of this pest. The few papers published outside Australia were 

from New Zealand, New Caledonia, Tahiti, Austria and the United Kingdom and focused on pest 

control, geographic dispersal and genetics (Table 2-1). 

There was a clear bias toward laboratory based experimentation on B. tryoni (74%). Field 

experiments and experiments that combined field or semi-natural conditions and laboratory 

components were limited to only 31 papers (17%). There were only a few desktop studies 

(7%; Table 2-1).  
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2.5.2 What did the research cover? 

Not surprisingly, most of the research on B. tryoni has focused on understanding its biology (39%) 

and pest control options (35%), with the rest of the research investigating genetics, geographic 

dispersal, biochemistry and taxonomy questions (Table 2-2). 35% of all papers were published in 

the last five years, reflecting an increasing interest in B. tryoni biology (Table 2-2). 

2.5.3 Research on the biology of B. tryoni 

2.5.3.1 Nutrition: Mass rearing 

Most of the research on the biology of B. tryoni has focused on nutrition (15%; Table 2-2). The 

effect of yeast hydrolysate on the reproductive potential of sterile flies was of particular interest. 

Adaptation to a yeast hydrolysate diet was shown to have no significant change on the amount of 

protein consumed by mass-reared flies prior to reaching mating age. The peak number of eggs, 

however, was larger in a long term laboratory strain than in early generations of laboratory-bred 

flies (Meats et al. 2004). Irradiated females were shown to consume protein at the same rate as 

non-irradiated females, although, this protein was not used in yolk formation within oocytes 

(Meats and Leighton 2004).  

Dietary supplementation with yeast hydrolysate has been demonstrated to be important to the 

success of mass reared flies upon release into the environment. Perez-Staples et al. (2007b; 2008; 

2009; 2011), Prabhu et al. (2008) and Reynolds et al. (2014) agreed that dietary supplementation 

with yeast hydrolysate prior to release of sterile flies increased their chance at mating success, 

supporting earlier work by Vijaysegaran et al. (2002). Mass reared males raised on a diet of yeast 

hydrolysate showed an increased attraction to cue-lure which may improve sexual performance 

of strains for mass release (Weldon et al. 2008). Sterile flies that were fed protein for 2 days and 

subsequently subjected to substandard nutritional resources, however, showed a reduced lifespan 

(Taylor et al. 2013). Many of these papers (43%) are directly linked to fruit fly control, 

particularly, Sterile Insect Technique (SIT) which relies on releasing overwhelming numbers of 

sterile insects, usually males, into the wild as a method of biological pest control. 
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Table 2-2 Number of papers were published on each subject within focus topics, including the 

representative percent of literature. IPM = Integrated Pest Control; AWM = Area Wide 

Management 

 Number of publications Percent publications 

Total Publications (1996 – 2016) 186 
 

Published after 2010 65 35% 

Focus Topic 
  

Biology 73 39% 

 Nutrition 27 15% 
 

Reproductive 15 8% 
 

Host/Habitat Selection 9 5% 
 

Hybridisation 6 3% 

 Anatomy 4 2% 
 

Behaviour 3 2% 
 

Thermotolerance 2 1% 
 

Movement 2 1% 
 

Bacterial Symbionts 2 1% 

 Desiccation Resistance 2 1% 
 

Larval/Pupal Survival 1 1% 

Pest Control 65 34% 
 

Sterile Insect Technique 20 11% 
 

Monitoring 15 8% 

 Post-Harvest Treatment  14 7% 
 

Bio-Control/Biopesticides 6 3% 

 Contraband fruit movement 4 2% 
 

IPM/AWM 4 2% 
 

MAT 2 1% 

Genetics 26 14% 
 

General 15 8% 
 

Identification 8 4% 
 

Sex Determination 3 2% 

Geographic Dispersal 15 8% 
 

Dispersal Patterns 7 4% 
 

Outbreak Mapping 4 2% 
 

Population Modelling 2 1% 
 

Climate Change 2 1% 

Biochemistry 7 4% 
 

General 5 3% 
 

Electroantennography 2 1% 

 

2.5.3.2 Nutrition: Food sources, carbohydrates, protein and fly development 

Foraging behaviour is important for the development of more successful food based insecticide 

delivery systems. Foraging for protein in wild and laboratory reared flies was confirmed to have 

a female bias. Protein baits placed in the mid to upper canopy and baits laid during the afternoon 
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hours had higher feeding responses (Balagawi et al. 2012). Low levels of total body nitrogen lead 

to greater protein foraging in females (Balagawi et al. 2014b). Indeed, the proportion of dietary 

nutrients, protein and carbohydrates was noted to be important, not simply to foraging behaviour, 

but to the longevity of adult flies.  

The ratio of dietary protein and carbohydrate was deemed more important for longevity than 

caloric restriction and dietary micronutrients and minerals were found to affect male and female 

flies differently. Proportions of dietary protein and carbohydrates were demonstrated to be 

responsible for diet related lifespan modulation, more so than simple caloric restriction (Fanson 

and Taylor 2012b). A lack of micronutrients and protein in the female diet, as provided by yeast, 

reduced lifespan in females, whereas a lack of minerals in the diet shortened the life of males 

(Fanson and Taylor 2012a). The detrimental effects of protein ingestion on lifespan, known as 

the lethal protein hypothesis, provided the most parsimonious explanation as to why protein 

consumption had a positive effect on egg production, but a negative effect on lifespan in irradiated 

and non-irradiated flies (Fanson et al. 2012). Male and female B. tryoni showed similar circadian 

rhythm and in both sexes, carbohydrate concentration had a positive influence on activity levels, 

however the opposite was true of protein concentration (Fanson et al. 2013b; Prenter et al. 2013). 

Nutrients, as opposed to caloric restriction had a major influence on longevity, however 

compensatory feeding was demonstrated to overcome dietary dilutions (Fanson et al. 2009). 

Dietary protein is an essential part of female fruit fly development, however mating has also been 

shown to be an important trigger for reducing the aging process (Yap et al. 2015). Further study 

into the causal mechanisms of this phenomenon is needed.  

Research by Balagawi et al. (2012) and Balagawi et al. (2014b) ultimately sought to improve 

protein bait spray formulation and delivery and, although it provides useful information, the 

mechanism of attraction focused on the fly, rather than the food source in both studies. In order 

to add to previous work on nutrition, complete nutrient profiling of wild food sources and wild 

fly crop contents, it would be beneficial to track not only protein and carbohydrates, but also other 

nutritional elements. Assessing trace elements, specific nutrients and other compounds will help 

to elucidate possible pleiotropic effects which can, in turn, be used for life cycle manipulation via 

specific food delivery methods (Fanson et al. 2012).  

Temperature has been shown to have an effect on feeding behaviour, where food consumption 

and movement were reduced during colder temperature regimes. This quiescent state reversed in 

response to increasing temperature (Meats and Kelly 2008). Allocation of nutritional resources is 

used to maximise fitness. In species such as B. tryoni, this allocation in males sacrifices lifespan 

enhancing traits, such as immune function, in favour of increasing reproductive effort. Females, 
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however, tend to balance reproductive effort with lifespan (Fanson et al. 2013a). Nutritional 

intake affects phenoloxidase activity, a proxy for immune function, differently in males and 

females. Females adjust their phenoloxidase levels in response to diet, particularly protein 

consumption, whereas males maintain a more constant level (Fanson et al. 2013a). Fanson et al. 

(2013) identified phenoloxidase activity as an effective measure of the allocation of resources in 

each gender. 

 

Weldon and Taylor (2011) were the only authors to discuss sexual maturation in relation to natural 

food sources. No effect of natural food sources on sexual development was found; however, the 

food sources used were offered in dry form. Despite the ability to liberate nutrients from dry, 

sticky or solid foods, old offerings, and those that have been heat treated and dried, may have 

degraded to the point where they no longer offer adequate nutritional benefit (Dhuique-Mayer et 

al. 2007). Further investigation into natural food sources is required, however, these food sources 

must be tested under environmentally relevant conditions, including when flies exhibit the 

strongest attraction to them in the field. 

 

Optimising the development of mass reared strains is at the forefront of most studies. In an effort 

to replicate natural food sources to increase reproductive success, Meats et al. (2009) offered 

previously identified bacterial strains as a primary food source, food supplement, and feeding 

stimulants or attractants. The bacteria tested, Klebsiella oxytoca and K. pneumoniae, appeared to 

offer no benefit to female reproductive development and were only attractive as a food source at 

close range (Meats et al. 2009). A molecular cloning method, based on the 16S rRNA gene, was 

used to identify bacterial symbionts from the alimentary tract of several Bactrocera species, 

including B. tryoni. Six bacterial taxa were identified in the alimentary tract of female B. tryoni, 

and eight in males (Thaochan et al. 2015). Analysis of symbionts using 454 pyrosequencing of 

16S rRNA amplicons allowed identification of several additional taxa (Morrow et al. 2015). 

Endosymbionts could be incorporated into bacterial manipulation strategies for pest management.  

 

Only two nutrition studies were on larval diets. A liquid diet was demonstrated to yield the most 

promising results for raising larvae under mass rearing conditions (Khan 2013). In liquid diet 

formulations, vegetable oil may yield suitable results for mass reared strains and be a suitable 

substitute for wheat germ oil (Khan 2015). Increasing the health and performance of larvae in 

mass reared strains would likely allow health benefits to be carried through metamorphosis into 

the adult form. Further research into optimising the larval diet of mass reared strains is warranted. 

Indeed, more study in general, should be done on early life history stages in this species. 
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2.5.3.3 Nutrition: Desiccation resistance 

Mass rearing facilities for SIT programs are managed under as near to ideal atmospheric 

conditions as is practicable. Upon release, however, these insects are exposed to natural 

environmental conditions, usually hot and dry, leading to increased desiccation and consequent 

mortality (Weldon and Taylor 2010). Desiccation may be measured by depriving insects of water 

and food. Weldon and Taylor (2010) disentangled these competing effects to determine that 

exposure to low humidity and starvation, in combination, reduces the survival of non-irradiated 

adult B. tryoni, more so than starvation alone.  

 

Life span of mass produced insects is one of the key assessments for production facilities and 

release managers to assess the quality of flies being produced for SIT release. To reduce the 

assessment time of the longevity of irradiated flies in mass rearing facilities, Dominiak et al. 

(2014b) demonstrated that longevity under nutritional stress was reduced to a mean of 54.4 hours, 

a significant reduction from the mean lifespan of 47.5 days under previous techniques. Mass 

reared flies are significantly less tolerant to desiccation than wild flies, which may impact on SIT 

programs (Weldon et al. 2013). As such, it is necessary to investigate phenotypic plasticity in 

adult B. tryoni and selectively breed for desiccation resistance.  

2.5.3.4 Reproduction 

Reproduction has received considerable attention (15 papers, 8% of total; Table 2-2). Female 

B. tryoni are known to re-mate. Studying drivers behind this is necessary for predicting the 

success of sterile insect releases. Research has shown that male accessory gland fluids, rather than 

number of sperm, play an important role in female re-mating inhibition (Harmer et al. 2006; 

Radhakrishnan and Taylor 2007; Radhakrishnan et al. 2009b). The movement of seminal fluids 

through the female body are likely to be responsible for changes in female behaviour post-mating 

(Radhakrishnan et al. 2008) and the total proportion of sperm stored in the female spermathecae 

was reported to decline over time, relative to that stored in the ventral receptacle (Perez-Staples 

et al. 2007a). Studies on courtship behaviours indicate that female B. tryoni have considerable 

control over mate selection and sperm storage (Pérez-Staples et al. 2010).  

 

Attracting the perfect mate is important to the success of any species. Plant phytochemicals are 

accumulated for inclusion into pheromones by male Tephritids. Cue-lure fed males, reportedly 

attract more females than those fed on zingerone (Kumaran et al. 2014a). Both cue-lure and 

zingerone confer reproductive fitness benefits to male and female B. tryoni (Kumaran et al. 2013), 

yielding beneficial cross-generational effects (Kumaran and Clarke 2014). Irradiation was found 

to significantly alter courtship behaviours although no deleterious effects on mating success were 
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reported (Mankin et al. 2008). It may be beneficial for future studies to incorporate lure feeding 

on irradiated strains to improve their mating success under field conditions. 

 

Surprisingly few studies focused on courtship behaviours. Calling propensity of male B. tryoni 

was higher in the presence of conspecific males. It was postulated that the size of male groups is 

not the only factor influencing female visitation to calling males (Weldon 2007).  Under test 

conditions, the alighting propensity of mature B. tryoni females was not affected by the presence 

of conspecific females, and oviposition behaviour was enhanced (Prokopy et al. 1999). This type 

of experiment should be repeated under field conditions and should examine the potential to 

disrupt courtship behaviours in wild populations. 

 

Light intensity and oviposition stimulants have also been understudied. Deece et al. (2000) 

demonstrated that raising the light intensity in mass rearing cages of adults increased egg 

production. Mating activity of irradiated flies was enhanced in field cages with light coloured 

mesh (Collins et al. 2008b). Carbon dioxide was demonstrated to be a close range oviposition 

stimulant (Stange 1999). Pre-oviposition behaviour suggested that gravid B. tryoni search for 

close range stimulants, however little research can be found on the chemical stimulants emitted 

from, or which, reside within the fruit tissue of selected hosts.  

2.5.3.5 Host selection 

Research into host selection is important in determining the level of protection needed for 

particular crops. Gravid females prefer Roma and Grosse Lisse tomato cultivars for oviposition, 

with cherry tomatoes less attractive (Balagawi et al. 2005). Major commercial citrus crops make 

poor hosts and show relatively low susceptibility to B. tryoni attack, however Murcott mandarins 

could provide a suitable host and require suitable pest management practices (Muthuthantri and 

Clarke 2012; Lloyd et al. 2013). Crops that make less suitable hosts should be further examined 

to determine host preference mechanisms.  

 

Despite differences in offspring performance, B. tryoni showed no particular preference for host 

plants, and showed no preference for phylogenetically closely related plant species as opposed to 

distantly related species (Balagawi et al. 2013). Wild male and female flies tend to accumulate in 

fruiting host trees, however sterile flies were demonstrated to show no preferential accumulation 

pattern (Dalby-Ball and Meats 2000a). Further research must be done to determine if these 

reported accumulation patterns affect the success of SIT programs. 

 

Elucidating the features of a host plant that serve as primary attractants will assist in the 

development of traps and bait stations to control B. tryoni in the field. The odours of yeast 



30 

autolysate and iso-amyl acetate were demonstrated to be attractive to immature and mature 

females respectively, whereas males were attracted to the odour of cue-lure (Dalby-Ball and 

Meats 2000b). Drew et al. (2003) demonstrated that, as a host mimic, B. tryoni were significantly 

more attracted to blue spheres with an ultraviolet reflectance than mimics of other colours or 

shapes. Adaptability to utilise novel hosts has increased B. tryoni in urban environments (Raghu 

et al. 2000a). Balagawi et al. (2014a) demonstrated that B. tryoni prefer an open-branched canopy, 

as opposed to a dense, closed canopy. This paper has implications for distribution of management 

strategies within different orchard types. 

2.5.3.6 Hybridisation 

Seven studies assessed hybridisation potential. Most of these papers look at the potential for 

hybridisation between B. tryoni and B. neohumeralis (Pike and Meats 2002; Meats et al. 2003c; 

Pike et al. 2003; Pike 2004; Gilchrist and Ling 2006). One paper assessed the likelihood of a cross 

between B. tryoni and B. jarvisi under laboratory conditions (Cruickshank et al. 2001). All authors 

agree that the potential for hybrids in the field are rare.  

2.5.3.7 Anatomy 

Radhakrishnan et al. (2009a) describe the accessory gland and the ultrastructure of the ejaculatory 

duct in male B. tryoni and Hull and Cribb (1997) describe the ultrastructure of the antennal 

sensilla. Inferences about diet were made from examination of the mouthparts (Vijaysegaran et 

al. 1997) and the wing size variation was found to be an insufficient method by which to 

differentiate between sterile and wild flies (Gilchrist and Crisafulli 2006).  

