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The chemical ecology of the oriental fruit fly Bactrocera dorsalis
and the potential for novel odor-based management tools

Abstract
Over the last few years, several tephritid species have invaded sub-Saharan Africa,

competitively displacing native fruit fly pests, and severely affecting horticulture
production. In two different farming scales, small and large, we verified the influence of
suppressing the invasive Bactrocera dorsalis using the male specific attractant, methyl
eugenol (ME), formulated in SPLAT-spinosad. In small-scale farm plots, use of ME did
reduce B. dorsalis populations, but population levels remained high throughout the study.
In mark-release-recapture studies, male flies were found to disperse fast and beyond one
km from the release point. In large-scale farm plots, the invasive pest was controlled
within eight months of suppression using ME-based suppression in combination with
other pest management techniques. However, this was paralleled by a quick resurgence
of the native fruit fly Ceratitis capitata, likely due to competition release. Targeting
female fruit flies using techniques that rely on the olfactory sensitivity of the flies, may
support direct and more selective ways to control fly populations. Host fruits as well as
proteins produced during fermentation are important resources for tephritid fruit fly
nutrition and reproduction. This study wused gas chromatography-coupled
electoantennography detection (GC-EAD) to test the physiological response of
economically important tephritid pest species to host fruits and commercially available
food-baits. This was compared to the published database of odorant receptors of
Drosophila melanogaster. We postulated that volatiles shared across fruits and detected
by several fly species may comprise general fruit compounds important in host
orientation. Selected blends, composed of 6 or 11 fruit compounds were more attractive
to B. dorsalis than full fruit odor in a multi-choice olfactometer assay. Species-specific
and general blends identified from food-baits were more attractive to B. dorsalis. The
study underlines the potential of comprehensive database of olfactory sensitivity in the
rational design of novel synthetic attractants, or for augmenting existing ones. The study
also provides a platform to develop both species-specific attractants and multi-species
attractants for tephritid fruit flies.
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1 Introduction

The world population is increasing in alarming rate adding 83 million people
every year (WPP, 2017) and creating a higher food demand globally (Godfray
et al., 2010; Tilman et al., 2011). This is even worse in developing countries like
sub-Saharan Africa where the agricultural output may not suffice the
increasingly growing demand of the population (Ittersum et al., 2016). This gap
can be narrowed down through sustainable intensification of crop production.
Horticulture production in sub-Saharan Africa is a potential sector that could be
intensified further (Broeck & Maertens, 2016), and because of its higher profit
margin offers a key benefits to lift smallholder farmers out of poverty.

The humid and warm temperature of sub-Saharan Africa is a suitable production
site for variety of fruit crops. Fruit production in sub-Saharan Africa is directly
associated with the livelihood of small-scale farmers (Ekesi et al., 2011). Besides
private consumption, small-scale farmers gain some income by selling fruits to
local markets or neighbourhoods. In addition, fruits provide indispensable
micronutrients that are vital to alleviate the problem of malnutrition in
developing countries (Tontisirin et al., 2002). Thus, intensifying the horticulture
production in sub-Saharan Africa benefits not only small-scale farmers, but
could also improve economic and social development. It could also become an
important component to combat the world’s main problem of hidden hunger and
food security (Joosten et al., 2015; Broeck & Maertens, 2016).

There are many factors that hinder the intensification of horticulture production
in developing countries. One of which is the damage caused by Tephritidae fruit
fly pests (Ekesi et al., 2011; Badii et al., 2015). In sub-Saharan Africa, alien pests
such as Bactrocera dorsalis, previously misclassified as the African invasive
fruit fly, B. invadens (Schutze et al., 2015; Schutze et al., 2017), have aggravated
the existing problems caused by native tephritid fruit fly species (Ekesi et al.,
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2016). The damage caused by Tephritidae fruit flies could be direct due to loss
of fruits for consumption and loss of income due to market closure, or it could
be indirect when fruits damaged by fruit flies become vulnerable and susceptible
to pathogenic microorganisms (Ordax et al., 2015), as well as due to quarantine-
measure induced restricted access to high-end markets. An intensified use of
pesticides for fruit fly control and associated costs can also be considered
indirect losses: the resulting increased use of pesticides not only harms the
farmers’ health but also disturbs the ecosystem (Aktar et al., 2009). Therefore,
an environmentally safe and sustainable fruit fly control system is required.

