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ABSTRACT

The melon fly, Zeugodacus cucurbitae (Coquillett), is a serious pest of cucurbits, tree
fruits and related crops in most continents of the world, including Africa. To manage the
pest, most farmers in sub-Saharan Africa rely on synthetic chemicals which have
detrimental effects to the environment and the habitat. Excessive use of chemicals may
also lead to development of pest resistance and Z. cucurbitae has reportedly shown the
most increased resistance to the used insecticides. For sustainable cucurbit production,
alternative methods for the management of fruit flies, that are economically sustainable
and environmentally friendly, are recommended to reduce overreliance on chemical
usage. The objective of this study was to identify and evaluate the best fungal isolate for
management of Z. cucurbitae in cucurbits. Pathogenicity of thirteen isolates of
Metarhizium anisopliae and two of Beauveria bassiana against Zeugodacus cucurbitae
adults was evaluated in the laboratory. Adult fruit flies were exposed to 0.3g of dry
conidia, evenly spread on a contamination device and mortality monitored daily. All
isolates tested were pathogenic to the adult melon fly and mortality ranged between 20 -
94% at 5 days’ post treatment. The most pathogenic isolates were ICIPE 18, 30 and 69
causing the highest mortality of 87%, 81% and 94% respectively at 5 days’ post
treatment. The LTso values of the most pathogenic isolates ranged between 4-5 days.
Two of the most promising isolates were tested on pupa emergence by spraying
suspension of different concentration of the selected isolates on soil before introduction
of mature (last instar) larvae. The fungi was able to suppress emergence to a range of 3 to
52%. The concentration of 1 x 108 mI/10” of both ICIPE 18 and 69 isolates was the most
effective causing mortality of 53% and 74% respectively. The three selected isolates,
were then assessed against Z. cucurbitae adults at temperature regimes of 15, 20, 25 and
30°C. The optimum temperature for all isolates was found to be 25 and 30°C. Mortality
from the three isolates ranged between 28.8% and 90% across the different temperatures.
The isolates ICIPE 69 and ICIPE 18 recorded the highest mortality of 82% and 90% and
the shortest LTso values of 2.61 and 2.63 days, respectively, at 30°C. However, ICIPE 69
had the highest conidia production of 90.5 x 107 at 30°C and was therefore selected for
global mapping to predict its efficacy against Z. cucurbitae using the geospatial
temperature data layer and the best fitted quadratic model. The map showed that the
isolate would be highly effective in the tropics than in temperate climates. Laboratory
tests confirmed compatibility of the selected ICIPE 69 isolate with Cue-lure, a
commercially available attractant on adult melon fly. In addition, laboratory bioassay to
test the potential for horizontal transmission showed that males and females exposed to
M. anisopliae conidia (donors) became infected and exhibited 100% mortality. The
recipients resulted to male and female mortality of 97% and 86% respectively, after 10
days of exposure, thus confirming the ability of fruit flies to transmit inoculum to other
flies. It was also shown that the fungus affects the number of eggs oviposited, although
the hatchability is not affected. This therefore identifies ICIPE 69 as a potential isolate
for the management of melon fly with effective results at optimum temperatures and can
be used together with the Cue-lure in the field set up.

Xiii



CHAPTER ONE

INTRODUCTION
1.1 Background Information
About 70% of people living in Sub—Saharan Africa practice agriculture on small scale
and this provide around 80% of their food supply (AGRA, 2014). Agricultural sector
contributes to about 30% of the GDP and is a source of both direct and indirect
employment in Kenya (Diao et al., 2010). Among different sectors in Kenya, horticulture
sector has grown to become the second largest foreign exchange earner. The sector is also
a major contributor to food needs in the country as well as direct and indirect
employment (Badii et al., 2015). Kenya’s ideal tropical and temperate climatic condition
makes it favorable for production of wide range of fruits, vegetables and flowers (AFA,
2016). However, the industry faces significant challenges, including poor production and
market systems, rising cost of inputs such as fertilizers and agrochemicals, lack of
technical knowhow, germplasm conservation and the changing biotic and abiotic

environmental factors (Tshilidzi et al., 2016).

Globally, cucurbits are widely cultivated and consumed and they are a good source of
several vitamins and minerals (USAID, 2014). They are ranked among the major
vegetable fruits grown in Kenya and exported abroad for their nutritional value and
economic significance as foreign exchange earners (Tshilidzi et al., 2016). The major
species of cucurbits grown in Kenya are butternut (Cucurbita moschata), pumpkin
(Cucurbita maxima), cucumber (Cucumis sativus), courgettes (Cucurbita pepo), and
watermelon (Citrullus lanatus) (AFA, 2016). Production of cucurbits is however, faced
by various constraints, key among them is the infestation by tephritid fruit flies (Shafiq et
al., 2012). The fruit flies are known to cause huge economic losses not only to cucurbits

but to the horticulture industry at large (Badii et al., 2015).

Cucurbits are among the major hosts of fruit flies recorded in different countries and this
makes them vulnerable since they attack them (Leblanc et al., 2012). The losses caused
can be direct or indirect. Female fruit flies lay eggs under the skin of the fruits. The eggs

hatch into larvae that feed in the decaying flesh of the crop and the infested fruits quickly



rot and become inedible or drop to the ground causing direct losses (Magagula and
Nzima, 2013). There are also indirect losses associated with quarantine restrictions. Fruit
fly infestation and sometimes the mere presence of the flies in a particular country may
restrict the trade and export of fruits to markets abroad (Vargas et al., 2015). The primary
tephritid fruit flies that cause the highest percentage of losses in Africa have been
documented to be in the genera, Bactrocera, Ceratitis and Dacus (Soto et al., 2016).
Pests from the genus Bactrocera are the most destructive insects because the adults have
high dispersive powers, reproductive rate and are extremely polyphagous (Dhillon et al.,
2005).