2.5.3.8 Behaviour 

Diel behaviours of B. tryoni and the parasitiod Diachasmimorpha kraussii were discussed by Ero 

et al. (2011), demonstrating increasing activity levels during the day. Upwind movement of males 

is stronger at midday and dusk in response to pheromone stimulants (Pike and Meats 2003), 

however only occasional response is seen in response to cue lure (Meats and Hartland 1999). 

Mass reared flies, both sterile and fertile show significantly different behaviour patterns to that of 

wild flies (Weldon et al. 2010). Non-chemical behavioural manipulation techniques, as recommended 

in a joint publication by the Food and Agriculture Organization of the United Nations (FAO), 

International Atomic Energy Agency (IAEA) and the United States Department of Agriculture 

(USDA), was shown to be a successful proxy for assessing the dispersal capabilities of sterile B. 

tryoni (Collins and Taylor 2010).  

The effect of temperature on the life history stages of flies is important for mass release and 

disinfestation treatments. Pre-release sterile flies were not detrimentally affected by chilling 
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(Reynolds and Orchard 2011) and Shamsudin et al. (2009) suggested that, although 

thermotolerance declines with age, acclimation of eggs to warmer temperatures should not impact 

post-harvest heat disinfestation treatments. Soil moisture content was important for pupal survival 

(Hulthen and Clarke 2006), however, this laboratory based experiment excluded all interactions 

with biotic soil factors including predators and pathogens. The ecology of early life history stages 

is noticeably understudied in this species. Future studies must be performed under 

environmentally relevant conditions in order to find data applicable to real-world conditions. 

2.5.4 Pest Control 

2.5.4.1 Post –harvest treatment 

Many papers investigated control of this important pest (Table 2-2). Research on post-harvest 

treatments included investigations into new heat disinfestation (Beckett and Evans 1997; Heather 

et al. 1997; Jessup et al. 1998a; Waddell et al. 2000; Heather et al. 2002) and cold disinfestation 

treatments (Heather et al. 1996; Jessup et al. 1998b; Hofman et al. 2003; De Lima et al. 2007; De 

Lima et al. 2011). Chemical alternatives to current post harvest techniques were limited (Heather 

et al. 1999; Williams et al. 2000), as were papers investigating a combination of techniques 

(Gamage et al. 2015; Hidayat et al. 2015).  

2.5.4.2 Sterile Insect Technique: Irradiation 

The radiation dose to achieve sterilisation was recommended to be the ‘lowest dose available,’ 

with suggestions to reduce doses to as low as 40 - 45 Gy as opposed to the standard 7- 75 Gy 

(Collins et al. 2008a, 2009; Collins and Taylor 2011; Dominiak et al. 2014a). Resilva and Pereira 

(2014) calculated the optimal time to irradiate pupae to achieve the best sterilisation results for 

several holding temperatures. Irregularities in the behaviour of mass reared males were countered 

during the irradiation process (Weldon 2005). Pupal weight was reported as an appropriate proxy 

for quality-testing for mass-rearing facilities (Dominiak et al. 2007; Dominiak et al. 2008) and 

locomotor activity monitors were reported to be acceptable for quality control assays of sterile 

adults (Dominiak et al. 2013a). 

The inclination for female flies to re-mate may affect the success of SIT programs. As expected, 

normal:normal re-mating produced a high number of fertile eggs. Normal:sterile and 

sterile:normal re-mating produced an intermediate number of fertile eggs, with slightly differing 

trends in the mean number of fertile eggs produced over 40 days of testing (Collins et al. 2012). 

Sterile Insect Technique: Pupal release and viability of mass reared, sterile flies 

Optimising the release method of sterile insects can reduce the associated costs and aid in 

improving the number and quality of flies distributed. Pupal release methods are often expensive. 
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Sand and vermiculite beds were found to be effective pupal release methods (Dominiak et al. 

2000a; Dominiak et al. 2003a). Period of release and the weight of pupae loaded into release 

boxes influenced eclosion (Reynolds et al. 2010). Pupae can survive in sealed plastic bags, at an 

appropriate temperature, without affecting eclosion (Dominiak et al. 2011b). 

Adult tub releases yield the best recapture rates of sterile flies (Dominiak et al. 2011a). Roving 

chilled adult release was considered a preferred release method for sterile B. tryoni (Weldon and 

Meats 2007; Reynolds and Orchard 2015). Suppression of flies in un-quarantined areas was only 

viable with high release rates and in areas with no likelihood of wild fly immigration (Meats et 

al. 2003b). Outcrossing mass-reared strains stabilises genetic diversity (Gilchrist et al. 2012; 

Gilchrist and Meats 2014) and mating propensity in sterile flies increased under treatment with 

methoprene and yeast hydrolysate (Collins et al. 2014). 

2.5.4.3 Monitoring 

Trapping methods can have a substantial effect on the number of flies caught during monitoring 

programs. Lynfield traps were regarded as the most effective monitoring trap (Weldon and Meats 

2007; Dominiak and Nicol 2010). Subsamples of 200 individuals provided an accurate and 

efficient method of quantifying species caught in modified Steiner traps (Raghu et al. 2000b). 

Cue-lure based traps caught the highest number of B. tryoni, however zingerone and melolure 

show promise as alternatives in monitoring (Dominiak et al. 2015a; Dominiak et al. 2015b; Royer 

2015). Farma Tech Mallet ME and MC wafers were identified as promising alternatives to liquid 

lure/insecticides currently used in monitoring traps in Tahiti (Leblanc et al. 2011). Higher male 

catch rate was reported in apple and pear trees (Mo et al. 2014). SIT releases would yield best 

results when dispersal patterns of sterile and target flies align (Meats 2007). Appropriate 

quarantine radii in pest free areas should be determined from the number of flies trapped around 

the outbreak epicentre and density of trap array (Dominiak et al. 2003b; Meats et al. 2003a).  

Fluorescent dyes are used to identify sterile flies in the field during sterile release programs. There 

are mixed reviews on the most favourable dye to use for marking pupae in relation to pupal 

emergence and recapture rates (Dominiak et al. 2000a; Dominiak et al. 2003b; Weldon 2005). 

The amount of dye used negatively correlates with survivability and adult success with increasing 

dosage leading to recapture rates of sterile flies that may not accurately represent the dispersal 

range of mass released flies (Dominiak et al. 2010).  

Historical monitoring data indicates that a metapopulation structure exists in flies located in 

inland areas. Local populations are genetically distinct and recolonization appears to be more 

likely from neighbouring local populations (Gilchrist et al. 2006). Dhami et al. (2015) reported 

that TaqMan™ assays, based on the COI gene, provided an accurate PCR based identification for 
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genetically distinct invasive species caught in monitoring programs, however genetically similar 

species were difficult to separate with confidence. This method was deemed to be appropriate to 

identify invasive species at major quarantine borders. Analysis of monitoring station data 

indicated that retirees and families with caravans were the most likely to breach quarantine 

borders and move fruit into fruit exclusion zones (Dominiak et al. 2000b, 2001; Dominiak and 

Barchia 2005; Dominiak and Coombes 2009).  

2.5.4.4 Bio-control and Bio-pesticides 

Vegetable and essential oils show some promise as oviposition deterrents (Nguyen et al. 2007; 

Hidayat et al. 2013; Hidayat et al. 2014), as does neem oil (Hassan 1998). A fungal isolate and 

an entomopathogenic nematode also showed promise as control strategies (Carswell et al. 1998; 

Langford et al. 2014). These five studies are the only studies to investigate new, naturally 

occurring methods of pest management in the body of literature examined. Each paper 

recommends follow up studies, however, no such studies were found in this analysis. 

Environmentally benign control methods will, most likely, be developed from naturally occurring 

substances and organisms. Hence, this area of research should be extended and explored in more 

detail. 

2.5.4.5 Integrated Pest Management (IPM) 

When managed appropriately, area wide management programmes can reduce pest populations 

to below the level of economic injury in economically important growing regions (Lloyd et al. 

2010). Development of new methods that can replace current, insecticide based, treatments, is 

essential in the advancement of this program. Phloxine B, a red dye, showed potential as a 

replacement for malathion in protein bait sprays, however further exploration into success under 

field conditions is needed (Thomas and Meats 2000). Deterrent mineral oil spray on target crops 

reduced oviposition pressure in push-pull systems in small scale production (Meats et al. 2012).  

Particle board blocks used in Male Annihilation Technique (MAT) were found to have higher 

concentrations of maldison in the core of the block, and higher concentrations of cue lure in the 

edge layer, demonstrating rates of uptake differ in the core and edge of the board (Dominiak et 

al. 2009). These boards should not be stored long term, due to chemical degradation; and 

application of chemical does not provide sufficient chemical uptake (Dominiak and Nicol 2012). 

In regards to economic returns, installation of more stringent roadblocks were found to offer 

greater returns than those from increased surveillance and greater eradication effort in growing 

regions under an AWM program (Florec et al. 2013). 

 



34 

Integrated pest management programs have long been touted as the best way forward for pest 

management (Lewis et al. 1997; Kogan 1998; Ehler 2006; Parsa et al. 2014). Research into 

developing alternate methods to be incorporated into integrated management programs appears 

not only to be limited in this body of literature, but stalled. The majority of pest control research 

(79%) was concentrated in SIT, post-harvest and monitoring research. Integrated management 

schemes, bio-pesticides and bio-control, and MAT accounted for a mere 18% of total pest control 

research. Although SIT is an important methodology in the pest control arsenal, there appears to 

have been an exceptionally poor amount of ground broken in the search for, and development of, 

new methodologies to complement SIT.  

2.5.4.6 Genetics 

For genetic manipulation and improvement of insects used in SIT programs, hAT, piggyBac and 

mariner vectors show promise as transformation vectors (Coates et al. 1997; Pinkerton et al. 

1999; Green and Frommer 2001; Raphael et al. 2011). Currently, eye-colour genes are used to 

provide marker phenotypes for germline transfer systems. The white cDNA lacks a native 

promoter, and pupae require daily heat shocks of 39°C to develop pigment. The white native 

promoter gene was sufficiently characterized by Bennett and Frommer (1997) with the intention 

of developing improved germline transformation systems, providing good pigmentation in 

recovery experiments and bypassing the need for heat shock treatments. The scarlet gene is 

potentially useful as a transformation marker (Zhao et al. 2003a). Mating isolation between B. 

tryoni and wild B. neohumeralis is not attributed the period gene, as is seen in Drosophila sp. (An 

et al. 2002), however, the cryptochrome gene does appear to have a role in this isolating 

mechanism (An et al. 2004).  

Several microsatellites, used to assess spatial and temporal population subdivisions, have been 

identified for B. tryoni (Kinnear et al. 1998). Since then, microsatellite analysis of several 

populations showed fairly stable regional distribution, but a significant difference between 

regions, attributed to differences in climatic regimes (Yu et al. 2001). Outbreaks in the fruit fly 

exclusion zone showed substantial heterogeneity, indicating they are not from a single core 

population (Sved et al. 2003). Analysis of flies caught in Adelaide during the 2000 and 2002 

outbreaks show that, in at least one case, human-mediated dispersal played a role (Gilchrist et al. 

2004). The mitotic karyotype and salivary gland polytene chromosomes were mapped by Zhao et 

al. (1998). Five linkage groups including microsatellite, visible and restriction fragment length 

polymorphism markers were established, providing a starting point for genetic and physical 

mapping of B. tryoni (Zhao et al. 2003b).  
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Population size is inversely related to linkage disequilibrium (Sved et al. 2013) Developing a 

model to further assess linkage relationships, Sved et al. (2013) showed that, in B. tryoni, there 

was little difference using known unlinked loci, as compared to all loci when using linkage 

disequilibrium to calculate effective population size. Mitochondrial divergence suggests that B. 

tryoni and B. aquilonis have become geographically isolated in recent evolutionary time and, 

were the populations to coexist at any time in the future, there is possibility for gene flow between 

the two species (Morrow et al. 2000). These results were contested by Wang et al. (2003) and 

Cameron et al. (2010) who, with wider sampling, found no genetic evidence to support that B. 

aquilonis and B. tryoni are distinct species.  

 

Gilchrist and Meats (2010) identified that B. tryoni had reached a climatic range limit. 

Unexpectedly, a differentiated source population had formed at this limit, rather than a sink, as 

would usually be expected. The genetic variation in the source population at the southern limit of 

the study area may lead to acclimation and subsequent, persistent, invasion into new territories 

with the changing climate. Results from this study also showed a latitudinal cline in microsatellite 

allele frequencies, developed over an estimated 240 generations, after an initial invasion of the 

study region which was presumed to have taken place at some point within the past 60 years 

(Gilchrist and Meats 2010).  

 

Persistent γH2AvB signals in adults (Siddiqui et al. 2013), genetic barcoding (Blacket et al. 

2012), novel mitochondrial markers (Shearman et al. 2010) and restriction patterns of ribosomal 

DNA (Armstrong et al. 1997) have all been discussed in relation to identification of sterile insects 

and insects found under outbreak situations. Breeding male only colonies for SIT release has been 

discussed in terms of genetics. Several studies have examined methods to rapidly identify male 

and female flies and manipulate sex ratios, including working with a sex determining gene 

(Shearman and Frommer 1998); mutations translocated to the y chromosome (Meats et al. 2002); 

and working with a dominant male determiner signal, the screening of embryos for sex 

determination (Morrow et al. 2014). Breeding male only strains for sterile release would improve 

the efficiency of SIT programs. 

2.5.4.7 Geographic dispersal 

Distribution of B. tryoni had expanded into the Northern Territory by 1997 (Osborne et al. 1997) 

(Figure 2-1). Once a resident population has been eradicated, limitations in the capacity of this 

fly to move between townships and cross arid regions minimise the chance of reinvasion 

(Dominiak et al. 2006). Wild populations of B. tryoni were found to experience seasonal 

depression in conjunction with host availability, supporting Area Wide Management (AWM) as 

a suitable strategy for B. tryoni control (Muthuthantri et al. 2010).  
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Assessments on dispersal from single point release of sterile flies show no difference in dispersal 

capacity between wild, irradiated and laboratory reared flies, however total recaptures were noted 

to be significantly negatively correlated with increasing daily temperatures (Weldon and Meats 

2010). Outbreeding of strains selected for high productivity, resulted in greater dispersal distance 

than inbred strains (Gilchrist and Meats 2012) and there was no difference in recapture rates 

between flies released from plastic adult rearing containers (translucent 46 L containers with a 

mesh lid and two sides and containing 250 g lots of pupae), and those released from bins (45 L 

capacity dark green bins with a sandblasted interior and mesh fitted, wooden lids and containing 

150 g lots of pupae) (Reynolds et al. 2012). It has been suggested several times that roving 

releases would be more beneficial to improve coverage during sterile insect release (Meats et al. 

2006; Meats and Edgerton 2008). Dominiak et al. (2013b) suggest that the quarantine distance 

for outbreaks of wild flies is excessive and that it be reduced from 15 km to 6.8 km.  

 

A ‘renewed population hypothesis,’ was described by Maelzer et al. (2004), to help predict 

outbreaks of B. tryoni and C. capitata in Adelaide. Results of a DYMEX model reasonably 

described historical trap catch data. Investigations into several fundamental issues in fruit fly 

population ecology were recommended to improve the model (Yonow et al. 2004). A simulation 

model using detailed life-cycle modelling, a stochastic dispersal model and the effects of temporal 

variation in host plant attractiveness was described by García Adeva et al. (2012) for use in 

managing future outbreaks.  

 

CLIMEX modelling confirmed that the eastern states of Australia provided the most suitable 

climate for B. tryoni (Yonow and Sutherst 1998), however, range expansion, particularly into 

southern states, is expected under climate change scenarios (Sutherst et al. 2000). Maps derived 

from CLIMEX indices suggest that, if B. tryoni were introduced to continental Europe, it could 

become more widespread than C. capitata (Baker 1996). 