The use of organic compounds such as pheromones and kairomones in pest
control is a novel strategy for sustainable and environmentally sound control
system (Pickett et al., 1997). Fruit fly control strategy is mainly based on attract
and kill techniques of male fruit flies using male attractants (parapheromones)
combined with toxicants (Vargas et al., 2010). However, the damage starts upon
oviposition of female fruit flies, for which the control system is not well
developed. Fruit flies are attracted to pheromones, parapheromones, host fruits
and fermented products for lekking, feeding, mating and ovipositing (Epsky et
al., 2014; Quilici et al., 2014; Tan et al., 2014). This attraction is mediated
through an insect’s olfactory organs, the antennae and the maxillary palp.

In this thesis, we assessed the potential of using parapheromones (male lures),
and its effect on local tephritid guild, and the importance of farm scale in
suppression of B. dorsalis in large-scale and small-scale farming settings in
Ethiopia.  The study also used gas  chromatography-coupled
electroantennography, and identified antenna active compounds from host fruits
and food-based baits, compared it to olfactory receptors of Drosophila
melanogaster and developed blends that could be used to attract female fruit
flies.



2 Background

2.1 Economic impact of tephritid flies in Africa

Horticultural crop production is a major component for the economic
development of most African countries. It is a vastly growing agricultural sector
and a well-recognized source of income for smallholder farmers (ISHS, 2015).
In rural areas where there is high production of fruits and vegetables, horticulture
production offers one of the most important opportunities for employment and
revenue, increased access to education, healthcare, food and nutritional security
and socio-economic development opportunities particularly for women and
children (Weinberger & Lumpkin, 2007). However, the expansion of
horticultural production and its international trade are greatly increasing the risk
of transferring alien fruit flies within Africa and from & to other regions of the
world (Duyck et al., 2004).

Fruit flies are major constraints to the economic development of the horticulture
sector (Ekesi et al., 2011; Badii et al., 2015). Several species of fruit flies exist
in Africa that are known to attack different types of commercial as well as wild
fruits and vegetables, causing considerable damage to the horticulture industry.
African fruit production is also vulnerable to invasion by alien fruit flies from
other tropical regions, which is exacerbated by the lack of local expertise,
affordable technologies and satisfactory quarantine services for the management
of fruit flies (Duyck et al., 2004; Ekesi et al., 2009).

Heavy fruit fly infestation seriously reduces the quantity of marketable fruits and
vegetables and thus, increases production costs. For example, out of the annual
African production of millions of tons of mangoes half is destroyed by fruit flies
(Ekesi et al., 2016). In 2009 only in Kenya 80% of all the fruits were infested
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with B. dorsalis that lead to an annual loss of 76000 tons of mangoes. In Benin
fruit infestation reached as high as 73%, with sanitary operation leading to
extreme measures of uprooting mango trees (De Meyer et al., 2009).

Indirect losses resulting from quarantine restrictions imposed by fruit importing
countries to prevent entry and establishment of unwanted fruit fly species can
also be enormous. Mozambique lost 10% of its banana export revenue because
of B. dorsalis infestation and the resulting quarantine measures. Today there is
a continuous threat of border closure. In 2008 Kenya lost 1.9 million USD in
export of avocado only to South Africa (Ekesi, 2010).

In Ethiopia, Upper Awash Agro-Industry Enterprise (UAAIE), which is the
largest producer of a variety of fruits and vegetables for local and export markets,
the native fruit fly Ceratitis capitata and a species that recently invaded the farm,
B. dorsalis, are the key pests that cause serious infestations (Dessie, 2014). The
native species alone caused annual loss of about 1500 tons of orange and
mandarin while, the invasive species caused a complete loss (100%) of guava in
2013, a year after its introduction (Dessie, 2014). The continuous high level of
infestation eventually led to complete removal of guava trees, a heavily infested
crop, in 2016 (personal observation).

The effect is more severe in smallholder farming communities, where damage
translates directly into livelihood, food and nutritional security. For instance, in
Arbaminch, Ethiopia, a smallholder fruit production area of natural importance,
huge amount of mango alone was lost by B. dorsalis infestation since 2007. This
has severe consequences, since mango alone generates a significant amount of
revenue for the rural households of the area (Piet et al., 2012).

2.2 Management of tephritid fruit flies

The damage caused by tephritid fruit flies may reach up to 100% in unmanaged
orchards (Vayssieres et al., 2009; Ekesi et al., 2016). Fruit fly management is
vastly reliant on cultural methods such as orchard sanitation, use of broad-
spectrum protein bait sprays, mass trapping using male lures (male annihilation)
and introduction of natural enemies. All these techniques have been
implemented effectively either singly or in combination against tephritid fruit
flies. Below is a short description of currently available control methods.