In the genus Bactrocera, Peach fruit fly (Bactrocera zonata), melon fruit fly
(Bactrocera/Zeugodacus cucurbitae) and oriental fruit fly (Bactrocera dorsalis) are the
three most notorious, destructive and widespread species of fruit flies in the tropics
(Ahmad and Ali, 2014). There are more than 125 plant species, belonging to different
families, which are considered hosts of Z. cucurbitae (Weems et al., 2018). Different
studies have however shown that cucurbit hosts are most preferred over non-cucurbit
hosts (Mwatawala et al., 2009). Zeugodacus cucurbitae causes direct losses in the yield
and affects marketability of fruits and in addition, poses considerable threats to the
quarantine security and thus to international horticultural trade throughout the world
(Shafiqg et al., 2012).

Currently, applied integrated pest management (IPM) techniques for pest fruit flies
include attract-and-kill (e.g. male annihilation technique and mass trapping) using a male
lure such as Cue-lure, field sanitation, protein baits, biological control with braconid
parasitoids, and sterile insect releases (Leblanc et al., 2013). One of the mostly used
method for the management of Z. cucurbitae is the use of insecticides, which may be
unfriendly to the environment and to the consumers, and can lead to development of
insecticide resistant pest populations (Ryckewaert et al., 2010). This has resulted in the
rising need for searching for biological control alternatives. Various isolates of
entomopathogenic fungus (Metarhizium anisopliae, Beauveria bassiana and Isaria

fumosorosea) have shown effectiveness against some other fruit fly species e.g. Ceratitis



capitata (Khlaywi et al., 2014). The study was aimed at selecting and evaluating the

efficacy of entomopathogens for the control of Z. cucurbitae.

1.2 Problem Statement

Some cucurbits are generally regarded as major horticultural crops in Kenya because of
the role they play in improving food and nutritional security. However, their production
is highly constrained by pests, especially tephritid fruit flies which are the most notorious
causing a loss of 30-100%. In Kenya, tephritid fruit flies are classified as quarantine pests
and have led to the banning of some crops from being exported. Zeugodacus cucurbitae
is among the most destructive pests in cucurbits and is ranked highly in the quarantine list
and is a major threat to horticultural production in Africa. The problem is compounded
by restricted use of chemical pesticides, which cause adverse effects to environment and
human health and introduction of the uniform enforcement of strict quarantine and
maximum residue levels (MRLs) in the horticultural markets. Excessive use of chemicals
also leads to development of pest resistance and Z. cucurbitae has reportedly shown
increased resistance to the used insecticides (Vontans et al., 2011). This underscores the
need to look for alternative control methods for this destructive pest. Current use of
entomopathogens in pest control offers a cost-effective and efficacious alternative to
chemical insecticides. However, the effectiveness and efficacy of entomopathogens for
the control of Z. cucurbitae has not been exhaustively assessed, hence this study.

1.3 Justification

Due to the many limitations of chemical control of tephritid fruit flies, there is need to
explore alternative control methods, for management of Z. cucurbitae. Biological control
using entomopathogenic fungus has been shown to be effective in controlling different
species of tephritid fruit flies (Qazzaz et al., 2015). This method is more sustainable
compared to chemical control since it’s safe to human beings, the environment and to
non-target organisms. The method is also cheaper in the long term. Various isolates of B.
bassiana and M. anisopliae have shown pathogenicity to larvae and adults of C. capitata,
C. cosyra, C. fasciventris, C. rosa and C. anonae in the laboratory and in the field

(Khlaywi et al., 2014). However, there are limited studies on pathogenicity of



entomopathogenic fungus to Z. cucurbitae. Identification of the efficacious
entomopathogens for the control of Z. cucurbitae will significantly reduce problems
faced by not only the cucurbit farmers but also the horticultural industry at large.
Following the identification of the most effective entomopathogenic fungal isolates, it
was prudent to investigate their effectiveness in different thermal conditions, and their
compatibility with commercially available pheromone lures. This enabled issuance of
proper recommendations to the farmers whose adoption will contribute significantly to
the management of Z. cucurbitae and reduce the cost of production and yield losses
associated with the pest. This will subsequently increase farmers’ income, improve their

livelihoods and contribute to food and nutritional security in Kenya.

1.4  Research Hypotheses

1. There is no significant difference in virulence to Z. cucurbitae among different
isolates of entomopathogenic fungus.

2. Temprature has no significant effects on efficacy of selected fungal isolates in the
control of Z. cucurbitae.

3. There is no compatibility between selected fungal isolates and a commercial
pheromone lure.

4. Horizontal transmission of fungal spores from infected to healthy flies is not effective
as a management strategy for melon fruit flies.

1.5 Research Objectives

1.5.1 Broad Objective

To identify and evaluate the best fungi isolate(s) for biological management of Z.

cucurbitae and hence contribute to the control of Z. cucurbitae infesting cucurbits.

1.5.2 Specific Objectives

1. To select entomopathogenic fungi isolate(s) with high virulence to Z. cucurbitae.

2. To evaluate performance of the selected isolate(s) under different temperature
regimes.

3. To evaluate the compatibility of the selected isolate(s) with a commercial pheromone

lure (Cue-lure).



4. To evaluate the effectiveness of horizontal transmission of fungal spores from

infected to healthy flies as a management strategy of melon fruit fly.



CHAPTER TWO
LITERATURE REVIEW

2.1 Cucurbits and their Production in Kenya

Cucurbits belong to the family Cucurbitaceae, which is a taxonomic unit containing
essential vegetables that are important sources of vitamins, minerals and fiber (Abbey et
al., 2017). They are among the largest group of tropical vegetables, consisting of the
cucumber (Cucumis sativus), bitter gourd (Momordica charantia), bottle gourd
(Lagenaria siceraria), pumpkin (Cucurbita moschata), Indian squash (Praecitrullus
fistulosus), ivy gourd (Coccinia indica), muskmelon or cantaloupe (Cucumis melo),
summer squash (Cucurbita pepo), winter squash (Cucurbita maxima), and watermelon
(Citrullus lanatus) (Butterwick, 2016). Cucurbit production in Kenya is increasing
annually probably due to the growing demand in line with the family’s economic and

nutritional value (AFA, 2016).