2.5.4.8 Biochemistry 

Several spiroacetals have been identified from female B. tryoni and their structures and proposed 

synthesis pathways described to facilitate the development of a pheromone biosynthesis disruptor 

(Booth et al. 2006; Booth et al. 2007; Schwartz et al. 2010; Booth et al. 2011). Complex 

physiological changes were shown to occur after consumption of phytochemical lures (Kumaran 

et al. 2014b). These changes appear to be beneficial and may be incorporated into SIT programs 

to improve mating chances for sterile males. Several chemicals and odorants were investigated 

for responses from whole antennae and individual sensilla of gravid B. tryoni (Hull and Cribb 
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2001a, b). These studies disseminated important information about the peripheral discrimination 

process of these flies.  

 

Both olfactory and mechanical sensilla are present on the ovipositor of B. tryoni, however there 

appears to be no work on the electrophysiological response of ovipositor sensilla in response to 

the search for oviposition sites. Studies have shown that flies participate in a discriminatory 

process in the search for the ideal spot to deposit eggs (Pritchard 1969; Diaz-Fleischer et al. 1999; 

Zhang et al. 2012). It stands to reason, therefore, that there are chemical signals at play in this 

selection process, and that these are currently unknown. This information is of vital importance 

to breaking the reproductive life cycle of this pest species.  

2.5.5 Pest control: A larger part of the literature 

In total, 141 papers had direct implication for pest control. Implications for control of B. tryoni 

were not limited to papers falling within the pest control discipline area (65 papers; Table 2-2).  

Strong implications for pest control were found in 76 papers in the remaining discipline areas 

(Table 2-2), indicating the majority of research, regardless of primary focus, is being performed 

with pest management in mind. Strong implications for sterile insect techniques were found in 19 

papers (27%). Of these ten papers were on nutrition, 6 were on reproduction, 2 were on behaviour 

and one was on thermotolerance. Four papers on genetics (13%) had direct implications for SIT. 

Implications for SIT were found in 6 geographic dispersal papers (20%) and 5 genetics papers, 

where control was also suggested via population manipulation in 3 papers. A single morphology 

paper described the morphological features useful for rapidly identifying sterile flies. Two papers 

on nutrition were for improving protein bait sprays (SI; Table 2-3). 

2.6 Conclusion 

In light of the increasing restrictions on pesticide use, there is an urgent need to develop and 

introduce new management technologies to the fruit fly control arena. To achieve this, we must 

look beyond what is currently available. This systematic review of the literature over the past 20 

years indicated that research on B. tryoni is not progressing as fast or far as it must to meet the 

decline in pest management efficacy and secure global food supply. Based on this work, the 

following recommendations would further our understanding of this pest species and potentially 

open up new areas of bio-rational control methods: 

1) Investigate methods to manipulate the female to interrupt the lifecycle at, or before, the 

point of fruit damage to develop complimentary procedures for SIT programs.  

2) Investigate chemical signals from fruits more thoroughly and rigorously to determine 

attractant and deterrent signals for oviposition site selection.  
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3) Study the electrophysiology of the ovipositor with a goal to determine the function of 

each sensillum during the oviposition site discrimination process. 

4) Determine nutrient profiles using natural food sources. Larval diet and behaviour of 

immature life stages is a particularly understudied area in the biology of these flies. 

5) Ensure that future testing is carried out under environmentally relevant conditions, taking 

into account interactive effects. 

6) Further investigate alternate control methods including phloxine B; vegetable, mineral 

and essential oils; and the effects of neem as a population suppressant, rather than a 

simple deterrent. 

This review was conducted to identify gaps in the B. tryoni research, specifically to identify 

understudied areas of research that could provide new approaches to pest management. Although 

focussed on B. tryoni, the method of review may be applied to any pest species towards the same 

goal. Methods for analysis and reporting may need to be modified for assessment of larger 

selections of literature particular to the multi-disciplinary field of pest management. The global 

community faces many challenges including climate change and supporting an increasing human 

population. Only by identifying limitations and expanding the scope of the research we do in the 

years to come can we hope to reduce pest insect populations to a level below economic injury and 

secure future food supply.  
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2.9 Supplementary Information 

Table 2-3 Each paper analysed during the review process was categorized into a primary focus category. 

Publications with substantial information pertaining to other focal categories were appointed 

a secondary focus category. Implications for pest control were noted for each paper analysed, 

along with the location of data collection and whether the experiment/s were performed in 

the laboratory, in the field, a split setting or as a desktop study. 

 Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

 Biology      

1 Nutrition 
Biology - 

Reproductive 

(Vijaysegaran 

et al. 2002) 
Yes QLD Lab 

2 Nutrition 
Biology - 

Reproductive 

(Meats et al. 

2004) 
Yes NSW Lab 

3 Nutrition 
Pest Control - 

SIT 

(Meats and 

Leighton 2004) 
Yes NSW Lab 

4 Nutrition 
Pest Control - 

SIT 

(Perez-Staples 

et al. 2007b) 
Yes NSW Lab 

5 Nutrition 
Pest Control - 

SIT 

(Perez-Staples 

et al. 2008) 
Yes NSW Lab 

6 Nutrition 
Biology - 

Reproductive 

(Prabhu et al. 

2008) 
Yes NSW Lab 

7 Nutrition 
Biology - 

Reproductive 

(Meats and 

Kelly 2008) 
No NSW Lab 

8 Nutrition 
Pest Control - 

SIT 

(Weldon et al. 

2008) 
Yes NSW Field 

9 Nutrition 
Pest Control - 

SIT 

(Pérez-Staples 

et al. 2009) 
Yes NSW Field 

10 Nutrition  (Fanson et al. 

2009) 
No NSW Lab 

11 Nutrition 
Biology - 

Reproductive 

(Meats et al. 

2009) 
Yes NSW Lab 

12 Nutrition 
Biology - 

Reproductive 

(Weldon and 

Taylor 2011) 
Yes NSW Lab 

13 Nutrition 
Pest Control - 

SIT 

(Pérez-Staples 

et al. 2011) 
Yes NSW Lab 

14 Nutrition  (Fanson and 

Taylor 2012) 
Yes NSW Lab 

15 Nutrition 
Pest Control – 

Bait Sprays 

(Balagawi et al. 

2012) 
Yes QLD Field 

16 Nutrition  (Fanson et al. 

2013a) 
Yes NSW Lab 

17 Nutrition  (Fanson et al. 

2012) 
Yes NSW Lab 

18 Nutrition 
Biology - 

Behaviour 

(Fanson et al. 

2013b) 
No NSW Lab 

19 Nutrition 
Pest Control - 

SIT 
(Khan 2013) Yes NSW Lab 

20 Nutrition 
Biology - 

Behaviour 

(Prenter et al. 

2013) 
No NSW Lab 

21 Nutrition 
Biology - 

Behaviour 

(Fanson et al. 

2013b) 
No NSW Lab 
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Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

22 Nutrition 
Pest Control - 

SIT 

(Taylor et al. 

2013) 
Yes NSW 

Lab/ 

Field 

23 Nutrition 
Pest Control – 

Bait Spray 

(Balagawi et al. 

2014b) 
Yes QLD Lab 

24 Nutrition 
Pest Control - 

SIT 

(Reynolds et al. 

2014) 
Yes NSW 

Lab/ 

Field 

25 Nutrition 
Biology - 

Reproductive 

(Yap et al. 

2015) 
No NSW Lab 

26 Nutrition Behaviour (Khan 2015) Yes NSW Lab 

27 Nutrition 
Pest Control - 

SIT 

(Dominiak et 

al. 2014b) 
Yes NSW Lab 

28 Reproductive (Stange 1999) Possible ACT Lab 

29 Reproductive 
(Prokopy et al. 

1999) 
No QLD Field 

30 Reproductive 
Pest Control - 

SIT 

(Deece et al. 

2000) 
Yes NSW Lab 

31 Reproductive 
(Harmer et al. 

2006) 
Yes NSW Lab 

32 Reproductive (Weldon 2007) Yes NSW Lab 

33 Reproductive 
(Perez-Staples 

et al. 2007a) 
No NSW Lab 

34 Reproductive 

(Radhakrishnan 

and Taylor 

2007) 

Yes NSW Lab 

35 Reproductive 
Pest Control - 

SIT 

(Mankin et al. 

2008) 
Yes NSW Lab 

36 Reproductive 
Pest Control - 

SIT 

(Collins et al. 

2008b) 
Yes NSW Field 

37 Reproductive 
(Radhakrishnan 

et al. 2008) 
No NSW Lab 

38 Reproductive 
(Radhakrishnan 

et al. 2009b) 
Yes NSW Lab 

39 Reproductive 
(Pérez-Staples 

et al. 2010) 
No NSW Lab 

40 Reproductive 
Biology – 

Host Selection 

(Kumaran et al. 

2013) 
No QLD Lab 

41 Reproductive 
Biology – 

Host Selection 

(Kumaran and 

Clarke 2014) 
No QLD 

Lab/ 

Field 

42 Reproductive 
(Kumaran et al. 

2014a) 
No QLD Lab 

43 
Host/Habitat 

selection 

(Dalby-Ball 

and Meats 

2000a) 

Yes NSW Lab 

44 
Host/Habitat 

selection 

(Dalby-Ball 

and Meats 

2000b) 

Yes NSW Lab 

45 
Host/Habitat 

selection 

(Raghu et al. 

2000a) 
Yes QLD Field 

46 
Host/Habitat 

selection 

(Drew et al. 

2003) 
Yes QLD Field 

47 
Host/Habitat 

selection 

(Balagawi et al. 

2005) 
Yes NSW Lab 
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 Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

48 
Host/Habitat 

selection 
 

(Muthuthantri 

and Clarke 

2012) 

Yes QLD Lab 

49 
Host/Habitat 

selection 
 (Lloyd et al. 

2013) 
Yes QLD Lab 

50 
Host/Habitat 

selection 

Biology - 

Reproductive 

(Balagawi et al. 

2013) 
No QLD Lab 

51 
Host/Habitat 

Selection 
 (Balagawi et al. 

2014a) 
Yes QLD 

Field/ 

Lab 

52 Hybridisation  (Cruickshank et 

al. 2001) 
No NSW Lab 

53 Hybridisation  (Pike and 

Meats 2002) 
No NSW Lab 

54 Hybridisation  (Meats et al. 

2003c) 
No NSW Lab 

55 Hybridisation  (Pike et al. 

2003) 
No NSW Lab 

56 Hybridisation 
Biology - 

Reproductive 
(Pike 2004) No NSW Lab 

57 Hybridisation Genetics 
(Gilchrist and 

Ling 2006) 
No QLD Lab 

58 Anatomy   
(Hull and Cribb 

1997) 
No QLD Lab 

59 
Anatomy Biology - 

Nutrition 

(Vijaysegaran 

et al. 1997) 
No QLD Lab 

60 

Anatomy SIT – 

Identification 

of sterile flies 

(Gilchrist and 

Crisafulli 2006) 
Yes NSW Lab 

61 
Anatomy 

  
(Radhakrishnan 

et al. 2009a) 
No NSW Lab 

62 Behaviour 
Pest Control - 

SIT 

(Weldon and 

Meats 2010) 
No NSW Lab 

63 Behaviour 
Pest Control - 

SIT 

(Collins and 

Taylor 2010) 
No NSW Lab 

64 Behaviour  (Ero et al. 

2011) 
Yes QLD Field 

65 Thermotolerance 

Pest Control – 

Post-harvest 

Treatments 

(Shamsudin et 

al. 2009) 
Yes QLD Lab 

66 Thermotolerance 
Pest Control - 

SIT 

(Reynolds and 

Orchard 2011) 
No NSW Lab 

67 Movement 
Pest Control - 

Lures 

(Meats and 

Hartland 1999) 
Yes NSW Lab 

68 Movement  (Pike and 

Meats 2003) 
No QLD Lab 

69 
Bacterial 

Symbionts 
 (Thaochan et 

al. 2015) 
No QLD Lab 

70 
Bacterial 

Symbionts 
 (Morrow et al. 

2015) 
Yes NSW Lab 

71 
Desiccation 

resistance 

Biology - 

Nutrition 

(Weldon and 

Taylor 2010) 
No NSW Lab 

72 
Desiccation 

Resistance 

Pest Control - 

SIT 

(Weldon et al. 

2013) 
Yes NSW Lab 
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 Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

73 
Larval/Pupal 

Survival 
 (Hulthen and 

Clarke 2006) 
No QLD Lab 

 Pest Control      

74 SIT 
Pest Control - 

Monitoring 

(Dominiak et 

al. 2000a) 
Yes NSW Field 

75 SIT  (Meats et al. 

2003b) 
Yes NSW Field 

76 SIT  (Dominiak et 

al. 2003a) 
Yes NSW Field 

77 SIT 
Biology – 

Behaviour 

(Weldon 

2005b) 
Yes NSW Lab 

78 SIT  (Dominiak et 

al. 2007) 
Yes NSW Lab 

79 SIT 
Biology - 

Reproductive 

(Collins et al. 

2008a) 
Yes NSW Lab 

80 SIT  (Dominiak et 

al. 2008) 
Yes NSW Lab 

81 SIT 

Biology – 

Behaviour/ 

Reproductive 

(Collins et al. 

2009) 
Yes NSW Lab 

82 SIT 
Biology - 

Reproductive 

(Reynolds et al. 

2010) 
Yes NSW Lab 

83 SIT 
Biology - 

Reproductive 

(Collins and 

Taylor 2011) 
Yes NSW Lab 

84 SIT 
Geographic 

Dispersal 

(Dominiak et 

al. 2011a) 
Yes NSW Lab 

85 SIT 

Biology – 

Larval/Pupal 

survival 

(Dominiak et 

al. 2011b) 
Yes NSW Field 

86 SIT 
Biology - 

Reproductive 

(Collins et al. 

2012) 
Yes NSW Lab 

87 SIT Genetics 
(Gilchrist et al. 

2012) 
Yes NSW Lab 

88 SIT 
Biology - 

Reproductive 

(Dominiak et 

al. 2013a) 
Yes NSW Lab 

89 SIT 
Biology - 

Behaviour 

(Collins et al. 

2014) 
Yes NSW Lab 

90 SIT 
Biology - 

Development 

(Resilva and 

Pereira 2014) 
Yes 

Europe -

Austria 
Lab 

91 SIT 

Biology – 

Reproductive/ 

Behaviour 

(Dominiak et 

al. 2014a) 
Yes NSW Lab 

92 SIT Genetics 
(Gilchrist and 

Meats 2014) 
Yes NSW Lab 

93 SIT 
Biology - 

Behaviour 

(Reynolds and 

Orchard 2015) 
Yes NSW Field 

94 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Heather et al. 

1996) 
Yes QLD Lab 

95 
Post-Harvest 

Treatment 
 (Beckett and 

Evans 1997) 
Yes ACT Lab 
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Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

96 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Heather et al. 

1997) 
Yes QLD Lab 

97 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Jessup et al. 

1998a) 
Yes NSW Lab 

98 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Jessup et al. 

1998b) 
Yes NSW Lab 

99 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Heather et al. 

1999) 
Yes QLD Lab 

100 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Williams et al. 

2000) 
Yes Vic Lab 

101 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Waddell et al. 

2000) 
Yes 

New 

Caledonia 
Lab 

102 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Heather et al. 

2002) 
Yes QLD Lab 

103 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(Hofman et al. 

2003) 
Yes QLD Lab 

104 
Post-Harvest 

Treatment 

Pest Control - 

Quarantine 

(De Lima et al. 

2007) 
Yes NSW Lab 

105 
Post-Harvest 

Treatment 

(De Lima et al. 

2011) 
Yes NSW Lab 

106 
Post-Harvest 

Treatment 

(Gamage et al. 