2.2.1 Cultural control methods

The most common cultural control method is field sanitation; it is a method by
which infested or fallen fruits are removed from the orchard and buried in the
soil to a depth where adult flies could not survive or emerge from. This method
is laborious and time consuming, but effective when implemented properly and
in combination with other control measures (Pifiero et al., 2009). The
disadvantage of field sanitation is that natural enemies would also be buried
together with the infested fruits. However, augmentoria can compensate for this
(Deguine et al., 2011). Augmentorium is a tent like structure used to enclose
infested fruits. It is made of fine mesh that prevents fruit flies to pass through,
but allows the smaller parasitoids to escape.

Other traditional cultural methods involve early harvesting, bagging fruits and
soil disturbance (Sarwar, 2015). Wrapping individual fruit requires considerable
time and labor but it is relatively inexpensive, easy to implement, prevents
physical injuries and it is suitable for smaller orchards or small-scale farmers. In
addition, it provides farmers a dependable estimation of anticipated produce.
Disturbing the soil through ploughing and flooding exposes pupae for unsuitable
climatic conditions leading to higher mortality rate (Verghese et al., 2004).

2.2.2 Classical biological control

Classical biological control remains an important method to mitigate invasive
pests. Braconidae parasitoids are the major natural enemies of Tephritidae. The
common Fopius arisanus is an egg-pupal parasitoid that has been successfully
established in Hawaii and French Polynesia to control B. dorsalis (Vargas et al.,
1993). Following release in several African countries in 2006, F. arisanus
caused, depending on the fruit, up to 40% parasitization in B. dorsalis (Ekesi et
al., 2016). Similarly, it caused significant reduction in fruit damage with up to
65% parasitism of Bactrocera, Ceratitis and Anastrepha spp. (Vargas et al.,
2013).

Predators can also impact fruit flies. Besides frugivorous vertebrates such as
birds and rodents (Drew, 1987), ants such as Oecophylla longinoda (the weaver
ant) (Van Mele et al., 2007; Van Mele et al., 2009) and wasps such as Vespula
germanica (Hendrichs et al., 1998) are promising predators of Tephritidae.
Weaver ants reduce fruit damage not only by larvae or adult predation but also
by causing disturbance and hindrance during adult oviposition. The deterrence
could be physical and visual, but also olfactory as lab and field results point to a
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long-range cue left by weaver ants that deter insects, including flies (Van Mele
et al., 2009; Adandonon et al., 2009).

Fruit flies are also susceptible to entomopathogenic fungi such as Metarhizium
anisopliae and Beauveria bassiana and their toxic metabolites (Castillo et al.,
2000; Ekesi et al., 2002; Dimbi et al., 2003). The fungi can be used in
combination with attractants to reduce longevity of flies (Ekesi et al., 2007).
However, biopesticides kill over time, providing females with ample opportunity
to oviposit their egg load. Formulation also requires considerable input and
training of farmers. However, promising results have been reported on the effect
of biopesticides on population levels of B. dorsalis and other fruit fly species
(Vayssieres et al., 2009).

2.2.3 Control using male lures

Control with male lures (male annihilation technique) is the most widely used
and reliable method in fruit fly control (Vargas et al., 2009; Tan et al., 2014). It
is the main component of sterile insect technique and Integrated Pest
Management (IPM) programs of fruit fly control (Shelly et al., 2010; Barclay et
al., 2014). Although, the basis of attraction and mechanism of detection are not
clear, male fruit flies of Tephritidae are highly attracted to different groups of
male attractants. For instance, males of B. dorsalis and B. zonata are highly
attracted to methyl eugenol (benzene, 1,2-dimethoxy-4-(2-propenyl)), while Z.
cucurbitae and B. tryoni are attracted to cuelure (4-(p-acetoxyphenyl)-2-
butanone) and C. capitata and some other Ceratitis spp are attracted to
trimedlure (cyclohexanecarboxylic acid, 4(or 5)-chloro-2-methyl-, 1,1-
dimethylethyl ester).

Male lures combined with different types of toxicants are currently used to
mitigate population of tephritid fruit flies in different areas of the world
(Christenson et al., 1963; Tan et al., 2014; Ekesi et al., 2016). However, in this
strategy only males are affected and male lures other than methyl eugenol (i.e.
against other species than B. dorsalis and relatives) are much less effective.
Additionally, selective suppression of one species may give rise to competition
and resurgence of other species that share the same ecosystem. Therefore,
alternative approaches that target females and other fruit fly species are much
needed.



2.2.4 Control using Protein baits

Soon after emergence, both male and female fruit flies require proteinaceous
food for survival and sexual maturation. Protein bait traps capture both sexes,
with a bias for female, which need proteins for developing eggs (Drew & Yuval,
1999). Protein / fermentation based attractants combined with toxicants have
been used in traps for monitoring, and sprayed on the orchard floor to suppress
fruit fly populations (Prokopy et al., 2003). Protein bait traps improve
surveillance of tephritid fruit flies that have no known male lures. Yet, compared
to male lures, protein baits are non-selective and affect beneficial organisms
(Leblanc et al., 2010a; Leblanc et al., 2010b; Leblanc et al., 2010c), less
effective, and have a very short field life so that constant replacement is required
and are short-range attractants (McQuate & Follett, 2006). Thus, development
of inexpensive female lures that are selective, long lasting and attract females of
multiple tephritid species could significantly improve intervention.