2.2 Pests of Cucurbits

Cucurbit farming in Kenya like elsewhere around the world is challenged by both biotic
and abiotic stresses. However, tephritid fruit flies are recorded as the most notorious pests
when it comes to cucurbit losses (Vargas et al., 2015). Cucurbits are attacked by a variety
of pests and diseases. Viral diseases such as cucumber mosaic virus, bacteria diseases
such as vine decline disease and bacterial wilt and fungal diseases such as powdery
mildew contribute to yield losses in cucurbit farms (Abou-Jawdah et al., 2000; Romero et
al., 2004). Major insect pests which infest cucurbits include tephritid flies, aphids, thrips
and whiteflies (Vargas et al., 2015). Tephritid fruit flies are the most notorious pests of

economic importance on cucurbits in Kenya and beyond (Ryckewaert et al., 2010).

2.3 Classification and Distribution of Z. cucurbitae

Tephritid fruit flies belong to the order Diptera, the Superfamily Tephritoidae, the Family
Tephritidae and the Subfamily Dacinae (Kambura, 2016). The family Tephritidae is the
largest family of the order diptera (Oreste et al., 2015) and is categorized as one of those
having the most damaging pests in the horticultural industry. Tephritid fruit flies are



distributed in the tropical, subtropical and temperate regions of the world (Badii et al.,
2015) as shown in Appendix 1 (Geographical Distribution of Melon Fly, Z. cucurbitae).
The genera of Bactocera, Dacus, Ceratitis, Trirhithrum, Anastrepha and Rhagoletis
contain economically important species of horticultural crops worldwide (Shafiq et al.,
2012; Kibira et al., 2015). It is estimated that 180 fruit fly species are of economic
importance (Qin et al., 2015). Among the Bactrocera species identified, B. latifrons, B.
cucurbitae, B. invadens and B. zonata are the common species in Sub- Saharan Africa
(Kambura, 2016). However, in Kenya the most common are B. dorsalis, B. cucurbitae
and B. latifrons (Badii et al., 2015). Forty-three species have been described under the
genus Bactrocera including cucurbitae (Foba et al., 2012). Amongst these, Z. cucurbitae
(Coquillett) [formerly classified as Bactrocera cucurbitae] is a major threat to cucurbits
(Dhillon et al., 2005; De Meyer et al., 2015). The melon fruit fly is distributed all over

the world, but India is considered as its native home (Ganie et al., 2013).

2.4 Economic Importance of Fruit Flies

The direct and indirect losses to fruits and vegetables to due to Tephritid fruit flies is very
high. They attack the harvestable parts and the losses cannot be compensated since the
damage is irreversible (Kambura, 2016). Direct damage is when a female oviposits on the
fruit (Plate 2.1A) causing punctures on the fruit which acts as an entry point of
opportunistic diseases. Also the eggs oviposited hatch into larvae which then feed on fruit
tissue leading to premature ripening and falling of fruits and rotting (Bfizova et al., 2015)
as shown in plate 2.1B & C. Sometimes pseudo- punctures (punctures without eggs) are
possible, and this reduces the market value of the produce (Ekesi, 2010) as shown in plate
2.1D. A study carried out in Hawaii (Sapkota, 2010) showed that pumpkin and squash are
subject to heavy damage since the fruit flies can oviposit even before fruit set. The eggs
are laid into unopened flowers or ripe fruits and the larvae successfully develop. After
some days (depending on temperature and plant species), egg hatch and the larvae bore
into the pulp tissue and make the feeding galleries. In the process of finding food, the
larvae move to healthy tissues, where they make more galleries and in the process
introduce various pathogens which make the process of fruit decomposition faster (Gujjar

et al., 2017). Losses on bitter gourd due to melon fly infestation can range from 41 to



89% (Jacquard et al., 2013). Importing countries impose quarantine measures to prevent
introduction of the fruit fly into recipient countries and this restricts trade causing indirect
losses (Hartig n.d.; Kibira et al., 2015).

Plate 2.1: Damage caused by Zeugodacus cucurbitae on cucurbits.

2.5 Host Ranges

Zeugodacus cucurbitae is a polyphagous fruit fly that infests over 125 plant species
mostky from Cucurbitaceae and Solanaceae families (Biasazin, 2017). However, these
invasive Bactrocera species show preference to cucurbits in host utilization (Vayssieres
et al., 2009). Zeugodacus cucurbitae, due to its polyphagous nature has been reported to
be infesting 17 fruits species in West Africa (Goergen et al. 2011), 19 hosts out of which

11 belonged to Cucurbitaceae family in Tanzania (Mwatawala et al., 2009) and 11



species in Bangladesh (Leblanc et al., 2013). In Kenya, the mostly affected plants are

butternut, watermelon, cucumber and courgettes (Kambura, 2016).

2.6 Biology

2.6.1 Life cycle

The time taken for a complete cycle of Z. cucurbitae in the field depends on abiotic
factors such as temperature, degree of ripeness of the fruit and the moisture content
among others (Dhillon et al., 2005). Like other fruit fly species, melon fly’s life stages
are egg, larva (three instars), pupa, and adult (Dhillon et al., 2005). In all selected
cucurbitaceous hosts, survival rates increases with increase in temperature up to the
optimum temperature (Mkiga and Mwatawala, 2015). At 25°C for example, duration of
development between laying and hatching was 12 to 24 h, 3.5-6.0 days for larval
development and pupation and 8 to 9 days for adult emergence. The complete life span
has been documented to take between 30-60 days, depending on factors like temperature
(Mir et al., 2014).