2015) 
Yes QLD Lab 

107 
Post-Harvest 

Treatment 

(Hidayat et al. 

2015) 
Yes QLD Lab 

108 Monitoring 
(Raghu et al. 

2000b) 
Yes QLD Lab 

109 Monitoring 
Pest Control - 

SIT 

(Dominiak et 

al. 2003b) 
Yes NSW Field 

110 Monitoring 

Geographic 

Dispersal – 

Outbreak 

Mapping 

(Meats et al. 

2003a) 
Yes 

NSW Vic, 

SA and 

WA 

Desktop 

111 Monitoring 
Pest Control - 

SIT 

(Weldon 

2005a) 
Yes NSW Lab 

112 Monitoring Genetics 
(Gilchrist et al. 

2006) 
Yes NSW Lab 

113 Monitoring 
Pest Control - 

SIT 

(Weldon and 

Meats 2007) 
Yes NSW Field 

114 Monitoring 
Pest Control - 

SIT 
(Meats 2007) Yes NSW Lab 

115 Monitoring SIT 
(Dominiak et 

al. 2010) 
Yes NSW Lab 

116 Monitoring 
Pest Control - 

SIT 

(Dominiak and 

Nicol 2010) 
Yes NSW Field 

117 Monitoring 
(Leblanc et al. 

2011) 
Yes Tahiti Field 

118 Monitoring 
Biology – 

Host Selection 

(Mo et al. 

2014) 
Yes NSW Desktop 

119 Monitoring 
Genetics – 

Identification 

(Dhami et al. 

2015) 
Yes QLD Lab 

120 Monitoring 
(Dominiak et 

al. 2015a) 
Yes Sydney Field 



 

64 

 Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

121 Monitoring  (Dominiak et 

al. 2015b) 
Yes Sydney Field 

122 Monitoring  (Royer 2015) Yes QLD Field 

123 
Bio-control/Bio-

pesticides 
 (Hassan 1998) Yes QLD Lab 

124 
Bio-control/Bio-

pesticides 
 (Carswell et al. 

1998) 
Yes NSW Lab 

125 
Bio-control/Bio-

pesticides 
 (Nguyen et al. 

2007) 
Yes NSW Lab 

126 
Bio-control/Bio-

pesticides 
 (Hidayat et al. 

2013) 

Small Scale 

Only 
QLD Lab 

127 
Bio-control/Bio-

pesticides 
 (Hidayat et al. 

2014) 
Yes QLD Lab 

128 
Bio-control/Bio-

pesticides 
 (Langford et al. 

2014) 
Yes NSW Lab 

129 
Contraband Fruit 

Movement 
 (Dominiak et 

al. 2000b) 
Yes NSW Desktop 

130 
Contraband Fruit 

Movement 
 (Dominiak et 

al. 2001) 
Yes NSW Desktop 

131 
Contraband Fruit 

Movement 
 (Dominiak and 

Barchia 2005) 
Yes NSW Desktop 

132 
Contraband Fruit 

Movement 
 (Dominiak and 

Coombes 2009) 
Yes NSW Desktop 

133 IPM/AWM  (Thomas and 

Meats 2000) 
Yes NSW Lab 

134 IPM/AWM  (Lloyd et al. 

2010) 
Yes QLD Field 

135 IPM/AWM  (Meats et al. 

2012) 

Small scale 

only 
NSW Field 

136 IPM/AWM  (Florec et al. 

2013) 
Yes WA Desktop 

137 MAT  (Dominiak et 

al. 2009) 
Yes NSW Field 

138 MAT  (Dominiak and 

Nicol 2012) 
Yes NSW Lab 

 Genetics      

139 General 
Population 

Manipulation 

(Coates et al. 

1997) 
Yes ACT Lab 

140 General 
Population 

Manipulation 

(Bennett and 

Frommer 1997) 
Yes NSW Lab 

141 General  (Zhao et al. 

1998) 
No NSW Lab 

142 General  (Pinkerton et 

al. 1999) 
Yes USA Lab 

143 General  (Morrow et al. 

2000) 
No NSW Lab 

144 General 
Geographic 

Distribution 
(Yu et al. 2001) Yes NSW Lab 

145 General 
Population 

Manipulation 

(Green and 

Frommer 2001) 
Yes NSW Lab 
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Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

146 General (An et al. 2002) No NSW Lab 

147 General 
Geographic 

Dispersal 

(Sved et al. 

2003) 
Yes NSW Lab 

148 General 
(Zhao et al. 

2003a) 
No NSW Lab 

149 General 
(Zhao et al. 

2003b) 
No NSW Lab 

150 General 

Geographic 

Distribution – 

Outbreak 

Mapping 

(Gilchrist et al. 

2004) 
Yes NSW/SA Lab 

151 General (An et al. 2004) No NSW Lab 

152 General 

Pest Control – 

SIT. 

Identification 

of sterile 

strains 

(Raphael et al. 

2011) 
Yes NSW Lab 

153 General 

Geographic 

Dispersal – 

Outbreak 

Modelling 

(Sved et al. 

2013) 
No NSW Lab 

154 Identification 
(Armstrong et 

al. 1997) 
Yes NZ Lab 

155 Identification 
Pest Control - 

Quarantine 

(Kinnear et al. 

1998) 
Yes NZ Lab 

156 Identification 
(Wang et al. 

2003) 
Yes QLD Lab 

157 Identification 
(Cameron et al. 

2010) 
No 

QLD, NT, 

WA 
Lab 

158 Identification 
(Gilchrist and 

Meats 2010) 
No NSW Lab 

159 Identification 
Pest Control - 

SIT 

(Shearman et 

al. 2010) 
Yes NSW Lab 

160 Identification 
Pest Control - 

Quarantine 

(Blacket et al. 

2012) 
Yes Vic Lab 

161 Identification 

Pest Control – 

Quarantine/SI

T 

(Siddiqui et al. 

2013) 
Yes SA Lab 

162 Sex Determination 
(Shearman and 

Frommer 1998) 
Yes NSW Lab 

163 Sex Determination 
Pest Control - 

SIT 

(Meats et al. 

2002) 
Yes NSW Lab 

164 Sex Determination 
(Morrow et al. 

2014) 
Yes NSW Lab 

Geographic Dispersal 

165 Dispersal Patterns 

Biology – 

Host/habitat 

selection 

(Dominiak et 

al. 2006) 
Yes NSW Desktop 

166 Dispersal Patterns 
Pest Control - 

SIT 

(Meats et al. 

2006) 
Yes NSW Field 

167 Dispersal Patterns 
Pest Control - 

SIT 

(Meats and 

Edgerton 2008) 
Yes NSW Field 
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Primary Focus 
Secondary 

Focus 
Reference 

Implications 

for control 

Data 

collected 

from 

Lab/ 

Field 

168 Dispersal Patterns 
Biology - 

Reproductive 

(Muthuthantri 

et al. 2010) 
Yes QLD Desktop 

169 Dispersal Patterns 
Pest Control - 

SIT 

(Weldon and 

Meats 2010) 
Yes NSW Field 

170 Dispersal Patterns 
Pest control - 

SIT 

(Gilchrist and 

Meats 2012) 
Yes NSW Field 

171 Dispersal Patterns 
Pest Control - 

SIT 

(Reynolds et al. 

2012) 
Yes NSW Field 

172 Outbreak Mapping (Baker 1996) Yes UK Desktop 

173 Outbreak Mapping 
(Osborne et al. 

1997) 
Yes 

Australia 

Wide Data 
Field 

174 Outbreak Mapping 
(Maelzer et al. 

2004) 
Yes SA Field 

175 Outbreak Mapping 
Pest Control - 

SIT 

(Dominiak et 

al. 2013b) 
Yes NSW Field 

176 
Population 

Modelling 

(Yonow et al. 

2004) 
Yes QLD Desktop 

177 
Population 

Modelling 

(García Adeva 

et al. 2012) 
Yes WA Desktop 

178 Climate Change 
(Yonow and 

Sutherst 1998) 
Yes QLD Desktop 

179 Climate Change 
(Sutherst et al. 

2000) 
Yes QLD Desktop 

Biochemistry 

180 General 
Pheromone 

Structure 

(Booth et al. 

2006) 
No QLD Lab 

181 General 
(Booth et al. 

2007) 
No QLD Lab 

182 General 
(Schwartz et al. 

2010) 
No QLD Lab 

183 General 
(Booth et al. 

2011) 
No QLD Lab 

184 General 
Biology - 

Reproductive 

(Kumaran et al. 

2014b) 
Yes QLD Lab 

185 EAD Response 
Taxonomy - 

Morphology 

(Hull and Cribb 

2001a) 
Yes QLD Lab 

186 EAD Response 
Biology - 

Behaviour 

(Hull and Cribb 

2001b) 
Yes QLD Lab 
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CHAPTER 3 

Host selection and egg deposition behaviours of gravid 

Queensland fruit flies may provide essential life history traits 

to assist pest management strategies 

Erin L Wallace 

Griffith School of Environment, Griffith University, Gold Coast, Qld 4222, Australia 

This chapter has been written and formatted with the intent to submit to Bulletin of 

Entomological Research 

3.1 Abstract 

Female insects have been known to adjust egg-laying strategies or manipulate provisioning of 

offspring in order to increase the survivability of their progeny. Presence of larvae in fruit tissue 

affect the host selection process of egg-laying insect pest species, an important consideration for 

development of pest management strategies that target life cycle. In this study, the ability of the 

Queensland fruit fly (Bactrocera tryoni) to detect the suitability of potential fruit host was 

investigated. Behavioural assays using peach halves as an oviposition substrate were used to 

determine the number of eggs laid per puncture, and fruit preference was filmed to determine the 

residence time and average number of landings made by gravid females on unblemished fruit 

compared to fruit infested with third stage larvae. In laboratory reared flies, approximately 27% 

of punctures in peach fruit did not contain eggs whereas in wild flies, approximately 34% of 

punctures did not contain eggs. Significantly more flies landed on non-infested fruit compared to 

infested fruit. These results indicate that gravid Queensland fruit flies are capable of 

discriminatory behaviour during oviposition site selection. Ovipositor sensilla should be tested to 

confirm sensitivity to chemicals within fruit tissue to confirm their role in close-range oviposition 

site selection.  

3.2 Keywords 

Bactrocera tryoni, egg deposition, fruit selection, ovipositor, pest control, sensilla. 
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3.3 Introduction 

Excessive pesticide use in agriculture has resulted in deleterious effects on the environment and 

non-target organisms and increased the risks posed to public health (Carson, 1962, Ehrlich and 

Harte 2015; Poljnar et al. 2015). Since the publication of “Silent Spring” and the subsequent 

public outcry against the use of generalist pesticides in the 1960s, Integrated Pest Management 

(IPM) programs have been endorsed as the preferable approach to managing pest species in 

agricultural systems (Parsa et al. 2014; Suckling et al. 2014; Polajnar et al. 2015). Although not 

a new concept in entomology, several key papers written between 1954 and 1962 established IPM 

approaches as the new trend in the control of economically important insect pests (Rabb 1962; 

Smith 1962; Van Den Bosch and Stern 1962; Kogan 1998). The combination of compatible 

chemical and non-chemical population control strategies used in IPM, decrease the need for broad 

spectrum chemical control methods, whilst reducing the damage caused to crops to levels below 

the economic threshold (Smith, 1962; Van Den Bosch and Stern 1962; Polajnar et al. 2015). Non-

chemical behavioural manipulation techniques such as trap cropping have been used, historically, 

to mitigate the damage caused to valued crops by sacrificing an alternate resource (Foster and 

Harris 1997; Polajnar et al. 2015). Although this technique is effective, introducing methods that 

actively break the reproductive cycle of target pest species would improve the overall outcome of 

behavioural modification strategies, while actively supressing the development of subsequent pest 

generations.  

 

The relationship between oviposition site preference and success of offspring is important in 

insect-plant interactions, particularly for phytophagous insects whose immature stages have 

spatially restricted access to resources such as those developing in stems, buds, fruits and seeds 

(Averill and Prokopy 1987; Thiéry et al. 2014; Birke et al. 2015). Female insects have been shown 

to adjust egg-laying strategies, or manipulate provisioning of offspring, to increase potential for 

offspring success. Indeed, the presence of conspecific progeny often plays a role in host selection 

by phytophagous and parasitic insects (Prokopy et al. 1978; Nufio and Papaj 2001). Chemical 

signals emanating from oviposition sites allow females to determine whether or not a potential 

host is occupied and provide the best chance of survival for her own offspring (Averill and 

Prokopy 1987; Nufio and Papaj 2001; Arredondo and Díaz-Fleischer 2006). Many insects 

including those from the orders Diptera, Coleoptera, Hymenoptera, Neuroptera and Lepidoptera 

use host marking behaviour to deter conspecific females (Roitberg and Prokopy 1987; Aluja and 

Díaz-Fleischer 2006; Arredondo and Díaz-Fleischer 2006; Kachigamba et al. 2012). Host 

marking behaviour is common in fruit flies, particularly in the family Tephritidae (Roitberg and 

Prokopy 1987; Aluja and Díaz-Fleischer 2006; Arredondo and Díaz-Fleischer 2006), species of 
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which are amongst the most serious threats to global horticulture (Kachigamba et al. 2012; Benelli 

et al. 2014).  

 

Tephritid flies are highly adaptable insects. They are long lived, and many pest species are capable 

of producing multiple generations per year (Christenson and Foote 1960). Frugivorous species 

from genera including Anastrepha, Ceratitis, and Rhagoletis have been observed using host 

marking behaviour (Prokopy et al. 1978; Roitberg and Prokopy 1987; Diaz-Fleischer et al. 1999; 

Aluja and Díaz-Fleischer 2006). Host marking behaviour is usually characterised by aculeus 

dragging after oviposition, resulting in deposition of a pheromonal substance. In some species, 

pheromones are deposited in the faeces rather than via ovipositor dragging (Diaz-Fleischer et al. 

1999; Aluja and Díaz-Fleischer 2006; Arredondo and Díaz-Fleischer 2006). These host marking 

pheromones (HMPs) have been investigated for potential as oviposition modifying pest control 

options with varied success (Prokopy et al. 1978; Averill and Prokopy 1987; Aluja and Boller 

1992; Arredondo and Díaz-Fleischer 2006; Aluja et al. 2009; Kachigamba et al. 2012). Ovipositor 

dragging has also been observed in flies in the genus Bactrocera. Deposition of HMP and 

subsequent deterrence, however, has not been recorded and appears to have been lost in this genus 

(Diaz-Fleischer et al. 1999; Kachigamba et al. 2012; Silva et al. 2012). 

 

The Queensland fruit fly (Bactrocera tryoni) is Australia’s worst horticultural pest and poses a 

serious threat to international quarantine barriers (Clarke et al. 2011; Dominiak 2012; Florec et 

al. 2013; Langford et al. 2014; Sherwin et al. 2015). Increasing outbreaks of this fruit fly in 

Australia’s major horticultural regions have resulted in the withdrawal of the ‘area freedom’ status 

required for international transport of fresh produce (AV 2016a, b). The regulatory restriction of 

many chemicals previously used for control of this pest has lowered the effectiveness of current 

control programs (Dominiak and Ekman 2013; Sherwin et al. 2015). Sterile Insect Technique, a 

method of pest control based on releasing overwhelming numbers of sterile insects into the wild, 

is the most commonly used non-chemical strategy in control of B. tryoni (Sherwin et al. 2015). 

This method is expensive and, in major Australian growing regions, has failed to show significant 

impact on problem B. tryoni populations (Sherwin et al. 2015). There is an urgent need to develop 

new control strategies including biological control and manipulation of reproductive behaviour 

of this detrimental pest species (Spinner et al. 2011; Langford et al. 2014). 