2.3 Invasion and competitive displacement

When an exotic species invades an area, it can create adverse effects on the
habitat, both from the economic and ecologic perspective. It can, threaten
ecosystem function and biodiversity (Charles & Dukes, 2008). Invasive species,
as indicated by the name, are characterized by a set of life history traits that
provides them an advantage to utilize available resources efficiently and
outcompete native species (Peacock & Worner, 2008). High dispersal ability,
phenotypic plasticity, rapid growth and fast reproductive rates are among the
traits that favor an invasive alien species over indigenous guilds (Moran &
Alexander, 2014). However, the ability of an invasive species to dominate a
niche also depends on the strength and form of its competitive interactions with
species in recipient niche, its own competitive ability, climatic factors and
availability of natural enemies (Whitney et al., 2008).

Depending on the competitiveness, invasion results in displacement of one
species or, a stable coexistent or unstable coexistence of both species occurs.
Usually, if the interspecific competition is weaker than intraspecific competition
stable equilibrium exists, otherwise the superior competitor forcefully excludes
the inferior competitor from the habitat (Duyck et al., 2004). As a result, the
inferior competitor differentiates its niche, or becomes extinct from that specific
locale. A strong interspecific competition is unlikely to occur between stably
coexisting species, although it may initially be observed on arrival or
introduction of a new species, which shares resource with indigenous species.
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Despite strict quarantine regulations, fruit flies in the family Tephritidae, which
include several polyphagous fruit fly pests, have managed to invade and
establish in many countries and across continents (Duyck et al., 2004). Human
activities and global commercialization of fruits have accelerated the
introduction of fruit fly species into new areas. These new areas, however, were
not necessarily fruit fly free. Indigenous fruit flies or previous invaders that are
established in the area may have already occupied them (Duyck et al., 2004). As
a result, any new comer (invader) faces / causes a competitive challenge by / on
the recipient community that are already well established, which are either native
guilds or previously established exotic pests.

Among Tephritidae, Bactrocera spp. and Ceratitis spp. are globally frequently
recorded invaders, typically the former invades and competitively dominates the
latter, whereas the opposite has not been reported yet (Duyck et al., 2004). For
instance, the invasion of B. dorsalis in Africa and its negative effect on
population levels of the native Ceratitis cosyra is a recent phenomenon (Ekesi
et al., 2009). Much focus was then towards suppression of the population of the
invasive species in Africa (Ekesi et al., 2011). However, the effect of targeting
a single species is not known, and suppressing the invasive species may lead to
resurgence of the native fruit fly guild.

2.4 Biology and ecology of Tephritidae

Gravid female Tephritidae uses its long and sharp ovipositor to penetrate the
skin of fruits, bends the ovipositor and deposit elongated eggs within the skin of
the fruit (Fig 1), eggs are usually white to creamy yellow in colour. Under
optimal conditions, for most tephritids, it takes around two days for larvae to
hatch and find their way to the fleshy part of the fruit. The larval stage with its
three instars takes approximately two or three weeks to complete, after which
the third instar larvae exits the fruit for pupation. Pupation generally occurs in
the soil and the pupa stage lasts for about twelve days. Once emerged, to obtain
the required nutrients adult flies feeds on a variety of organic matters including
honeydew, bird excrement and decaying material which are ideal sources of
minerals, vitamins, carbohydrates and proteins, that are fundamental for survival
and reproductive maturation. Within a week after emergence adult flies become
sexually mature and mating followed by oviposition succeeds (Fletcher 1987).
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Figure 1. Life cycle of the Oriental fruit fly Bactrocera dorsalis: eggs hatch in
1-2 days, larvae development takes for about two weeks, and pupation lasts up
to 12 days, adults emerge and mating starts within 5 days.

Factors such as rainfall, temperature, relative humidity, photoperiod and host
plant availability affect the distribution and population density of Tephritidae in
general (Chen & Ye, 2007). Most Tephritidae flies, including B. dorsalis, prefers
tropical savanna, humid continental, and subtropical and oceanic climatic zones
and tolerate tropical rainforest and monsoon climatic zones. Predictions indicate
the current increase in global temperature and the decrease in cold stress puts
temperate regions at risk for B. dorsalis invasion (Sridhar et al., 2014).