2.6.2 Mating and Oviposition

Emerged flies take about 4 days to be reproductively mature (Hafraoui et al., 1985). In
most of tephritid fruit flies, mating occurs just before dark. The mating period of between
2-4 hours was recorded and found to be sufficient for sperm transfer to occur. Fecundity
(the egg laying capacity of a sexually mature adult female) is 58-92 eggs per female per
day although the eggs are not laid regularly but at an intervals of 1-4 days (Mir et al.,
2014). Fruit flies express differences in their preference for oviposition and host quality
(Corréa et al., 2018). During oviposition, the female flies uses both olfactory and visual
clues to identify a suitable host (Jayanthi et al., 2017). Some studies have however shown
that the thickness of the epicarp does not influence the oviposition (Dias et al., 2018).
The melon fly can oviposit on already set fruit but mostly prefers unopened flowers
(Courtney and Kibota, 1990).



2.7 Management of Tephritid Fruit Flies

Different methods have been used in the management of fruit flies. They have been
grouped into: biological, cultural, chemical and legislative control methods (Deguine et
al., 2015; Vargas et al., 2015; Suckling et al., 2016). Although some of them have been
successful, it has been difficult due to their polyphagous nature. However, IPM (section
2.7.3-2.7.7) can be applied and is more efficient in the management of fruit flies (Benelli,
2015). The applicable IPM methods for control of melon fly include biological, cultural,
chemical and genetic control. Biological control methods include use of
entomopathagenic fungi (Wagner and Lewis, 2000), parasitoids (Mohamed et al., 2010),
predators/natural enemies and insect traps made of sex pheromones and commercial

insect attractants (Vayssieres et al., 2009).

2.7.1 Chemical Control

Pests, including fruit flies, require rigorous pest management techniques since they are
attributed to high crop losses. Chemical control is the most common method used and
several pesticide formulations have shown effectiveness for various fruit fly species
(Hugh and Thomas, 2011). Different chemicals target various developmental stages of
the fruit flies. 2-[(dimethoxyphosphorothioyl) sulfanyl]butanedioate, Diethyl (Malathion)
for example, targets the adults while O,0-Diethyl O -[4-methyl-6-(propan-2-
yl)pyrimidin-2-yl] phosphorothioate (diazinon), target the popping larvae and emerging
adults (Hugh and Thomas, 2011). However, overdependence on chemicals has led to a
number of detrimental effects like accumulation of pesticide residues in the environment,
mortality of non-target species that can be beneficial to the ecosystem, development of
resistance (Appendix 2) and also exposing the consumers and producers into health risks
(Paoletti and Pimentel, 2000; Simmons and Gurr, 2005; Desneux et al., 2006; Adiloglu,
2016).

2.7.2 Physical Control
This involves having a physical barrier between the host fruits and the egg laying female
flies. Wrapping a developing fruit with a protective cover is the most common method

used. This is done before the fruits reach the stage of maturity at which they are
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susceptible to infestation (Sarwar, 2015). This technique is however tedious and therefore
only applicable to small scale farmers. Also, this method may not be very effective as
some species of fruit flies, especially those attacking cucurbits oviposit at a tender age of
flowering where bagging might not be possible (Sarwar, 2015).

2.7.3 Cultural Control

This involves a range of crop production practices. Some of the commonly used
techniques include choosing a tolerant variety, maintaining field sanitation by collecting
and destroying infested, fallen, damaged and over-ripe fruit, and raking and ploughing to
expose the pupae to sunlight and predators (Dias et al., 2018). The discarded fruits can be
kept in sealed plastic bags under sun for around 10 days for most them to die. Fruit fly
infestation can also be avoided by harvesting crops at a stage of maturity at which the
fruit or vegetable is not susceptible to fruit fly attack (Allwood et al., 2001). This method,
however, cannot be effective on its own but can be useful when it is used to complement

other methods.

2.7.4 Sterile Insect Technique

Sterile Insect Technique (SIT) aims at reducing the population of a given species by
introducing sterilized males to increase the chances of sterile males mating with wild
females. It has been effective on controlling Mosquito-Borne Diseases (Alphey et al.,
2010) and the Lepidoptera (Simmons et al. 2010). However, females that move into an
area under treatment, are not affected by the presence of sterile males and can therefore
oviposit in the fruits. SIT is thus only effective when applied on an area-wide basis
(Hendrichs et al., 2006). This method also relies on rearing millions of flies for release

and is species specific.

2.7.5 Male Annihilation Technique

This strategy uses attract and kill technique and consist of a bait (lure) which attracts the
pest onto a killing agent (insecticide/ fungus). Most effective lures attract the males,
which will expose them to the killing agent and therefore reduce the population of the

males of the fruit flies hence reducing the chances of mating (Hafsi et al., 2016). Male

11



lures such as Cue-lure, Methyl Eugenol and Trimedlure are used. In Hawaii, Male
Annihilation Technique using Amulet Cue-lure and Methyl Eugenol showed
effectiveness and populations of B. dorsalis and B. cucurbitae were significantly reduced
(Vargas et al., 2005). The study concluded that the tactic is useful if it is used with an

"area-wide" suppression strategy.

2.7.6 Biological Control

Use of biological control is efficient in reducing the pest population and is also an eco-
friendly pest management strategy, which can lead to minimal use of chemicals.
Generally, the biological control involves use of natural enemies, parasitoids, predators,
and pathogens (Dias et al., 2018), which act by feeding on the pest, parasitizing the pest
and causing diseases. For example, Nematodes species Steinernema weiseri, Steinernema
feltiae, Steinernema carpocapsae and Heterorhabditis bacteriophora, isolated from
Turkish soils, have been found to be effective on larvae of C. capitata (Karagoz et al.,
2009), S. feltiae on Bactrocera zonata (Mahmoud, 2018) and S. feltiae, S. carpocapsae

and H. bacteriophora, on Bactrocera tryoni (Langford et al., 2014).