 

Attract-Annihilate methods, such as Male Annihilation Technique (MAT), which uses a sex 

pheromone and pesticide combination, act by reducing the number of males in the population 

and, in turn, reducing the number of offspring produced (Allwood et al. 2002). Techniques such 

as MAT work for B. tryoni in areas of low to moderate population density with little chance of 

pest immigration (Barclay 1992; Allwood et al. 2002; Barclay and Hendrichs 2014). Launched 
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in October 2016, the Fruition® trap is the only known trap designed to target female B. tryoni 

(Bedo 2016) and uses a combination of colour, shape and smell to attract gravid flies (AgNova 

2016). This is a strong new addition to Attract-Annihilate methods, however more research should 

be done in this direction, to further assist current pest management strategies.   

To date, little work has been done on the inherent fruit host selection mechanisms observed in B. 

tryoni. The presence of eggs does not deter gravid females from ovipositing, indeed, they are 

known to prefer previously used punctures (Pritchard 1969; Prokopy et al. 1999). Observations 

suggest that they are also able to discriminate between fruits containing larvae and those that do 

not, and that they show a preference for unblemished fruits (Fitt 1984). Current literature reveals 

little as to what role the ovipositor plays in assessing fruits for potential oviposition sites. Studies 

by Zhang et al. (2012) suggested that the ovipositor is used to assess potential oviposition sites, 

by employing the use of chemo- and mechano-sensory sensilla. Further investigation into 

behaviours involving the ovipositor, and egg deposition patterns, could help to elucidate the direct 

mechanisms responsible for adult fly discrimination against certain sites for oviposition into the 

host fruit.  

The aim of this study was to investigate important behavioural parameters in selection and 

infection of fruit host by the Queensland fruit fly, to provide insights into alternative pest 

management options. Our objectives were 1) to assess whether eggs are deposited in every 

puncture made by lab-reared and wild gravid females and 2) to determine the number of landings 

and residence time on fruit that was infested with third stage larvae, compared to unblemished 

fruit. It was hypothesised that flies would deposit eggs in every puncture and that flies would 

exhibit a higher interest in unblemished fruit as determined by increased residence time and a 

higher number of landings. 

3.4 Materials and Methods 

3.4.1 Fruit flies 

Laboratory reared flies were collected as pupae from the International Centre for the Management 

of Pest Fruit Flies, Griffith University Nathan campus, and brought to a controlled temperature 

(CT) room set to 25°C on the Griffith University Gold Coast campus with a relative humidity 

between 60 and 70%. Light was set to a 12 h photo period, with lighting staged over a 45 min 

period to simulate dawn and dusk. Pupae were separated into three stock cages at a rate of 

approximately 300 pupae per cage.  After eclosion, flies were fed, ad libitum, on a diet of 

enzymatic yeast autolysate (MP Biomedicals, Protein (N × 6.25) 50 – 65%), sugar and water until 
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sexually mature (8-11 days). Gravid flies were allowed unlimited access to Red Delicious apples 

as oviposition substrates. Apples were placed in stock cages at a rate of 3 per cage allowing for a 

ratio of approximately 50 females to 1 apple. All apples were sourced from a local supermarket 

and washed thoroughly with running water prior to being placed in the cages. Apples in stock 

cages were exchanged every 24 hours with fresh fruit. All experiments were performed in the CT 

room. Experiments began when flies were sexually mature and active oviposition was witnessed 

(8-11 days old). Flies were selected from the cage at random and were not actively ovipositing at 

the time of selection. 

3.4.2 Egg deposition bioassay 

 All test fruit for this experiment were ripe yellow flesh peaches (Prunus persica), purchased from 

a local supermarket and washed thoroughly under running tap water prior to the experiment. 

Peaches were cut in half and placed, cut side down, in open petri dishes. To dissuade flies from 

ovipositing into the cut part of the fruit, a small amount of water was used to ‘seal’ the fruit to the 

petri dish. Flies which inserted their ovipositor into the cut section of the fruit through the water 

were accepted as analogues to wild flies that are known to oviposit into damaged fruit in the field. 

All fruit was rinsed and dried prior to being prepared for the experiment. Where the removal of 

the pit and stem had left a hole in the fruit, this was plugged with Blu-tac™ to prevent flies from 

ovipositing into the exposed fruit flesh, or making their way into the inside of the fruit.  

 

Peach halves were placed into an experimental cage, measuring 300 × 300 × 300 mm, containing 

twenty, sexually mature female B. tryoni randomly selected from a stock cage. All flies were from 

the same cohort. After the fruit was placed in the cage, the flies were observed for a 30 min period. 

Behaviours during searching of the fruit surface were monitored for any indication of chemo- or 

mechano-sensory investigation of the fruit by the flies, including rubbing the tip of the aculeus 

on the fruit surface and touching the fruit surface repeatedly with the labellum. Where the 

ovipositor pierced the fruit skin, the position of the puncture was marked with a Nikko™ 

FinePoint 99L marker pen, which was confirmed to have no effect on fly behaviour during a pilot 

study. Once the fly had withdrawn her ovipositor, the puncture was covered with Blu-tac™ to 

dissuade other females from utilizing the same wound, for the purpose of clarity during data 

collection. Flies that showed interest in punctures covered by Blu-tac™ were gently brushed away 

from the site with a pair of forceps to prevent multiple ovipositions in a single puncture. 

 

At the end of the observation period, the fruit was removed from the experimental cage. In 

instances where a female was in the process of ovipositing when the observation period ended, 

she was allowed to remain with the fruit until such time as she withdrew her ovipositor. Flies 
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were removed from the experimental cage and returned to a new stock cage to avoid testing the 

same individual more than once.  

Each site marked as a puncture on each piece of fruit was dissected using a scalpel. The fruit skin 

was cut around the Blu-tac™ covering each puncture site. Blu-tac™ and fruit skin was removed. 

The tip of the scalpel blade was inserted approximately 1 cm into the fruit flesh, at the border of 

the cut skin, and the point of the blade tilted upward to push any deposited eggs to the surface 

through the puncture. Presence or absence of eggs was recorded at each puncture site. This 

procedure was repeated until such time as 200 fruit puncture events were recorded. To collect a 

total of 200 fruit puncture events, this process was repeated 21 times over 6 consecutive days, 

using a total of 420 individual females. 

This process was repeated using wild flies reared from Mulberry (Morus nigra) fruit collected 

from a farm in Boyland, Queensland, Australia (27°56’47.86”S, 153°07’08.43”E). Fruit 

containing larvae was placed on gauze covered 70 mL plastic sample containers and placed in a 

cardboard box containing a substrate of propagation sand until pupation occurred. Pupae were 

collected from the sand and placed in a stock cage to develop. After eclosion, flies were fed, ad 

libitum, on a diet of enzymatic yeast autolysate, sugar and water. All experiments were performed 

in a controlled temperature laboratory set to 25°C on the Griffith University Gold Coast campus 

using flies from the same cohort. Once sexual maturity was reached, they were allowed to mate 

and given unlimited access to fruit in which to oviposit. Testing began when the flies were 8-10 

days of age. It was found that wild flies are less likely to oviposit freely with close, forced 

interaction with conspecifics under laboratory conditions. Therefore, fruit was withheld from the 

wild fly stock cages for 24 h prior to experimentation to encourage oviposition under test 

conditions. To collect a total of 200 fruit puncture events, this set of experiments was repeated 23 

times over 6 consecutive days, using a total of 460 individual females. 

3.4.3 Bioassay of fruit preference in regards to the presence of larvae 

Red delicious apples were purchased from a local supermarket and washed thoroughly under 

running tap water. All fruit used came from the same batch and was stored together to minimise 

differences in ripening during the experiment. Fruits that were to contain third stage larvae were 

infested 8 days prior to the experiment and stored under laboratory conditions by allowing 20 

gravid females a 15 min window in which to oviposit. Unblemished fruit, containing no larvae, 

acted as a control in each replicate. 

Mirrors measuring 300 × 300 mm were used to observe the behaviour of the flies. In each of four 

replicate experimental cages, one mirror was placed on the floor and one against the rear wall 
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panel. Twenty lab-reared gravid females were added to each cage along with one infested fruit 

and one control fruit. Fruit placement was randomised between cages to remove potential location 

bias. A GoPro® GHD30 Digital Hero 3 camera was set up in front of each cage on a retort stand. 

Cameras were positioned at the best angle to record the behaviour of the flies. To prevent the cage 

obstructing the camera lens, the access sleeves of the cage were secured behind the camera. Flies 

were given 15 min to acclimate to test conditions prior to the cameras being set to record. 

Recordings ran for 1 h. After the observation period, each fruit was cut open to confirm the 

presence/absence of larvae. One control fruit was found to have dry rot present in the core. This 

replicate dataset was removed from analysis so as to not confound the data. 

 

Video recordings were analysed for the number of landings and residence time on each fruit type. 

To be counted for residence time, flies had to have all 6 tarsi in contact with the fruit surface for 

more than one second. Residence time was calculated by noting the time of alightment on the 

fruit surface and the time of departure. Instances where flies departed the fruit, only to re-alight 

without touching another surface, were classed as a continuation of residence time. Departure 

from the fruit surface was regarded as all 6 tarsi in contact with anything other than the fruit 

surface.  

 

Each video was analysed using the full version of the digital video editing program Filmora 

(Wondershare 2016). Videos were focused and magnification increased using the ‘zoom’ feature 

to allow the best viewing of the activity of individual flies. Where necessary, videos were 

‘cleaned’ using the software’s automatic de-noise and enhance feature. From the time of alighting, 

each individual fly was tracked until departure or until it had been in residence for more than 5 

min. Where individuals were unable to be tracked they were recorded as ‘lost’ and the data used 

only for the number of landings analysis.  

3.4.4 Statistical Analysis 

3.4.4.1 Fruit preference in regards to the presence of larvae bioassay 

The choice cage approach used in this experiment paired an unblemished fruit with an infested 

fruit in the same cage during the exposure period. Cage, rather than individual flies, were used as 

replicates. A paired t-test was, therefore, deemed an appropriate way to analyse this data. The 

number of landings on unblemished fruit was paired with the number of landings on infested fruit. 

Q-Q plots and standard error bar plots were used to assure there was no violation of assumptions.  

 

Average residence time was analysed using a paired t-test using cage as replicate, rather than 

individual flies. Residence time has been noted to exceed 20 minutes in some instances, therefore, 
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an upper observation limit of 5 minutes (300 s) was used. The average residence time on 

unblemished fruit for each cage was paired with the average residence time on infested fruit for 

each cage. Q-Q plots and standard error bar plots were used to assure there was no violation of 

assumptions. Analyses were performed using SPSS for Windows version 21.0 (IBM Corp.  2012). 

3.5 Results 

3.5.1 Egg deposition bioassay 

Gravid female B. tryoni did not deposit eggs with every insertion of the ovipositor. In laboratory 

reared flies, 54 punctures out of a total 200 puncture events (27%) did not contain eggs. Similarly, 

there were 69 punctures out of a total of 200 puncture events (34%) where wild flies did not 

deposit eggs.  
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3.5.2 Bioassay of fruit preference in regards to the presence of larvae 

A total of 362 landings were recorded during this experiment. Of these, 271 flies landed on 

unblemished fruit (90.33 ± 19.23). This was significantly more landings than recorded on infested 

fruit (30.33 ± 9.821) (P = 0.048, N = 3) (Figure 3-1). 

Figure 3-1: Mean number of landings (90.33 ± 19.23) on unblemished fruit was significantly higher (P = 

0.048) than the mean number of landings recorded on fruit that had been infested (30.33 ± 

9.281). This equated to 75% of all landings occurring on unblemished fruit. 

On average, flies spent significantly more time residing on unblemished fruit (156.67 ± 20.218 s) 

than infested fruit (79 ± 14.572 s) (P = 0.007, N = 3) (Figure 3-2). 

Figure 3-2: Gravid female B. tryoni spent, on average, significantly more time on unblemished fruit than 

on infested fruit (P = 0.007, N = 3). 
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3.6 Discussion 

This study demonstrated that gravid B. tryoni do not deposit eggs every time the ovipositor is 

inserted and, on average, spent more time residing on unblemished fruit than infested fruit. This 

may suggest that these flies are further examining the fruit tissue at a fine, local scale prior to egg 

deposition. Chemical or mechanical disparities within the fruit tissue, detected by the sensory 

organs on the ovipositor once it is inserted into the fruit, would help the female detect optimum 

sites for egg maturation and larval development. Variables such as pH, soluble solids and firmness 

within the fruit tissue at an immediately local scale, as determined by oviposition probing, could 

suggest to the adult that one particular site would be less suitable for egg maturation and larval 

development than another (Díaz‐Fleischer and Aluja 2003; Papadopoulos et al. 2004; 

Papachristos et al. 2008). Given such discrimination, sites deemed to be inadequate for optimal 

larval development would result in rejection of that site in favour of one determined to meet these 

requirements (Zhang et al. 2012). It is likely, therefore, that the absence of eggs in certain 

puncture wounds is indicative of some variable within the fruit tissue that renders it unsuitable 

for either optimal egg maturation or as a primary larval feeding site. Further investigation must 

be done to determine the fine scale discriminatory capacity of these flies by determining if there 

is a difference in the number of empty punctures made in infested fruit compared to the number 

of empty punctures left in unblemished fruit. 

 

The mechanism of deterrence was not examined in this study, however behaviours proceeding 

oviposition were noted. Prior to insertion of the ovipositor into the fruit tissue, all females 

explored the fruit surface with their ovipositor. This process resulted in the individual stopping at 

a certain point on the fruit, partially extending the ovipositor and rubbing the tip of the aculeus in 

a circular motion over the fruit surface. Often this process would be repeated several times before 

the fly found a suitable site in which to puncture the fruit. Flies were also seen to hold the tip of 

the aculeus on a point of the fruit surface for several seconds without moving. This exploration 

behaviour was also observed to occur on surfaces other than the fruit, such as the petri dish 

holding the fruit, the water container inside the stock cage and even on the mesh of the cage walls 

(SI Figure 3-3). This supports the theory of Zhang et al. (2012), that the flies are partaking in a 

sensory observation of their surroundings and using the sensilla on their ovipositor to do so. At 

this stage, it is unclear as to what information these individuals are processing whilst this probing 

behaviour is taking place, however it is possible that initial observation of surrounds using sensory 

organs on the tarsi and labellum provide baseline information on potentially appropriate 

oviposition sites. Once a potential site is located, the ovipositor is used to elicit further information 

as to how suitable this site would be for egg maturation or larval development (Hayes et al. 2015; 
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Seada et al. 2016). These pre-oviposition behaviours should be further investigated to determine 

oviposition deterrents. 

 

Close range stimuli in the form of host marking pheromones (HMP) play a large role in inter- and 

intra-species competition in many other tephritid genera (Roitberg and Prokopy 1987; Aluja and 

Boller 1992; Aluja and Diaz-Fleischer 2006; Arredondo and Diaz-Fleischer 2006; Duyck et al. 

2006; Liendo et al. 2016). Flies belonging to the Bactrocera genus have been reported to engage 

in similar pre- and post-oviposition behaviours to flies of other genera, however, the deposition 

of HMP is notably absent (Fitt 1984; Prokopy et al. 1989). Discrimination between unblemished 

and infested fruit has been reported previously, despite the lack of HMP deposition in this species 

(Fitt 1984; Averill and Prokopy 1987; Kachigamba et al. 2012). Chemical change in the fruit 

tissue resulting from the presence of larvae has been credited with this effect (Fitt 1984; Prokopy 

et al. 1989). Indeed, results by Prokopy et al. (1989) suggest that deterrent stimuli, indicative of 

infested fruit, come from within the fruit tissue, not the fruit surface. A gravid female detecting 

the presence of active larvae, conspecific or otherwise, would be less likely to oviposit to reduce 

competition for her own progeny. Shorter residence times and lower number of flies landing on 

infested fruits support this conclusion.  