2.5 Gaps in Chemical ecology of Tephritidae

The early discovery of parapheromone (Howlett, 1912) and its efficiency in
attracting males fruit flies seems to have to some extent overshadowed progress
on finding female attractants. The term parapheromone was coined to describe
the very strong attraction by one of the sexes, similar to sex pheromones in
insects, although the compound is not produced by either sex (Sivinski &
Calkins, 1986).

The study of the chemical ecology of Tephritidae fruit flies started as early as
1912 when Howlett accidentally discovered male B. zonata flies attracted to
citronella oil. Three years later he identified the active ingredient methyl eugenol
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(Howlett, 1912; Howlett, 1915). Other male lures were also discovered and
synthesized, such as trimedlure and terpinyl acetate for Ceratitis spp. and cuelure
for some Bactrocera, Dacus and Zeugodacus spp. such as B. tryoni, D. africanus
and Z. cucurbitae respectively. Male Tephritidae are strongly attracted to male
lures (Manrakhan et al., 2014). Tephritidae male lures are not produced by either
of the sexes, but either they are found naturally from plant sources or some are
synthesized in the lab (Sivinski & Calkins, 1986). Of Tephritidae male lures
identified so far, methyl eugenol is the most attractive compound that
additionally has a phagostimulant effect. Parapheromones are used extensively
in control strategies of several Tephritidae pests. In spite of their significance,
nothing is known about the detection circuitry that produces sexual dimorphic
behavior to these compounds, and differences therein between species.
Revealing the mechanism of parapheromones detection is highly relevant, as its
understanding may provide additional tools for rationally designing baits that
target females (Benelli et al., 2014; Tan et al., 2014).

The chemical ecology of female Tephritidae is not well understood. It is known
that female fruit flies manifest some sort of host preference, which may be
variable depending on the region or province (Goergen et al, 2011;
Rwomushana et al., 2008). Fruit fly species range from specialist to generalist.
For example, B. dorsalis is generalist, but prefers mango and guava to other
fruits, Z. cucurbitae has a preference for cucurbitaceous plants, but also oviposits
on other fruits, and B. oleae is specialist on olives. It is not known if the mode
of feeding and host preference is correlated with changes in the olfactory
circuitry of Tephritidae. Maybe generalists have conserved olfactory receptor
neurons and specialists, as observed in Drosophila sechellia, have lost some of
these neurons on the expense of others (Dekker et al., 2006; Ibba et al., 2010).

Changes in the olfactory circuitry that leads to preference may occur either in
the periphery organs or inside the brain mainly in the antennal lobe. For instance,
in D. sechellia the sensilla that detects methyl hexanoate, an important Morinda
fruit odor, are more abundant on the antenna compared to its sibling D.
melanogaster. Also in the antennal lobe, two of the glomeruli that receive the
input from those overrepresented neurons are enlarged compared to D.
melanogaster. This switch in morphology is correlated to D. sechellia’s
preference to the toxic Morinda fruit (Dekker et al., 2006; Ibba et al., 2010).
Such glomerular enlargement is also observed in larger sized worker ants of two
closely related species Atta vollenweideri and Atta sexdens, interestingly the
location of the enlarged glomeruli is inverted in the two species and small sized
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ants have similar sizes of glomeruli throughout the antennal lobe (Kleineidam et
al., 2005).

In Rhagoletis pomonella, variation in sensitivity and temporal firing patterns of
olfactory neurons is presumed to have shaped fruit preference and contributed
to reproductive isolation and sympatric speciation (Linn et al., 2003; Olsson et
al., 2005a; Olsson et al., 2005b). It is not known if such variation exists in other
tephritids such as Bactrocera species and if fruit preference and attraction to
male lures is correlated with any change in the olfactory system of Bactrocera
flies. Different sexes of most Tephritidae behave differently in their response
towards some sexually important odors such as pyrazines and male lures (Benelli
et al., 2014). However, it is not clear where this dimorphism lies in the olfactory
system. Sexual dimorphism in size of glomeruli has been observed in Hawaiian
Drosophilidae, where the volumes of two adjacent glomeruli are 3-6 times larger
in males than in females (Kondoh et al., 2003). Also in Manduca sexta laterally
enlarged glomerulus only in females is associated with processing cues
important for host location and oviposition (King et al., 2000).
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3 Obijectives

The main objectives of the works described in this thesis were

» To investigate the potential of Tephritidae male lures and its effect in
intervention at small-scale and large-scale benchmark sites.

» To develop an effective attractive blend from host odors for female B.
dorsalis.

» To provide a GC-EAD based fruit-odor olfactome of four Tephritidae
pest species to four different major and minor host species to be of use
in the rational design of novel attractants or for augmentation of existing
ones.