2.7.7 Natural Enemies of Fruit Flies

2.7.7.1 Predators

Most predators of fruit flies belong to families Coccinellidae, Staphylinidae, Formicidae,
Dermaptera, Pentatomidae, Coreidae, Carabidae and Chrysopidae (Peters, 1997). Wasps,
geckos, birds, ants, staphylinid beetles, toads and spiders can also prey on fruit flies
(Daniel, 1976; Hendrichs and Hendrichs, 1998; Mele et al., 2009; Riccucci, 2014). A
study by Fernandes et al. (2012) showed that ants, alongside other factors e.g. soil
properties, can pray on Anastrepha larvae and reduce the population. However, some
predators, e.g. birds, can also be detrimental by even preying on parasitoids hence a

disadvantage.

2.7.7.2 Parasitoids
Fruit flies are commonly parasitized by opiine wasps (Hymenoptera: Braconidae:

Opiinae). Depending on whether the parasitoid is egg or larvae parasitoid, the wasps
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oviposit their eggs into the eggs or larvae of fruit flies where the wasp larvae will
develop. The egg will hatch and the larvae continues to develop until after pupation
when the wasp finally kills the fly pupa and emerges as a new adult wasp (Lenteren and
Roermund, 1996). Braconidae family contains most of the parasitoids of fruit flies and
other families include Chalcididae, Eulophidae, Cynipidae and Pteromalidae.
Diachasmimorpha longicaudata and D. kraussii have been identified as parasitoids of the
olive fruit fly (Sime et al., 2006; Gonzélez et al., 2007). Fopius arisanus (Sonan) and D.
krausii have led to population decrease on Mediterranean fruit flies, Ceratitis capitata
(Rendon et al., 2006), while Psyttalia concolor, a larval-pupal endoparasitoid is effective

on a number of tephritid fruit flies (Canale and Benelli, 2012).

2.7.7.3 Effectiveness of Entomopathogenic Fungi to Control Pests

An entomopathogenic fungus is a parasite of insect which will result into Killing or
disabling them (Wagner and Lewis, 2000). The fungus spores act by attaching on the
external body surface of insects. If the conditions are favorable, the spores will
germinate, grow and colonize the insect's cuticle. Different studies have been done to
check on the effectiveness of entomopathogenic fungus to control pests. A formulation of
Beauveria bassiana was found to reduce adult emergence and also kill Bactrocera
dorsalis up to 99% within 8-9 days (Marri et al., 2016). The populations of Drosophila
suzuki (Cuthbertson and Audsley, 2016), Alder Leaf Beetle Agelastica alni (L.) (Sonmez
et al., 2017), Spoladea recurvalis (Opisa et al., 2018), Mediterranean fruit fly, C. capitate
(Khlaywi et al., 2014), Western flower thrips Frankliniella occidentalis (Niassy et al.,
2012) and Adult Pea Leafminer Liriomyza huidobrensis (Migiro et al., 2010) have been
reduced by entomopathogens. Also, fungi can reduce the fecundity and fertility of the
adults (Dimbi et al., 2009).

Among microbial control agents, entomopathogenic fungi such as M. anisopliae and B.
bassiana have been used in fruit fly suppression programs in Kenya (icipe) and have
demonstrated significant levels of reductions in population of different species of fruit
flies (Ekesi et al., 2005; Ekesi et al., 2007; Rtu et al., 2009). More recently, Real IPM
Kenya Ltd., a private company in Kenya, has undertaken commercial production various

bio-pesticides based on different species and isolates of fungus.
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2.8 Factors Affecting the Efficacy of Fungi as Biological Control Agents

2.8.1 Environmental factors

2.8.1.1 Temperature.

Temperature is one of the major factors affecting the efficacy of entomopathogenic fungi.
It affects the progression of disease and the time of death (Inglis et al., 2001). The
optimum temperature for six isolates of M. anisopliae infecting three species of African
tephritid fruit flies is 30°C (Dimbi et al., 2004), while others are 25 to 30°C (Bayissa et
al., 2017). Although the infection and disease can occur at temperatures of 15 to 30°C,
the optimum temperature for most entomopathogenic fungi is between 25 and 30°C.
Above 30°C, the sporulation and vegetative growth of most isolates is inhibited but the
maximum temperature for different isolates differed especially by site of origin (Inglis et
al., 2001).

2.8.1.2 Relative humidity

This is also an important environmental factor influencing the potential of
entomopathogenic fungi. This is because moisture stress can limit conidia germination
and vegetative growth of the fungus hence reducing the ability of the fungus to penetrate
into the host (Inglis et al., 2001). A study by Fargues and Luz (2000) showed that daily
high humidity is among the most crucial climatic constraints for B. bassiana to control R.
prolixus. Although higher relative humidity (RH) is required for effective colonization, a
study by James et al. (1998) showed that infection can occur at as low as 50% RH. Some
of the techniques used to increase the RH are by using an appropriate formulation and
application of irrigation water as it improves the microclimate. For example, there was a
successful infection in desert locust at 20-30% RH under field condition using oil-based

conidial formulation (Bateman et al., 1996).

2.8.1.3 Solar radiation
Solar radiation affects the persistence of the fungus in the field. This is due to Ultraviolet

(UV) solar radiations, in particular UV-B spectrum which causes damage on cell
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constituents such as DNA, RNA, and proteins (Mpoloka, 2008). The surviving fungal
conidia after exposure to UV radiation require a long period of time to recover and
restore the germination process. A study by Braga et al. (2001) showed that the
susceptibility of the conidia to UV radiation depends on physiological state of the

infective conidia.