 

Judging from the behaviour cycle exhibited by gravid females during this experiment, several 

types of signalling may be at play. Volatiles released from fruit tissue may be the initial response 

trigger, received by tarsal or labellar sensilla, determining how long females choose to engage 

with a particular fruit (Fitt 1984; Stoffolano and Yin 1987). Egg deposition patterns seen here 

indicate that there is either a contact chemical and/or mechanical signal received, after the 

ovipositor is inserted, that allows the female to make the decision to oviposit or not (Cônsoli et 

al. 1999; Ngern-klun et al. 2007; Chaiwong et al. 2008; Hayes et al. 2015; Seada et al. 2016). 

Damodaram et al. (2014) found that gravid B. dorsalis females use γ-octalactone, an 

electrophysiologically active mango volatile, to recognise oviposition sites. Similar studies on 

electrophysiologically active volatiles should be done on B. tryoni. Headspace volatiles of fruit at 

varying stages of ripeness could be tested for electrophysiological ovipositor response, prior to 

isolating active compounds for use in behavioural bioassays. 

 

Zhang et al. (2012) discussed the ultrastructure of the ovipositor of several Bactrocera species. 

Although B. tryoni was not amongst those tested, the results suggested that the distribution and 

type of sensilla present in each species was very similar and it is likely that B. tryoni would share 

many of the described features. Zhang et al. (2012) identified trichoid and campaniform sensilla 

on the ovipositor of each species, which have often been reported to have both mechano-and 
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chemosensory capacity. Further study should be done on the individual sensilla on the ovipositor 

of B. tryoni to determine the role that each sensillum type plays in the oviposition process. 

3.7 Conclusions 

This study has shown that the oviposition process is more complex than initially thought. The 

absence of eggs in certain punctures indicates that there are important host selection mechanisms 

yet to be explored. Preference towards unblemished fruit over infested fruit demonstrates that 

there are chemical volatiles accessible to the fly that flag fruit as unsuitable as a larval host. This 

mechanism has successfully been demonstrated at a local scale, however the range these signals 

are active should be further tested. 

 

Identifying the mechanisms that drive oviposition site selection in gravid B. tryoni will not only 

increase our fundamental understanding of this economically important pest species, but provide 

an avenue to disrupt the female life cycle. Development of lures and repellents designed to 

manipulate the behaviour of gravid females would provide much needed support to sterile insect 

technique and other population suppression methods, without reliance on chemical control. This 

study confirmed that there are fine scale selection mechanisms at play in the search for optimal 

oviposition sites. As determined during this study, there are several stages in the oviposition 

process. These stages should be appraised as components of a whole mechanism, rather than 

isolated behavioural patterns.    

 

Future research into oviposition behaviour should be performed under environmentally relevant 

conditions so that the true nature of larval host selection mechanisms may be investigated. Whilst 

aggression between conspecifics was witnessed during these trials, this type of aggression, in the 

wild, would often result in one fly leaving the fruit (Prokopy et al. 1999). This was not often 

witnessed here, which is likely due to artificially inflated pressure for prime oviposition real 

estate. Inclusion of the effects of environmental variables such as luminosity, temperature, 

humidity and rainfall may also play a role in the oviposition process (Bateman 1976) and would 

benefit future studies greatly. 
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3.10 Supplementary Information 

Figure 3-3 Gravid female explores the surface of an apple with her ovipositor (a) through (C). Female 

depositing an egg in peach fruit (d) and a gravid female exploring the surface of a petri dish 

with her ovipositor (e) through (h). The tip of the aculeus can be seen in images (f) and (h). 

This searching behaviour indicates that the ovipositor is used to find suitable host locations 

for their progeny. 
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CHAPTER 4 

Carry-over effects of azadirachtin, as an individual compound 

and in a commercial neem formulation, on larvae of an 

economically important pest species, the Queensland fruit fly 

Erin L Wallace, Shannon G Klein and Frederic D L Leusch 

Griffith School of Environment, Griffith University, Gold Coast, Qld 4222, Australia 

This chapter has been written and formatted with the intent to submit to Chemosphere 

4.1 Abstract 

Management of pest insects has been, traditionally, to saturate crops with synthetic insecticides 

such as DDT, Malathion and Chlorpyrifos, which are now known to be highly toxic. Azadirachtin, 

the active compound in neem (Azadirachta indica) extracts, has many reported suppressive 

effects on pest insect populations, most notably, long term population collapse due to non-lethal 

carry-over effects in offspring of treated adults. Many studies investigating the effects of 

insecticides, including azadirachtin, expose target organisms to varying concentrations of an 

active ingredient in order to assess biological response. Under field conditions, however, target 

organisms encounter the active ingredient in a complex matrix designed to prevent degradation 

and aid in deployment. This study assessed the population suppressant potential of commercially 

available neem product, eco-neem®, and technical grade azadirachtin, against the economically 

important Queensland fruit fly. Eco-neem® and azadirachtin were delivered in protein based lure 

at environmentally realistic concentrations of 4, 20 and 100 μg/L. Flies were exposed to neem 

treatments over a period of 7 d and allowed free access to apple domes for oviposition. Apple 

domes were collected daily and incubated at 25°C for 2 d to allow larvae to hatch. Adults exposed 

to both eco-neem® and azadirachtin showed a substantial reduction in the number of living 

progeny produced between the first and seventh day after initial adult exposure. Using larval 

volume as a proxy for deformation and survival potential, larvae from all treatments were 

predicted to have reduced survivability at a rate of between 9 and 14% (eco-neem®) and 19 and 

26% (azadirachtin). These results suggest that there is strong potential for further cross-

generational carry-over effects from neem exposure that would act to suppress subsequent 

generations. Future testing should determine the survivability of subsequent generation larvae 

and, if larvae do survive to reproductive adulthood, whether they are viable reproductively.  
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4.2 Keywords 

Bactrocera tryoni, pest control, neem, bio-pesticide, pest control, population suppressant 

4.3 Introduction 

Outbreaks of insect pests have serious implications for local economies and global food security 

(FAO 2008; Flood 2010; Maxmen 2013; FAO 2016). The outbreak frequency of transboundary 

pests and diseases affecting food crops has increased with globalization, international trade and 

climate change (FAO 2008; Flood 2010; FAO 2016). Many pest species are predicted to 

experience changes in distribution, rate of development, survival, population density and extent 

of host plant exploitation with the increasing global temperatures associated with a changing 

climate (Bale et al. 2002; FAO 2008; Dukes et al. 2009). These changes have serious implications 

for the food security of a growing human population (FAO 2008; Maxmen 2013; FAO 2016). 

Chemical pesticides offer profound benefits to global communities, by controlling populations of 

pest species and disease vectors and thus increasing agricultural yield (Ecobichon 2001; Abhilash 

and Singh 2009; Handford et al. 2015). Growing awareness of the unintended deleterious 

ecological effects of indiscriminate use of pesticides has led to more stringent regulatory 

restrictions on many chemicals, but suitable and effective alternatives are sometimes not available 

(Nathan et al. 2007; Silva et al. 2011). Considering the potentially devastating effects pest insects 

can have on agriculture and food security, there is an urgent need to investigate and develop 

suitable ecologically benign replacements.  

During the assessment of new pesticides, it is common to investigate their toxicity to pest species 

by exposing insects to insecticide residues on an inert substrate such as glass vials, slides or petri 

dishes (Studebaker and Kring 2003; Miller et al. 2010). Exposure in these assays is often short, 

conducted over 24 h (e.g(Studebaker and Kring 2003; Smith and Hammond 2006; Lopez Jr et al. 

2008; Ayorinde et al. 2015) rather than days or weeks. This approach leaves a large margin for 

error, as pesticides may be affected by the substrate on which they are deposited, the duration of 

exposure of the target organism, and by climatic variables (Studebaker and Kring 2003). In 

addition, emerging evidence suggests that offspring of pre-exposed adult organisms may produce 

offspring that are either more or less robust to those same stressors (Piiroinen et al. 2013; Simon-

Delso et al. 2015). Thus, manipulative experiments that investigate the short-term effects of 

pesticides on single life-history stages may not accurately reflect the response of biota in the field. 
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Widespread use of pesticides can result in the development of pesticide-resistant target pest 

species, marking a genetic change in response to a chemically hostile environment (Feyereisen 

1995; Heckel 2012; Piiroinen et al. 2013). This trend has been reported in many insect species of 

agricultural and public health significance (Sexton et al. 2002; Heckel 2012). The immediate 

response by farmers and governing bodies has been to increase the amount of pesticide delivered 

to the system, a response that can ultimately drive for the selection of yet more resistant genotypes 

in target species (Feyereisen 1995; Heckel 2012). For example, Piiroinen et al. (2013) 

demonstrated that offsprings of parent Colorado potato beetle with a developed tolerance to 

pyrethroid insecticides displayed even higher tolerance to the same insecticides, under favourable 

temperature regimes. The combination of this beneficial physiological cross-generational effect 

with a changing climate may further increase the invasive capacity and range distribution of pest 

insects (Piiroinen et al. 2013). It would be prudent, therefore, when investigating the viability of 

pesticides, that researchers consider the potential for target species to acclimate either within 

single generations (via carry-over effects) or across multiple generations. 

Many studies that test the effects of pesticides do so using the active ingredients or pure 

compounds at technical grade, rather than the commercially available formulation (Nauen et al. 

1998; Suchail et al. 2001; Vontas et al. 2001; Kamel 2010). Recent work, however, has clearly 

demonstrated that commercial mixtures can be more toxic than the active ingredient alone (Howe 

et al. 2004; Sayim 2008; Puglis and Boone 2011). This difference has been attributed to the 

presence of additives included in commercial formulations (Howe et al. 2004; Sayim 2008; Puglis 

and Boone 2011). In addition, it is likely that field delivery methods and the components of the 

chemical matrix may further alter the effects seen in laboratory conditions. This suggests that 

manipulative experiments assessing the effects of technical grade products only do not accurately 

represent what biota experience under field conditions. To accurately predict how target and non-

target species are likely to respond to pesticides in the natural environment, both the technical 

grade active ingredient and the commercial formulation of pesticides should be tested, using a 

realistic delivery mode. 

Fruit flies from the family Tephritidae are pest species of major economic concern because of 

their short generation times (up to 6 generations per year under ideal conditions in some species), 

large population sizes and ability to breach quarantine barriers (Christenson and Foote 1960; 

Fletcher 1987; White and Elson-Harris 1992; Diaz-Fleischer and Aluja 1999; PHA 2008; FAO 

2016). Many species of fruit flies can cause substantial losses to fruit and vegetable crops and 

have severe economic flow on effects including direct yield loss, loss of market access and 

increased quarantine costs (White and Elson-Harris 1992; Clarke et al. 2005; Vargas et al. 2015). 
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In Australia, the Queensland fruit fly (Bactrocera tryoni) is the major horticultural pest and is 

known to occur in over 100 plant species, many of which are commercial fruit and vegetable 

crops (Drew 1982; Drew and Romig 1999; Hancock et al. 2000; Sutherst et al. 2000; Clarke et 

al. 2011; Dominiak and Daniels 2012). This Australian native species has repeatedly breached 

quarantine barriers within Australia. The economically important Fruit Fly Exclusion Zone and 

Greater Sunraysia Pest Free Area have recently had their ‘area free’ status revoked due to ongoing 

B. tryoni outbreaks (NSWDPI 2013; AV 2016a, b, c). Susceptible horticulture in Australia is

estimated by the Australian National Fruit Fly Strategy (NFFS) to be approximately AU$4.8 

billion p.a., with costs associated with fruit fly management estimated to be AU$28.5 million p.a. 

(Sutherst et al. 2000; NFFS 2010; Clarke et al. 2011) 

Resistance to pesticides is a major issue in pest management. Azadirachtin, a triterpenoid extract 

from the neem tree (Azadirachta indica A. Juss) (Figure 4-1), is widely cited as a promising 

biopesticide, less likely to lead to the development of resistance in exposed pest species due to 

the complex nature of neem formulations (Schmutterer 1990; Stark et al. 1990; Subrahmanyam 

1990; Mordue (Luntz) and Nisbet 2000; Koul 2004; Isman 2006; Alvarenga et al. 2012; Senthil-

Nathan 2013; Sarwar 2015). Neem-based biopesticides are biodegradeable, environmentally 

friendly and non-toxic to higher taxa. They have a systemic mode of action on over 400 pest 

species and are suited for mixing with other synthetic chemicals (Koul 2004; Nathan et al. 2007). 

Neem-based pesticides have been found to have several actions across all insect life stages, 

including disruption of molting hormones (ecdysteroids), adult sterility and as potent anti-

feedants to many insects (Subrahmanyam 1990; Puri 1999; Council 2002; Koul 2004; Mordue 

(Luntz) 2004; Singh 2010; Silva et al. 2011). Neem is a slow-acting insecticide and adult insects 

may remain active for up to two weeks after exposure. Deleterious effects to adult behaviour and 

physiology, however, result in an ultimate population collapse due to a reduction in reproductive 

capacity, or a reduction in population viability, due to non-lethal carry-over effects in offspring 

of treated adults (Council 2002; Koul 2004; Harrison et al. 2011). In an ecological context, carry 

over effects occur is any situation in which an individual's previous history and experience 

explains their current performance (O’connor et al 2014). 
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Figure 4-1 Azadirachtin A (molecular formula C35H44O16) is widely cited as a promising biopesticide. 

Image from ChemSpider (http://www.chemspider.com/Chemical-Structure.4444685.html). 

There have only been a handful of studies on the effects of neem on B. tryoni, all of which have 

focused on immediate deterrent or ‘knock-down’ effects (Hassan 1998; Lloyd 2004; Hidayat et 

al. 2013). More subtle carry-over effects of neem appear not to have been studied in this species 

to date. The objectives of this study, therefore, were 1) to compare the effects of technical grade 

azadirachtin to a commercially available neem product (eco-neem®) at environmentally relevant 

concentrations, and 2) to assess the potential role of carry-over effects on larvae by exposing 

adults to liquid protein lure baited with environmentally relevant neem concentrations. 

Information on hatch rate, larval size and larval stage was taken. We hypothesised that exposure 

of adults to neem and the technical grade azadirachtin would negatively affect the produced 

larvae, and that exposure to the commercial neem formulation would produce more pronounced 

effects than exposure to technical grade azadirachtin alone. 

4.4 Materials and Methods 

4.4.1 Animals and chemicals 

Pupae were sourced from the International Centre for Fruit Fly Research at Griffith University’s 

Nathan campus, Brisbane, Australia and held in a controlled temperature room set to 25°C with 

a relative humidity between 60 and 70%. Pupae were separated into stock cages at a rate of 

approximately 300 pupae per cage. Light was set to a 12 h photo period, with lighting staged over 

a 45 min period to simulate dawn and dusk. Sugar, water and yeast autolysate powder (MP 

Biomedicals, Protein (N × 6.25) 50 – 65%) were placed in each stock cage. Flies were allowed 

to feed ad libitum from the time of eclosion to ensure sexual maturation was achieved. An apple 

was placed in each stock cage. Once probing behaviour was observed in females after the seventh 

day of life, experimental flies were separated out into treatment cages.  
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Azadirachtin (Sigma-Aldrich, Castle Hill, Australia) was ~95% pure, while eco-neem® (Organic 

Crop Protectants, Turella, NSW) was a concentrated extract of Azadirachta indica containing 

11.8 g/L of azadirachtin A and B. 

4.4.2 Experimental approach 

Ten sexually mature B. tryoni, five of each gender, were exposed to 7 different treatments (four 

replicates each): control (protein lure), eco-neem® at 4, 20 and 100 μg/L of azadirachtin A and 

B (hereafter referred to as EN 4, EN 20 and EN 100, respectively), and azadirachtin alone at 4, 

20 and 100 μg/L (hereafter referred to as Az 4, Az 20 and Az 100, respectively). The 

concentrations of eco-neem® and azadirachtin were chosen to reflect a realistic range of expected 

environmental concentration after application of eco-neem® following the manufacturer’s 

instructions. Experimental solutions were made at 8, 40 and 200 μg/L of azadirachtin using either 

pure azadirachtin (from a 1 mg/mL stock, prepared in milliQ water and sonicated for 30 min) or 

using eco-neem® (from 11.8 g/L stock, as purchased) in milliQ water, and then mixed with an 

equal volume of protein lure (Fruit Fly Lure, Bugs for Bugs, Mundubbera, Australia) reconstituted 

in milliQ water for final concentrations of 4, 20 and 100 μg/L of azadirachtin active ingredient.   