» To develop both species-specific attractants and multi-species
attractants for tephritid fruit flies from food-baits.
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4 Methods

4.1 Experimental insects

4.1.1Bactrocera dorsalis (Hendel)

Bactrocera dorsalis (the oriental fruit fly) is an Asian origin highly invasive,
polyphagous pest damaging a wide variety of fruits and vegetables (Duyck et
al., 2004; Clark et al., 2005). So far it has been recorded from 478 kinds of host
plants (USDA APHIS, 2016). It is now distributed in more than 65 tropical and
subtropical regions including sub-Saharan Africa, Oceania and North America,
and prefers an optimum temperature that ranges between 25 — 30 °C (Stephens
et al.,, 2007; Wan et al., 2011). These flies have a strong flying capacity, very
high dispersal potential (Chen et al., 2015), excessive reproduction ability and
high biotic potential with females laying 1200 — 1500 eggs throughout lifetime
(Weems et al., 2012).

4.1.2 Bactrocera zonata (Saunders)

Bactrocera zonata (the peach fruit fly) is also a polyphagous fruit pest native to
South and Southeast Asia. It is a close relative and resource competitor of B.
dorsalis, which is currently distributed in more than 20 countries including India,
Pakistan, Mauritius, Réunion, Arabian Peninsula and North Africa. Its recent
observation in Sudan illustrates a southward invasion threat towards sub-
Saharan regions of Africa (Satti, 2011), and to subtropical Mediterranean
regions (Duyck et al., 2004). Just as B. dorsalis, B. zonata adults are highly
invasive, strong fliers, and have high reproductive potential with females laying
up to 564 eggs.
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4.1.3 Bactrocera oleae (Rossi)

Bactrocera oleae is an African origin (Nardi et al., 2005) monophagous pest, the
larvae of which feeds exclusively on wild and cultivated Oleae spp. (Daane &
Johnson, 2010). It is found in countries where olive fruits are cultivated, such as
in Southern Europe and America. Wild relatives are found in some parts of
Southern and Eastern Africa and Réunion (Nardi et al., 2005,). Females could
lay up to 500 eggs.

4.1.4 Ceratitis capitata (Widemann)

The Medfly C. capitata is a disastrous, invasive fruit pest endemic to sub-
Saharan Africa and found over a large area of Africa and South America. It has
been introduced to the Mediterranean region and distributed throughout
temperate, subtropical and tropical zones of the world. Ceratitis captitata is
highly polyphagous that completes development in a wide range of hosts 353
species of plants belonging to 67 families (Copeland et al., 2002; De Meyer et
al., 2002; Liquido et al., 2013). Ceratitis capitata is able to tolerate colder
climates and resist habitat fluctuations.

4.1.5 Zeugodacus cucurbitae (Coquillett)

The melon fruit fly, Zeugodacus cucurbitae is an agricultural pest that originated
from Asia (De Meyer et al., 2015). It is widely distributed throughout the
temperate, tropical and subtropical regions of the world in which the optimal
temperature ranges between 17 °C - 33 °C (Dhillon et al., 2005; Mir et al., 2014).
Zeugodacus cucurbitae is an oligophagous pests which has been recorded from
more than 125 host species, however, cucumber (Cucumis sativus ) is one of the
most preferred hosts (Dhillon et al., 2005; Pifiero et al., 2006). Zeugodacus
cucurbitae usually rests and mates on non host plants, only gravid females travel
to host plants for oviposition. The female can lay as many as 1,000 eggs. Unlike
other fruit flies, the larvae could develop on the placenta of the fruit and other
plant organs such as stems, leaves, flowers and root nodules (Dhillon et al.,
2005).

4.2 Olfactometer bioassays

Two choice and multi-choice behavioural experiments were conducted to assess
the behavioural responses of tephritid fruit flies to different odor sources. The
two-choice experiment was performed using a Y-tube bioassay apparatus (Fig
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2), whereas the multi-choice experiment was performed using custom designed
cubic glass cage with six circular holes on the top (Fig 2). In both setups a pump
generated air, received through Teflon tubing, was charcoal filtered, humidified
and controlled in a flow meter, before reaching the odor sources and carrying
the plume towards the point where flies were released.