2.8.1.4 Rainfall

There are few studies on how rainfall affects the persistence of fungus on insects and on
foliage. This could be because it is difficult to study rainfall as a single factor due to
available interaction from other factors like solar radiation, which also affect the
persistence of fungus. However, rainfall has positive implications towards fungal

epizootics since it can dislodge and disperse conidia from substrates (Inglis et al., 2001).

2.8.2 Biotic Factors

2.8.2.1 The Pathogen

The ability of entomopathogens to infect by producing epizootics on the host is
influenced by factors such as pathogen density, host range, genetics, dispersal, latency,
virulence and persistence (Cory and Ericsson, 2010; Jaronski, 2010). For the fungus to
kill the host, it is presumed that a threshold number of propagules are necessary. High
propagule density in the field increases the chances of an insect coming in contact with
enough or adequate number of propagules that exceed the inoculum threshold (Butt and
Goettel, 2000).

The ability of an entomopathogenic fungal species to remain effective for a longer time in
an environment increases the probability of an insect coming into contact with propagules
to cause disease. Generally, entomopathogenic fungi gain entry through penetration of
the host cuticle using a combination of hydrolytic enzymes and mechanical force (Shahid
et al., 2012; Vega et al., 2012). After penetration to the hemocoel, the host dies due to a
combination of toxin, obstruction of blood circulation, nutrient depletion and invasion of
organs (Inglis et al., 2001; Shahid et al., 2012).
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2.8.2.2 The Insect Host

Most arthropods are hosts of fungi although host spectra vary widely, depending on
fungal species. Most studies have shown that B. bassiana and M. anisopliae have much
wider host ranges within the Arthropoda (Inglis et al., 2001). The susceptibility of the
insect pest to entomopathogenic fungus is influenced by both physiological and
morphological factors (Jaronski, 2010; Ortiz-Urquiza and Keyhani, 2013). Host
population density and distribution, pest population growth characteristics, host behavior
and population composition are among the factors Inglis et al., 2001). Age, genetics,
nutrition, and exposure to injuries also influence the susceptibility (Shapiro et al., 1999;
Inglis et al., 2001). It has been reported that inadequate nutrition increases the
susceptibility of the pest insect to the fungus (Inglis et al., 2001; Shapiro-llan et al., 2012).
Increased host density, increases contact between the infected and uninfected populations
hence favours infection and also increases availability of substrate and nutrients for
pathogen growth and reproduction. This increases the quantity of inoculum available in
the habitat to further cause infection (Inglis et al., 2001).

After the insect pests have been exposed to the fungus, some insects tend to behave
differently. For example, flies and locusts elevate body temperatures to a level that is
averse to the entomopathogenic fungus in the hemocoel. There is also grooming in
termites and summit disease syndrome in grasshoppers (Jaronski, 2010). The cuticle of
some pests possess physicochemical properties that affect the infection process either
negatively or positively. For instance, the cuticular extracts from larval Helicoverpa zea
inhibited B. bassiana conidial germination while those of Nazera. viridula lowered the
conidial of M. anisopliae and these were attributed to the presence of the aldehyde, (E)-2-
decenal (Jaronski, 2010). As a defence mechanism, a range of immune responses are
initiated once the fungus reaches the hemolymph (Vega et al., 2012). However, species M.
anisopliae and B. bassiana have shown capability of avoiding encapsulation in the
hemocoel (Bidochka et al., 2001).
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2.8.2.3 The Host Plant

When fungus is sprayed to plants, plant-mediated effects on fungal entomopathogens can
affect the entry either directly or indirectly. The direct effects include plant architecture
altering spore persistence, leaf topology and surface chemistry influencing the rate of
spore acquisition by the host insect and plant exudates affecting the conidia directly
(Cory and Ericsson, 2010). Other direct effects include leaf modifications of
microclimate affecting spore germination and herbivore-induced plant volatiles affecting
sporulation or germination (Ignoffo, 1992). Potential indirect effects include changes in
insect growth rate, which might alter the exposure of the insect to fungal
entomopathogens and nutritional quality altering insect morphology (e.g. cuticle depth)
which would influence the infection process (Cory and Ericsson, 2010). Other indirect
effects include plant quality (e.g allelochemicals and nutrients), altering insect condition
(e.g. immunity) and hence disease resistance and plant structure altering insect behavior,

and thus fungal encounter rate (Cory and Ericsson, 2010).

2.9 Compatibility of Entomopathogenic Fungus with Pheromones Lures

Pheromones are chemical substances released by insects that affect the behavior and
physiology of members of conspecifics (Biasazin, 2017). Tephritid fruit flies have been
well managed using pheromones (Deguine et al., 2015). Cue-lure, a commercial male
attractant, decreased fruit fly infestation on sweet gourd farms by over 40% when sprayed
on the crop (Leblanc et al., 2013). Use of bait traps, which are insect traps made of
pheromones and attractants, have proved effective in the management of tephritid fruit
flies (Tinzaara et al., 2007; Vayssieres et al., 2009). However, for effectiveness of the
experiment setup in the field, it’s important to know if the fungus is compatible with the
pheromone lure. The compatibility of fungus with thrips attractants (David et al., 2016)
and M. anisopliae isolate 69 with some agrochemicals (Niassy et al., 2012) showed that
there was a significant difference on compatibility among lures. Also, Calpurnia aurea
has been found to be compatible with fungus (Nana et al., 2012)
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Insect Source and Rearing Conditions
Adult Z. cucurbitae were obtained from mass rearing colony maintained at icipe Nairobi.
They were exposed to butternuts for 24-48 hours for oviposition. To hold the infested
butternut, a wire mesh was placed at 15cm of a plastic container that contained sand up to
a depth of 5 cm. The infested butternuts were placed on top of the wire mesh inside the
container for the eggs to hatch and the larvae to pop out and drop to the sand to pupate.
The pupa were collected in Petri dishes and placed in cages measuring 15cm x 15cm x
15cm for the adult to emerge. The emerged adult flies were maintained on a sugar and
yeast hydrolysate based artificial diet as described by Chang et al. (2004), at 45%RH, 12
hours of light and 12 hours darkness (L12: D12).