Flies were exposed in each of 28 BugDorm™ insect rearing cages (MegaView Science, Taiwan) 

measuring 245 × 245 × 245 mm. In each cage, water in a 250 mL plastic container with a sponge 

wick was provided. Cages were randomly allocated to one of the 7 treatment levels. Three mL of 

experimental solution containing the allocated solution was provided in 50 mm glass dishes. 

Small squares of nylon tulle were placed in each food dish to form sufficient structure to allow 

flies access to food, and prevent drowning. Exposure lasted for 7 days, and animals were 

monitored and assessed every day (see Section 4.4.3). A pilot study was performed to ensure that 

flies fed on all concentrations of EN and Az.  

4.4.3 Data collection 

Three response variables were measured: total progeny, larval body length and larval body width. 

Each day, an apple dome was placed in each cage to act as an egging receptacle. Each apple dome 

was hollowed out and sealed to a petri dish using paraffin wax. Seven punctures were made in 

each apple dome with a hat pin to encourage oviposition (Drew 1987). Apples were left in the 

cages for a period of 24 h before being exchanged. Each apple dome was labelled appropriately 

and stored at 25°C for 2 d to ensure egg hatch. Control fruit was checked to confirm presence of 

active larvae prior to apple domes being frozen for analysis. This was repeated for 7 d. 
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Frozen apple domes were thawed and examined under a dissecting microscope (Nikon 

SMZ745T). Eggs and larvae were removed from the fruit tissue and the total number of eggs and 

larvae recorded. Replicate larvae from each treatment per day were pooled. Forty larvae per 

treatment per day were randomly selected from the total larval pool and mounted onto 

appropriately labelled slides. Remaining larvae were stored in 70% ethanol solution in a -20°C 

freezer. Slide mounted larvae were examined under a compound microscope (Olympus CX21) at 

4× magnification and measurements of larval body length and width were taken using an ocular 

micrometer which was calibrated using a stage micrometer for transmitted light (100 × 0.01 = 1 

mm). Similar to the method used to calculate approximate larval aggregation volume, described 

in Gruner et al. (2017), a simple equation was used to calculate approximate larval volume. B. 

tryoni larvae are approximately cylindrical in shape, therefore, approximate larval volume was 

calculated using the equation: volume (μm3) = Π × (width (μm) / 2)2 × length (μm).  

4.4.4 Statistical analyses 

The dependent variables (total progeny, larval body length and larval body width) were analysed 

using linear mixed models. Two factors were used in each analysis: Day (7 levels) was assessed 

as a repeated measure with the repeated covariance type set as compound symmetry, and 

Treatment (negative control, EN 4, 20, 100 μg/L and Az at 4, 20, 100 μg/L), set as a fixed factor. 

The model assessing total living progeny used day as a repeated measure, treatment as a fixed 

factor and the subject ‘cage’ as a random factor to control for interclutch variation. Production of 

progeny was expected to be unequal in some replicate cages (which differed among treatments 

through time, see SI Table 4-4). Therefore, to avoid potential bias, 40 larvae (subjects 1-40) were 

randomly selected form all larvae produced in each treatment on each day, to ensure a sufficient 

sample was obtained per treatment. The models assessing larval body length and width, therefore, 

used day as a repeated measure and treatment as a fixed factor.  

A range of models were assessed for fit using various goodness-of-fit statistics, which include; -

2 restricted log likelihood, Akaike’s information criteria (AIC) and Schwarz’s Bayesian criterion 

(BIC) goodness-of-fit statistics For all analyses, data were checked for homoscedasticity using 

standardised residual plots and normality using Q-Q plots. Data were transformed where required 

using a square root transformation due to an underlying Poisson distribution. In cases where 

significant differences were found, estimated marginal means were used to determine which 

means differed.  

Larvae from both EN and Az treatments were noted to look uncharacteristically large or small, 

raising questions about their ultimate viability. There is currently no formal deformity index for 

B. tryoni, so while larvae looked grossly abnormal (Figure 4-2), there was no established index
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to illustrate larval viability. In this study, approximate larval volume was used as a proxy for 

viability to provide a measure of the likelihood of larvae to survive to pupation. The average 

mortality for larvae under controlled laboratory conditions has previously been reported as 

approximately 15.3% (Yonow et al. 2004). This natural mortality was used as a reference to create 

a ‘normal range’ of larval size from the negative control group as a proxy for deformity and 

subsequent viability. Assuming a normal distribution, the natural 15.3% mortality was applied to 

the larvae where in the negative control group to determine lower (7.65th percentile) and upper 

(92.35th percentile) limits. Larvae calculated as being below or above the lower and upper limits 

were considered unusually small or large, respectively, and assumed less likely to survive. Neem 

is known to disrupt hormone production and, indeed, extracellular growth factors have been 

linked to the abnormal development of animal cells, resulting in abnormally large, or small, body 

sizes (Conlon and Raff 1999; Davidowitz et al. 2003; Shah et al. 2008). Data was assessed using 

chi square analysis to determine whether there was a significant effect of treatment on larval 

volume.  

Figure 4-2 Larvae varied in size in all treatments, including the control (a). Many larvae in the Az 4ppm 

treatments, throughout the exposure period, were short and wide (b). Other treatments had 

larvae that were noticeably large (c) or small (d) compared to the average and were predicted 

to be unable to survive through pupation to adulthood. 
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4.5 Results 

4.5.1 Total living progeny 

Total living progeny varied substantially through time, but their response depended on the 

treatment they were exposed to, resulting in a significant day × treatment interaction (Table 4-1, 

Figure 4-3).  Indeed, the production of progeny has been observed in previous studies to vary 

substantially through time, hypothesized to be due to natural egg production cycles (Fletcher 

1987) rather than the effect of pesticide exposure. 

Table 4-1 Results of linear mixed model comparing the mean living progeny produced by adult flies dosed 

with eco-neem® or azadirachtin between treatments over a seven day exposure period (Days 

1-7, n = 28)

Factor Numerator df Denominator df F P value 

Day 6 126.000 33.623 <0.001 

Treatment 6 21.000 1.712 0.167 

Day × Treatment 36 126.000 1.900 0.005 

Data were sqrt transformed. Df = degrees of freedom 

Over the seven day exposure period, a strong decline in the mean number of living progeny 

produced in the EN treatments was noted (Figure 4-3), with a total reduction of 92%, 65% and 

83% in EN 4, EN 20 and EN 100 treatments respectively, at day seven, relative to those observed 

at day one. Similarly, Az 4 and Az 20 showed a total reduction of 92% and 85% respectively, 

between days one and seven of exposure. Contrary to the patterns seen in other EN and Az 

treatments, mean living progeny recorded in the Az 100 treatment showed no statistical difference 

throughout the exposure period. 
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Figure 4-3 Average living progeny showed marked reduction between day one and day seven of adult 

exposure. EN 4, EN 20 and EN 100 showed 92%, 65% and 83% reduction respectively, with 

similar trends seen in the Az 4 and Az 20 treatments. 

4.5.2 Larval body length 

Larval body length varied through time, but as response depended on the treatment they were 

exposed to, there was a significant day × treatment interaction (Table 4-2, Figure 4-4a). Similarly, 

the most variation in length was observed on days six and seven of data collection, yet no 

meaningful conclusion was drawn from this data. 
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Table 4-2 Results of linear mixed model comparing mean larval body length in larvae produced by adults 

exposed to neem and azadiracthin treatments over a seven day exposure period. 

(Days 1- 7, n = 280). 

Factor Numerator df Denominator df F P value 

Day 6 1638.000 29.166 <0.001 

Treatment 6 273.000 12.840 <0.001 

Day × Treatment 36 1638.000 6.070 <0.001 

Data were sqrt transformed. Df = degrees of freedom 

On Average, flies exposed to EN 4 produced larvae that were substantially longer than larvae in 

all other treatments (Figure 4-4a). Larvae in the EN 4 treatment (1.74 ± 0.04 μm) were 16% larger 

than larvae in the control treatment (1.47 ± 0.02 mm) and 12 - 13% longer than larvae in the other 

EN treatments (Figure 4-4a).  

4.5.3 Larval width 

Treatment had a similar effect on larval body width as it did on larval body length. Variation 

through time depended on the treatment adults were exposed to, resulting in a significant day × 

treatment interaction (Table 4-2, Figure 4-4b). More variation in larval width was seen in days 

six and seven of data collection, however no meaningful conclusion could be drawn.  

Table 4-2 Results of linear mixed model comparing the mean larval body width in larvae produced by 

adults exposed to neem and azadirachtin treatments over a seven day exposure period. 

(Days 1- 7, n = 280). 

Factor Numerator df Denominator df F P value 

Day 6 1638.000 22.919 <0.001 

Treatment 6 273.000 16.729 <0.001 

Day × Treatment 36 1638.000 3.893 <0.001 

Data were sqrt transformed. Df = degrees of freedom 

Flies exposed to Az 4 produced larvae that were, on average, substantially wider than larvae 

produced in all other treatments Figure 4-4a). Larvae in the Az 4 treatment (0.49 ± 0.015mm) 

were, on average, 15% wider than larvae in the Az 20 (0.40 ± 0.01 mm) and 16 % wider than 

larvae in the Az 100 (0.41 ± 0.01 mm) treatments (Figure 4-4b).   
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4.5.4 Larval volume as a proxy for estimated survivability 

Although variations were seen in length and width across days and treatments, a meaningful 

pattern was not evident. We, therefore, considered the viability of offspring by characterising 

fitness as approximate body volume relative to control offspring. Based on previous studies that 

have reported an average of 15.3% mortality in fruit fly larvae under normal laboratory conditions 

(Yonow et al. 2004), we determined the ‘normal’ range for larval body volume by using 7.65th 

percentile of the control population as the lower bound for volume and the 92.35th percentile of 

the control population as the upper bound for volume, i.e. any progeny whose calculated volume 

was above or below these bounds was considered abnormal. 82.9% of larvae in the control 

treatment were considered to fall within ‘normal’ range. Calculated upper and lower bounds for 

the control were then applied to the data from each treatment (Figure 4-5). All treatments showed 

fewer larvae within normal bounds, with higher proportions of larvae either in the “too small” or 

“too large” categories (Figure 4-5). Since abnormal growth, large or small, is linked to reduced 

fitness (Conlon and Raff 1999), we suggest abnormally sized larvae have lower survival potential. 

Importantly, we observed a potential reduction in surviving larvae of between 9 and 14% in EN 

treatments and between 19 and 26% in Az treatments.  

Figure 4-5 Estimated proportion of surviving larvae based on a reported 15.3% mortality rate in laboratory 

reared flies under regular laboratory conditions (Yonnow et al. 2004), applied to body volume 

as a proxy for retardation. Both neem and azadirachtin treatments at all concentrations 

significantly reduce the estimated proportion of larvae surviving to the next generation.  



 

100 

 

There was a significant difference in the percent larvae in each group (“abnormally small”, 

“normal” and “abnormally large”) between treatments (𝜒12
2  P < 0.001, Value = 62.566). The 

proportion of larvae in the normal range of each Az treatment differed significantly from the 

control (Figure 4-5).  

4.6 Discussion 

Treating adult B. tryoni with neem reduced the overall number of living progeny by between 83 

and 92% from day one to day seven of data collection (Figure 4-3), with the exception of the 

azadirachtin 100ppm treatment. This large reduction in progeny may indicate an accumulative 

effect of the toxicant on the adult insect. Azadirachtin is a known insect sterilant (Schmutterer 

1988) and the reduction in living progeny reported here may be indicative of the early onset of 

sterility in the exposed adults. Indeed, Silva et al. (2013) reported a similar trend in Mediterranean 

fruit fly (Ceratitis capitata) exposed to neem extracts, where fecundity was reduced through time 

in accordance with increasing neem concentration. Reduction in the number of progeny produced 

would help reduce the number of pests emerging, thereby increasing the efficacy of other control 

measures and adding to the suppressive pressure of integrated management programs. Although 

affected by lower concentrations, flies treated with 100ppm technical grade azadirachtin produced 

progeny in numbers comparable with the negative control treatment. This may be evidence of 

homeostatic modulation induced by the technical grade Azadirachtin, whereby adult flies in the 

Az 100 treatments are stimulated to produce similar numbers of progeny to those under control 

conditions, despite the impact of the azadirachtin (Ferguson and Chapman 1993, Cohen 2006, 

Guedes et al 2009, Guedes et al 2010, Guedes and Cutler 2014). To more fully explore this 

response, more testing must be done using higher concentrations of both commercial neem 

products and technical grade azadirachtin to establish whether this response is indeed evidence 

of homeostatic modulation or hormesis (See Guedes and Cutler 2014) and whether this trend will 

be expressed by adults exposed to commercial neem as well as technical grade azadirachtin. More 

research is needed to fully understand the effect of increasing exposure dose to azadirachtin and 

eco-neem® in this species. 

  

The effects on larval width and length were less evident. Although large variation in body size 

measurement was apparent on days 6 and 7 of data collection, no particular trend was observed. 

Topical application of neem extracts on laid eggs, reportedly, has few effects on embryonic 

development (Schmutterer 1990). The variation in size parameters reported here, however, 

indicate that there may be more effect on the development of juvenile stages produced by exposed 

adults. There is evidence in the literature to suggest that overcorrection of growth may occur in 
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response to low level stressors (Stebbing 1982; Deng et al 2016), which may help to explain the 

variation in larval body size observed here. Further study on the mechanism behind observed size 

differences, however, must be completed (Guedes and Cutler 2014). This study did not account 

for deleterious effects to the larval endocrine system, and, although larvae produced in some 

treatments appeared to be larger, this may not be representative of a true benefit. Experimental 

duration must also be extended, and progeny of exposed adults be allowed to develop and 

reproduce, until such time when a developmental terminus is reached, or until cross-generational 

persistence of beneficial traits can be confirmed (Magiafoglou and Hoffmann 2003; Piiroinen et 

al. 2013). 

 

Upon dissection of apple domes, it was noted that larvae from certain treatments, particularly 

those in the Az 4 treatment, appeared abnormal (Figure 4-2). This raised an interesting question 

as to whether the increase in size noted was beneficial, or a potential indication of abnormal 

development and thus, reduced likelihood of survival. When the noted average mortality for 

laboratory reared flies was used to determine upper and lower size limits as a proxy for deformity, 

and applied to each treatment, both azadirachtin and eco-neem® appeared to have the potential 

to suppress larval survival (Figure 4-5). This was most notable in the Az 4 treatment, however 

EN 20 and Az 100 also showed statistically similar reduction in survival likelihood (Figure 4-5). 

It appears that neem, in both the commercial form and technical form has the potential to act as a 

larval suppressant in this species. 