Light source
L —
71N Flow-meters

) ‘ Va) :
Odor source __| [/ Fiter paper
chamber T
= C N =

= | -
/’ == Light diffracting ____ B Air pump
Y-tube panel 2
Disposable plastic — ¢y / \ o~ M\u__fiytraps
funnel cups PATSES) /

N Pl =
Teflon tubing | ' FIy releasing — S / S
N )i tube \-‘uhric /_/
@ J Modified cups \ < Fly collecting

N —— —— holes (every
AR lateral side)

Air-tight boxes

Flow-meter — ||

Flight arena =~

Air wash .
bottles it Air pump

t Fly releasing hole

Figure 2. Schematic design of the Y-tube and the multi-choice olfactometer
apparatuses used in behavioral bioassays. In both setups a pump generated air,
received through Teflon tubing, was charcoal filtered, humidified and controlled
in a flow meter, before reaching the odor sources and carrying the plume towards
the point where flies were released

4.3 Electrophysiological Experiments

Electrophysiological experiments were conducted using gas chromatography-
coupled to electroantennography detection (GC-EAD) apparatus. Flies at the
right physiological stages were mounted by immobilizing the fly body in a
pipette tip while letting part of the head out and exposing the antennae for
recording. Recordings were made using Ag-AgCl glass electrodes filled with
ringer solution. The temperature of the GC oven was programmed so that as
temperature rose over time, samples injected were separated and split equally to
the flame ionization detector (FID) and to the mounted antennae (EAD). Signals
from the FID and EAD were amplified converted to a digital signal and
displayed on a computer (Fig 3).
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Figure 3. Schematic drawing of Gas chromatography-coupled to electro
antennography detection (GC-EAD) apparatus. Samples injected into the
injector joins the carrier gas and travels through the column, the effluent is then
split into two detectors (FID) and to the fly antennae (EAD). These will be
amplified and the output will be displayed on a computer.
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5 Results and Discussion

5.1 Part 1: Effect of suppression of the invasive
Bactrocera dorsalis on the native pest Ceratitis
capitata

Following rolling out an intervention program in the large commercial guava
orchard, we observed a rapid decline of B. dorsalis during eight months of
applying a combination of various management tools, including the use of
parapheromones. Although this illustrates the potential of male-lure-based
techniques for suppression of the invasive pest, the selective suppression of B.
dorsalis caused a resurgence of native tephritid pest populations, highlighting
the need for combinatorial tools that target several Tephritidae. We showed that
in small scale farming systems, male annihilation alone could reduce the
population level of B. dorsalis, but population still remains far above economic
threshold. We also showed the attractiveness of the combined lure (CL)
compared to its individual components (ME, TML, TA) were variable in
commercial and smallholder orchards. In commercial orchards, the CL and the
individual lures (TML & TA) captured similar numbers of C. capitata, which
became dominant after suppression of B. dorsalis. Meanwhile, the presence of
terpinyl acetate (TA) and trimedlure (TML) in the CL didn’t affect the capture
of B. dorsalis (Fig 4). In small-scale orchards, the population of C. capitata
captured in the CL were significantly lower than C. capitata populations
captured in TML & TA. This could be due to the very high population of B.
dorsalis suppressing trap entry of C. capitata in the small-scale orchard plots.
However, there was no significant difference in the population of B. dorsalis
captured with CL & ME (Fig 4). In agreement with our finding, traps baited with
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the combination of ME and cuelure (CUE) attracted similar numbers of Z.
cucurbitae as CUE alone. However, when B. dorsalis populations are very
dominant, the use of mixture of ME and CUE is not recommended (Vargas et
al., 2000), because of trap entry interference.
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Figure 4. Lure comparison in the commercial orchards (UAAIE, top graph) and
smallholder orchards (Arbaminch, bottom graph). Both C. capitata and B.
dorsalis were caught in the trap with the Combined Lure (CL).
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Although in the small-scale orchards, application of male lure-based suppression
reduced the B. dorsalis population, levels remained very high. This is either due
to the gradual degradation of the lure and the killing agent (spinosad) or due to
the high dispersive ability of the flies beyond several farmers plots or a
combination. In mark-release-recapture study, we showed that flies dispersed
throughout the study area, despite having ME traps at or nearby the releasing
plot (Fig 5). The recapture rate of both green and blue marked flies was generally
low, with those released 3 d prior to placement of the traps lower than those
released at the same time of trap placement, particularly for traps within a 500
m distance from the release point (Fig 5). This clearly suggests that in
smallholders farming areas in Africa, where neighborhood farmers own a small
orchard, fly control with male annihilation, and likely with any other technique,
requires concerted efforts by the farmers and area-wide management.
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Figure 5. Mark release recapture of blue and green marked B. dorsalis fruit flies
released before and after trap set up at the small-scale farming setting. Note that
a lake was located around 150 m East from the release point. Hence there were
no traps in that area. Most fruit-producing farms were situated North and North
East from the release plot.
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5.2 Part 2: Potential of host fruit volatiles for developing
novel female attractants

As a first step to identify odors that attract ovipositing females to potential
oviposition sites, we confirmed that intact fruits as well as headspace of fruits
were attractive to males and females of B. dorsalis in an olfactometer two choice
assay. We used GC-EAD to surface which compounds in these blends were
detected by the B. dorsalis antenna. Recordings from distal and medio-central
parts of the antenna showed responses to a number of compounds from each fruit
species with a higher depolarization observed from the distal recording. All
compounds eliciting a response from the medio-central part of the antenna also
elicit responses from the distal part, but not vice-versa (Fig 6).
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Figure 6. Gas chromatography-coupled electroantennography detection
responses of female Bactrocera dorsalis to ripe mango volatiles, using distal and
medio central recordings.