3.2 Fungi Sources and Maintenance of Fungal Cultures

The fungal species M. anisopliae and B. bassiana used in this study were obtained from
icipe Microbial Germplasm in Nairobi. The fungi were cultured and maintained on
Sabouraud Dextrose Agar (SDA) media in Petri dishes (Plate 3.1) and incubated at
ambient temperatures for 21 days in the laboratory before being used for the studies. The
conidial viability test was carried out by scrapping the surface of the 21-day old fungal
culture and suspending the inoculum in 15 mL of sterile 0.01% Triton in universal bottle
containing glass beads that are 3 mm diameter to obtain a stock solution (Mar and
Lumyong, 2012). A homogeneous suspension of conidia was then obtained by vortexing
for 3 minutes and a final concentration prepared by diluting from the stock and
quantifying. A volume of 0.1 mL of conidial suspension was then spread onto clean SDA
plates. Each isolate was cultured on 3 plates to act as replication in a completely
randomized design (CRD) and tested for viability. The plates were incubated at 26°C for
a period of 16-18 hours which was followed by fixing with lacto-phenol cotton blue to
terminate fungal growth. Sterile slide cover slips were placed on each plate and viability

observations recorded from each plate. Viability was determined by counting a total
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number of 100 conidia for both germinated and non-germinated propagules in all cultured

plates for each isolate and mean percentage germination determined (Migiro et al., 2010).

R

Plate 3.1: Sporulating cultures of entomopathogenic fungi used in the screening
experiment. A = Beauveria bassiana; B = Metarhizium anisopliae

3.3  Virulence of Entomopathogenic Fungal Isolates to Z. cucurbitae

Thirteen (13) isolates of M. anisopliae and and two (2) isolates of B. bassiana (Table 3.1)
were screened for virulence against Z. cucurbitae. The fungal isolates were evaluated on
adult Z. cucurbitae in the laboratory, to determine level of mortality over time. While
under laminar flow, conidia was scrapped from 21 days old culture using wire loop. A
mass of 0.3 g of conidia was weighed and a spatula used to evenly spread the conidia
onto a clean contaminating device. Twenty flies aged between 7-10 days were picked
from the insect colony and placed in the contaminating device for 5 minutes (Qazzaz et
al., 2015). The inoculated Z. cucurbitae were then transferred to cages measuring 15cm x
15cm x 15cm which was supplied with water in falcon-tube lids filled with pumice
granules and artificial adult food in a Petri dish. Mortality rate, measured as a percentage
of dead flies within a treatment, was observed and recorded daily until all the insects in
the treatment died (Toledo et al., 2007). Only mycosed flies (Plate 3.2) were subjected to
analysis. The experiment was laid out in a CRD with five replicates. Mycosis was
recorded from the cadaver between day 2 and 5 of incubation by observing any growth of

fungus on the surface using a microscope. Mortality data was corrected for natural
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mortality using Abbott’s

transformation.

Table 3.1: Details of Fungal Isolates Tested against Z. cucurbitae Adults

formula (Abbott 1925) then normalized by arcsine

Fungal Fungal o Year of
i Source Place of Origin (Site) )
Species Isolate Isolation
o ] Rhipicephalus ]
M. anisopliae | Icipe 07 ) Rusinga Island (Kenya) 1996
appendiculatus
Icipe 18 Sail Mbita (Kenya) 1989
Icipe 20 Soil Migori (Kenya) 1989
Icipe 30 Busseola fusca Kendubay (Kenya) 1989
Icipe 315 Tetranychus uticae  Kerugoya (Kenya) 2006
) Lepidoptera
Icipe 690 Kenya 2010
Larvae
Icipe 62 Soil Matete (D.R. Congo) 1990
Icipe 655 Soil Kabuti (Kenya) 2008
Icipe 656 Soil Kapiti (Kenya) 2008
Icipe 674 Soil Mariakani (Kenya) 2008
Icipe 69 Soil Matete (D.R. Congo) 1990
Icipe 78 T. nigroplagiata Ungoe (Kenya) 1990
Icipe 81 K. angulifera Kaffrine (Senegal) 2003
B. bassiana Icipe 279 Coleopteran larvae  Kericho (Kenya) 2005
Icipe 603 Hymenoptera Taita (Kenya) 2007
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Plate 3.2: A mycosed adult melon fly (Z. cucurbitae) due to M anisopliae.

3.3.1 Soil Inoculaton with M. anisopliae against Z. cucurbitae Pupa Emergency

A clean butternut was placed inside a cage containing adult flies for infestation. After
12hrs, the butternut was removed for the eggs to hatch and the larvae feed till the
desirable stage was obtained. The larvae were collected from laboratory-infested butter
nuts and placed into a sterile petri dishes. Spore suspensions of 1 x 10%, 1 x 10" and 1 x
108 conidia/ml were made from the selected fungal isolate in 0.1 % Tween 100. A
volume of 20ml suspension was then sprayed on 100 g of sterile soil which was already
placed in cages measuringl5cm x 15cm x 15cm. A hand sprayer was used to spray the
fungus and ensured that a large area of the soil came in contact with the fungus. This is
mainly because limited contact with the biopesticide in treated media can inhibit the
effectiveness of the fungus. Each cage was introduced with 50 larvae. Control cages were
sprayed with a solution of 0.1 % Tween 100. The larvae were monitored daily until they
pupated and emerged. The emerged adults were counted and immediately moved into
different cages and provided with artificial diet and a source of water. Mortality was
recorded daily and the cadever were removed from the cages and placed on moist filter
paper in sterile petri dishes which were then parafilmed. The plates were kept at room

temperature and monitored daily for mycosis. Each treatment was replicated four times.
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3.4 Performance of the Selected Isolate(s) at different temperatures

Conidial germination, sporulation, mycelium growth rate and fungal virulence were used
to establish the performance of the three M. anisopliae isolates previously selected under
section 3.3 of this thesis. They were evaluated under temperatures of 15, 20, 25 and 30°C

under continuous light conditions in a CRD with four replicates.