 

While larvae produced by adults exposed to the lowest concentration of azadirachtin (4 μg/L) 

were generally larger in overall size, the survivability index suggests that this increased size may 

not necessarily be a beneficial response. These results suggest that there is a potential for further 

cross-generational carry-over effects. Neem chemicals have deleterious effects on protein 

synthesis and adult sterility, however much testing in reduction of fertility and fecundity has 

focussed on the female. Future experiments should examine adult sterility, by quantifying the 

effects of neem on oocyte and spermatocyte production (Silva et al. 2013). Protein estimations 

performed on all life stages would also allow a more complete assessment the impact of neem 

chemicals, particularly on cuticle development in larval stages (Subrahmanyam 1990; Alvarenga 

et al. 2012; Senthil-Nathan 2013; Sarwar 2015). It would be pertinent to assess the entire life 

cycle of offspring produced by adults pre-exposed to neem chemicals to determine the extent of 

effects of neem on the new generation and detrimental effects on progeny due to carry-over effects 

(Harrison et al. 2011; Senthil-Nathan 2013).  
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In concentrations below those exhibiting an anti-feedant effect, neem may be regarded as being a 

suitable addition to protein based food lures (Koul 2004; Nathan et al. 2007; Mahmoud and 

Shoeib 2008) for use in control of pest fruit fly species. Under field conditions, food substrates 

are selected at the adult insect’s discretion and, where a more suitable substrate is on offer, it is 

likely that it will be selected over the baited lure. Protein based food lures are more attractive to 

sexually immature B. tryoni, so this may be a source of limitation in field application, with current 

protein lure formulations. Neem is not a knockdown chemical, instead adversely affecting the 

target pest species population more slowly than the immediate and comprehensive impact of 

traditionally used organophosphate chemicals (Smirle and Wei 1996; Council 2002; Koul 2004). 

Evidence presented here suggest that neem chemicals may act to supress the offspring of treated 

sexually mature adults, however this effect will not be seen for some time (Singh 2003; Koul 

2004; Nathan et al. 2007, Silva et al. 2013). This is a major change in terms of pest control 

satisfaction for growers who generally prefer the immediate response of traditional pesticides.   

 

Results often differ when testing pesticides under laboratory conditions, compared to field 

conditions where multiple, potentially interacting stressors are present. Toxicity of the active 

compound/s may be altered (Howe et al. 2004; Sayim 2008; Puglis and Boone 2011) and climate 

variables such as UV, rainfall and humidity may negatively affect the longevity of chemicals in 

the field (Studebaker and Kring 2003). It is known that neem is extremely labile when exposed 

to sunlight (Sundaram and Curry 1996), and breakdown may be hastened by rainfall (Puri 1999). 

Future experiments should assess neem in the full protein lure matrix under environmentally 

conditions, as demonstrated in these experiments. Manipulative laboratory testing under varying 

field conditions will allow a proper assessment of the interactions in a controlled environment, 

while simultaneously simulating the effects of natural stochastic events and climate change 

parameters (Studebaker and Kring 2003). This data will be important in determining appropriate 

delivery for baited lures in the future. 

 

Changing the paradigm of pest control will take time, as will adjustment to cross generational 

suppressive strategies. Working with the agricultural system, employing more environmentally 

benign pest management treatments and integrating multiple pest control methods will result in 

appropriate control of pest populations and a healthier environment.  
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4.9 Supplementary Information 

Table 4-3 Number of larvae recorded in each replicate cage in each treatment on each collection day. 

Number of larvae recorded differs in each treatment through time. 

Day Cage Control EN 4 EN 20 EN 100 A 4 A 20 A 100 

1 1 31 73 102 69 210 41 140 

 2 28 102 51 102 181 150 106 

 3 118 160 72 68 116 176 89 

 4 9 137 77 46 210 244 74 

2 1 0 83 78 23 151 61 74 

 2 79 70 78 113 157 55 30 

 3 93 138 30 91 25 115 17 

 4 33 63 0 0 49 51 208 

3 1 67 54 37 0 151 42 77 

 2 160 67 104 202 147 14 129 

 3 79 72 0 184 202 178 104 

 4 81 0 0 0 123 56 138 

4 1 10 54 59 0 140 54 71 

 2 183 19 26 82 81 0 97 

 3 141 33 27 42 85 111 53 

 4 24 58 23 0 118 39 128 

5 1 4 0 54 0 174 76 60 

 2 167 1 63 78 38 70 45 

 3 131 66 62 14 103 99 103 

 4 15 41 0 0 146 33 165 

6 1 17 11 72 0 40 56 159 

 2 44 0 83 180 100 18 63 

 3 130 61 88 30 156 98 104 

 4 9 56 0 0 86 0 99 

7 1 0 0 19 0 14 20 93 

 2 121 0 40 43 0 4 80 

 3 48 12 47 7 25 64 73 

 4 24 29 0 0 14 0 168 
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CHAPTER 5 

General discussion 

5.1 General discussion 

The Queensland fruit fly (Bactrocera tryoni) is the most economically important pest fruit fly 

species in Australia, and is feared internationally for its capacity to breach quarantine barriers via 

human mediated transport (Allwood and Drew 1997; Dominiak and Ekman 2013). Restrictions 

placed on chemicals used to control this pest (APVMA 2016) coupled with range expansion under 

a changing climate have seen this species invade and establish in economically sensitive growing 

regions (NSWDPI 2013; AV 2016a, b). Currently, many towns in the Greater Sunraysia Pest Free 

Area are under chemical control programs to eradicate these flies in a bid to maintain access to 

domestic and international markets (AV 2016b, a). There is a pressing need to investigate the 

biology of this species more intensively and develop new, environmentally friendly control 

measures to complement existing techniques. 

Although there is a significant body of work available on B. tryoni in the scientific literature, there 

are still significant knowledge gaps that ought to be investigated. The overall objective of this 

research project was to investigate the reproductive cycle of this fly to elucidate points in the 

reproductive process where pest management techniques may be applied to interrupt the life cycle 

and suppress subsequent generations. Chapter 2 identified important gaps in the literature using 

a systematic quantitative literature review methodology to rationalize deeper investigation into 

the reproductive cycle. The aim of Chapter 3 was to begin addressing the paucity of information 

available on the reproductive cues, and the potential of a natural bio-pesticide as a population 

suppressant was investigated in Chapter 4 using manipulative experimentation.  

Integrated management programs are slated as the way forward in pest control (Smith et al. 1997; 

Kogan 1998; Ehler 2006; Parsa et al. 2014), however, in many locations, under current pest 

density, and with the current techniques, the level of control required to avoid economic injury 

appears unachievable. To improve these programs, a more thorough understanding of this species 

is necessary. Chapter 2 explored the primary literature published in the past 20 years (1996 – 

2016) using the PRISMA protocol (Moher et al. 2009), and identified several key areas of 

weakness. Research on the biology and pest control application made up the larger part of the 

literature (39% and 35% respectively), as expected; however, much of the work done on the 

biology of B. tryoni was geared towards improving the performance of mass reared flies for use 
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in Sterile Insect Technique (SIT) programs. Indeed, the majority of studies done on the control of 

this species (79%) were focussed on SIT, post–harvest and monitoring research. Integrated 

management schemes, bio-pesticides and Male Annihilation Technique (MAT) accounted for 

only 18% of the total literature on pest control. There has been an exceptionally poor amount of 

ground broken in the search for, and development of, new methodologies to complement those 

currently in use.  

 

Reproductive behaviour accounted for only 8% (15 papers) of total literature analysed in this 

study. Although there is some early work on host discrimination in B. tryoni (Fitt 1984), egg 

deposition patterns appear to have not been investigated. Variables including pH, soluble solids, 

and firmness at the direct local scale could determine suitability for egg deposition sites (Díaz‐

Fleischer and Aluja 2003; Papadopoulos et al. 2004; Papachristos et al. 2008). Sensilla on the 

ovipositor are likely to be used to assess these variables (Zhang et al. 2012). Results from Chapter 

3 demonstrated that eggs were not seen to be deposited into the fruit tissue every time a gravid 

fly inserted her ovipositor. The absence of eggs in some punctures suggest that the ovipositor is 

used for investigation of potential oviposition sites, prior to oviposition taking place and that 

particular sites were rejected as “sub-optimal” for egg maturation and larval development. Using 

video analysis, it was demonstrated that gravid female flies were able to discriminate between 

unblemished fruit and fruit infested with third stage larvae. This discrimination was often 

observed to occur in less than 30 s, indicating that information on host fruit receptivity to egg 

deposition was gathered via sensory organs on the tarsi, labella and antennae. Further, flies were 

observed to spend significantly more time on non-infested fruit. This supports theories that once 

larvae are present in fruit tissue, the resulting chemical changes act as a deterrent to gravid 

conspecifics (Fitt 1984; Averill and Prokopy 1987; Prokopy et al. 1989).  

 

The goal of integrated management programs is to reduce the insect pest population to below 

levels of economic injury (Knipling 1972; Klassen 2005). Neem has long been praised for its 

suitability for incorporation into integrated management due to high target specificity and low 

toxicity in the environment and non-target species (Koul 2004; Mordue (Luntz) 2004; Nathan et 

al. 2007; Singh 2010). Neem not only has anti-feedant and deterrent properties, but is a systemic 

toxicant affecting protein synthesis, sterility and hormone production (Subrahmanyam 1990; Puri 

1999; Council 2002; Koul 2004; Mordue (Luntz) 2004; Singh 2010). Results presented in Chapter 

4 demonstrated the potential of neem as a population suppressant in B. tryoni. Treating adult B. 

tryoni with neem reduced the overall number of progeny by 11 - 31% and when the noted average 

mortality for laboratory reared flies was used to determine upper and lower size limits as a proxy 
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for deformity, both azadirachtin and eco-neem appeared to have the potential to suppress larval 

survival.  

 

Developing a more thorough understanding of reproductive biology is a vital part of our 

understanding of this economically important pest species. Expansion into new areas of research 

on B. tryoni appears to be particularly slow, with an apparent preference to adhere to improving 

existing methods. Chapters 3 and 4 suggest that we are searching for pest control strategies too 

far removed from the day-to-day habits of the insect. Analysis should be performed at the 

immediate micro-scale to determine oviposition signals deciphered by the ovipositor. Indeed 

volatile chemicals released from potential larval host tissues must also be profiled and analysed 

to assess which are the attractant and deterrent signals that affect oviposition behaviour. Neem, 

long used in pest management by the peoples of India (Immaraju 1998), may form a useful tool 

in pest management strategies worldwide; however, it may be worth in the Australian context to 

investigate native fruiting plants that do not play host to wild B. tryoni within its historic native 

range. A full and comprehensive list of rainforest host plants has not yet been compiled on B. 

tryoni. Fruiting plants that do not play host to B. tryoni are likely to exist, and may provide 

opportunities to develop novel deterrent methodologies. Increasing our understanding of the 

biology of this species will allow for the development of new, environmentally benign 

management techniques.   

5.2 Future work 

Our progress in developing our understanding of B. tryoni is hindered by several key factors. 

Much of our experimentation is carried out with pest management as a primary goal. This leaves 

much of our biological, genetic, biochemical and geographic dispersal knowledge limited. 

Although much of this project was focussed on ultimately supporting the development of new 

control methods, this study focussed on developing our understanding of the biology of this 

species under environmentally relevant conditions, as much as was feasible. For example, fruits 

used in Chapter 3 were fresh, in season and known to be preferred oviposition substrates of B. 

tryoni. Pre-made punctures were not used in this series of experiments, so the flies were forced 

to replicate natural behaviours in order to locate an oviposition site. Results presented here 

suggest that chemical signals emitted from fruits must be investigated more thoroughly and 

rigorously to determine attractant and deterrent signals for oviposition site choice. The 

electrophysiology of the ovipositor should also be investigated, to help elucidate chemical signals 

within the fruit tissue. Chemical signals from fruits and electrophysiology were identified as key 
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weak areas of research in Chapter 2. Solid investigation into these areas could lead to the 

discovery of attractant or deterrent signals that may be amplified and used in the field for control.  

 

Although the experiments in Chapter 3 yielded useful results, it would be far more ideal if this 

set of experiments were completed under semi-natural conditions, using fruit that remained 

attached to the parent plant. Although results presented here provide good baseline indication of 

natural processes, there are several key factors that could not be assessed here within the 

limitations of this project. There is a complex interaction between insects and their host plant. 

The response of host plants to larval presence, and the effects that this relationship has on progeny, 

were unable to be studied here (Anderson and Anton 2014; Hilker and Fatouros 2015). This 

relationship is likely to play an important role in the behaviour of flies and bears investigation. 

Further, field cages would allow a known number of flies to be released and monitored, yet reduce 

the competition seen in these experiments. A semi-natural conditions approach to these 

experiments would yield more environmentally relevant results. Investigations under semi-

natural conditions using intact host plants will also further our understanding of host plant 

interactions. 

 

In order to move beyond current limitations we must be willing to design and carry out 

multi-faceted studies based on real-world scenarios. For example, although adding important 

information to a particularly understudied area, the only study done on pupal survival in soil 

(Hulthen and Clarke 2006) used soil that was free of predators and pathogens. This experiment 

may have yielded biased results by not including these natural factors. Climate variables including 

UV, precipitation, humidity and temperature, which may all be affected by climate change are 

particularly relevant and should be included in future experiments where possible. This should 

not be limited to one facet of our research, but applied to all field applicable areas. The importance 

of incorporating multi-factor experimental design to test the interactive effects of environmental 

stressors will yield higher quality results, with more field relevant application.  

 

For example, many chemicals are known to undergo photodegradation, including neem 

(Sundaram and Curry 1996). It is important, therefore, to test chemicals such as neem under a 

range of environmentally relevant UV intensities. The delivery method will also affect the 

longevity of a product in the environment. Replicated in Chapter 4, neem was given to the flies 

in a protein lure matrix. It would be pertinent, therefore to investigate the effect of 

environmentally relevant conditions on the neem product formulated in the manner it is to be 

distributed to the pest population. 
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The results of Chapter 4 were not as conclusive as they may have been, although the weight of 

the evidence still indicates that neem may have deleterious effects on larval survival. The initial 

experimental design of the work in Chapter 4 was to allow a subsample of larvae to mature until 

they reached a terminus stage, or matured into adults. Unfortunately, despite repeated attempts, 

this was ultimately not possible due to unforeseen equipment and environmental complications. 

Ideally, it would have been satisfying to repeat the experiments reported in Chapter 4 on sexually 

immature adult flies. It is hypothesized that there would be stronger effects on larvae produced 

by neem-exposed adults who had not ingested sufficient, uncontaminated, protein prior to egg 

development and maturation. Indeed, a decrease in fertility may occur as neem is known to 

interrupt sexual maturation. This is particularly important, as protein baits are most attractive to 

sexually immature females.  

Some work has been done on improving protein baits, as identified in Chapter 2 (Balagawi et al 

2012, 2014). The preferred location in the tree and preferred time of day for protein foraging has 

been studied, however little work has been done on investigating why this food source is not as 

attractive as other, opportunistic sources. Bird faeces, for example has been demonstrated to be a 

preferred food substrate (Warburg and Yuval 1997; Aluja and Birke 1993) yet this source is only 

attractive for a limited time. A single study was found that tested the effect of natural food sources 

on the sexual development of B. tryoni, however all food sources were offered in a dry form. This 

study provided essential information, however, results were not representative of field conditions. 

Bird faeces, for example, is only fed upon whilst fresh. This may be due to degradation of 

chemical attractants, but it may also offer lower quality nutrients as the deposit ages.  

The study of the literature, and indeed previous research by the author, has not yielded a full study 

into the natural habitat of B. tryoni. Many partial records exist with observational evidence 

suggesting host plants, however it appears that there has been no large scale investigation into the 

natural ecology of this fly. A thorough investigation into the natural habitat and interactions with 

Australian Native fruiting plants is well overdue and essential to more fully understand this 

species. 

5.3 Conclusion 

The desire to control pest populations of B. tryoni in the field must not be limited by continual 

revision of current methodology. Instead, new pathways to understanding the workings of this 

insect are vital in allowing this field to progress. Indeed, the future of pest control research as a 

whole is not in revisiting work that has already been done, but in forging new collaborative 
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partnerships across fields of science to answer bigger questions than those we are currently 

asking. In the interests of the environment, future studies should consider the multifaceted nature 

of the environment in which these pests live including predator-prey interactions, impacts of 

management strategies on the ecosystem and the impacts of climate variables on pest biology and 

management strategies; the impacts that the changing climate has on pest distribution and biology 

of pest species and how management strategies will compete with these changes; and how we are 

best able to work with our environment, rather than against it, to achieve suitable levels of pest 

control. 
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