We constructed a GC-EAD-based fruit-odor olfactome of four Tephritidae pest
species to four different major and minor host species. We also showed how
these over evolutionary time have been to differing degrees conserved between
closely and distantly related Tephritidae pests. Further, we quantified the
sensitivities of tephritid antenna by measuring the amplitudes of antennal
responses, and compared it with an existing database of odorant receptors of D.
melanogaster, DoOR (Miinch & Galizia, 2016). We found that compounds
shared among several fruits tend to be detected by all tephritid fruit flies tested.
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On the basis of these shared compounds, we subsequently designed blends that
attracted B. dorsalis in the laboratory (Fig 7).
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Figure 7. A heat map from left to right shows 1) CAS number to the compounds,
2) functional classes of the compounds 3) sensitivity of the for fruit fly species
(B. dorsalis, B. zonata, C. capitata and Z. cucurbitae) to compounds in the four
fruits (mango, guava, orange and banana) with the FID area in white, and 4)
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olfactory response of D. melanogaster to the compounds. The chemical groups
include Alkane (light blue), Ester (dark blue), Terpenoid (light green) and other
(dark green). The average relative sensitivity of the fly’s antennae ranges from
light gray (0) to dark pink (>6 mv). The olfactory receptors response of D.
melanogaster increases from dark to pink, white bar indicates compounds not
present in the DoOR database.

5.3 Part 3: Potential of food-baits to develop novel
female tephritid attractants

Based on antennal responses we provide an approach to the development of
protein-based synthetic lures, using five tephritid species to identify 13
physiologically active compounds from food-based fermentation products (Fig
8). Each species tested has a unique response profile to the compounds, and
species-specific blends of synthetic compounds were formulated. The specific
blend for B. dorsalis (dorsablend) was highly attractive in the laboratory, while
the other species (B. zonata, C. capitata and Z. cucurbitae) responded variably
to their own specific blends. Translation of the dorsablend from laboratory to
field trials was not as expected, but traps baited with dorsablend were selective
to females of B. dorsalis, and it is a promising start to the development of a
highly specific bait trap.
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6 Future perspectives

In an ecosystem where more than one species of tephritid fruit fly pests are
problems, targeting a single pest unlikely results in fruit protection. This
suggests that there is an urgent need to develop a sustainable and
environmentally safe method that suppresses multiple tephritid pests from a fruit
fly infested area. It has been shown that different male lures could potentially be
combined in a single trap and can be used at least in orchards where pests exist
at equilibrium (Vargas et al., 2000 and Chapter I). Still, for pests whose females
initiate the damage, male annihilation alone may not be sufficient. Therefore,
future researches should focus on developing a single bait that attracts females
of multiple tephritid species. Not only this makes control systems economical,
but also avoids competition outbreaks as a result of suppressing a single pest.

What mechanisms are involved in attracting male tephritds to a single compound
such as methyl eugenol? And why is there no such compound that attract female
fruit flies? These are two very important questions, which, if examined properly,
could potentially change current tephritid chemical ecology research
approaches. We now know that the maxillary palpae of tephritid fruit flies is
very important in detecting pheromones and parapheromones of different types
(unpublished data). But, this detection is not solely through the palpae, the
antennae also detect parapheromones and pheromones. The search for female
attractants should also focus on compounds detected by the palpae, and should
include an exploration of functional divergence of the antennal versus palpal
detection. The paucity of studies on the palpae may be a reason why tephritid
research conducted in the laboratory are not one-to-one translatable to the field
(Chapter I1I).

The importance of fruit volatiles or fermented volatiles in attraction of fruit flies
is an old discovery, however progress in this area seems to have been slackened
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due to the discovery of efficient male attractants (parapheromones). In this
thesis, based on our results, we speculate that shared volatile compounds of hosts
are doorways for polyphagous fruit flies, that is, it may indicate the presence of
some sort of substrate for oviposition or lekking, and non-shared or fruit specific
volatiles might be used for further fine-tuning the niche of a species. This,
however, needs to be studied further and the database and methods produced in
this thesis (Chapters II & III) could be used as a framework.
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