3.4.1 Effects of Temperature on Conidial Germination

The conidial germination of the selected isolates was evaluated by harvesting the conidia
of the fungus from 21-day-old cultures and placed in 3 mL of distilled water. The
conidial concentrations were set at 1 x 107 for each isolate from which 100 pL of the
concentration was spread on 5 SDA medium plates and incubated at different

temperatures under continuous light.

3.4.2 Effects of Temperature on Sporulation

For sporulation, five Petri dishes of the medium were inoculated with mycelial discs (5
mm in diameter) of the selected isolates taken from 3-day-old cultures. Plates were
incubated at different temperatures. After 12 days, spores from each plate were harvested
and vortexed in 10 mL of triton water. The experiment was replicated four times. Spores

produced per unit area were determined using haemocytometer.

3.4.3 Effects of Temperature on Radial Growth

To assess the effect of temperature on radial growth, 0.1 ml spore suspension of each
isolate titrated to 3 x 108 conidia ml"* was evenly spread on SDA and allowed to grow for
3 days to obtain mycelial mats. Plugs (ca. 5 mm) of mycelium were cut from the plates
using an 8-mm-diameter cork-borer and placed upside down at the center of a 90-mm
Petri dish containing sterile SDA. The plates were sealed with Parafilm membrane and
incubated for 12 days in the temperatures described under section 3.4 of this thesis. The
radial growth was measured daily using two cardinal diameters drawn at the bottom of

each plate as shown in plate 3.3.The experiment had 4 replications.
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Plate 3.3: Radial growth of M. anisopliae on Saboraud dextrose agar (SDA) medium

3.4.4 Effects of Temperature on Fungal Virulence

While under laminar flow, conidia were scrapped from 21 days old culture using wire
loop. A mass of 0.3 g of conidia was weighed and a spatula used to evenly spread the
conidia onto a clean contaminating device (A plastic vial with a velvet material covering
on the inside). Twenty adult flies (5-7 days old) were picked from the insect colony and
placed in the contaminating device for 5 minutes to walk and pick fungus (Qazzaz et al.,
2015). Control insects were exposed to fungus-free velvet before being transferred to
ventilated Plexiglas cages. The inoculated Z. cucurbitae were then transferred to cages
measuring 15cm x 15cm x 15cm, supplied with a cotton bud soaked in water and
artificial adult food in a Petri dish. The infected flies were then incubated at 15, 20, 25,
and 30°C, with four replicates at each temperature. Mortality was recorded daily for 4
days. Dead insects were surface-sterilized in 70% alcohol and 3% sodium hypochlorite
followed by 3 rinses in sterile distilled water and transferred to Petri dishes lined with
damp sterilized filter paper to promote fungal growth on the surface of the cadaver.

Mycosis was confirmed by examining the surface of the cadaver under a microscope.
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3.5  Compatibility of the Selected Isolates with a Commercial Lure (Cue-lure)

Conidial germination and germ tube length were used to establish the compatibility of the
selected isolates with the available commercial lure. A conidia concentration of 1x10’
was prepared from the stock solution of the selected isolates, after which 10 mL of the
suspension was poured through a filter holder unit under aspirator vacuum and the spores
were retained on a nitrocellulose filter membrane. The nitrocellulose filter membranes
were then placed under a laminar flow cabinet for 30 minutes to dry and then transferred
to glass desiccators for exposure to the lure (Niassy et al., 2012). Fungus-treated
nitrocellulose membranes were exposed to the pheromone lure and sampled for viability
at day 1, 2, 3, 6 and 8. The treatments were set at different temperatures of 18°C, RT
(25£2°C), and 30°C to test if temperature can affect the emission of compounds. A
control without the lure was also included (Nana et al., 2012). They were evaluated under

different temperatures under continuous light conditions in a CRD with 4 replicates.

For conidial germination to be determined, the nitrocellulose filter membranes used in the
experiment were removed from the desiccators and transferred into 10 mL sterile distilled
water containing 0.05% Triton X-100 and vortexed to dislodge conidia. A volume of 0.1
mL of 3 x 10° conidia mL suspension was spread on SDA plates. Plates were then
incubated at 26 + 2°C, L12: D12 photoperiod and examined after 16-18 hrs for conidial
germination and germ tube length. Percentage germination was then determined by
counting 100 spores per plate. The length of germ tubes was measured using a Leica
Application Suite (LAS EZ V1.5.0).

3.6 Horizontal Transmission of the Selected Isolates among Z. cucurbitae Adults

Before the bioassay, the flies were separated by sex (females have a sharp ovipositor at
the abdomen while the males do not have).In order to inoculate the adult flies, 0.3 g of
dry conidia was spread evenly into the contamination device. The device was a plastic
vial with a velvet material covering on the inside, and with the bottom removed and
replaced by white netting measuring 9.5 x 4.8 cm. For conidial uptake and retention, five
groups of twenty adult flies were allowed to walk on the velvet material for three minutes

after which they were transferred to respective cages measuring 15cm x 15cm x 15cm.
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Ten (10) flies were taken randomly for spore uptake and retention count at 0, 2, 4, 6, 8
and 24hrs. The amount of conidia was quantified by individually transferring the insect
into plastic vial containing one mL of water containing 0.05% Triton X-100. The vials
were then vortexed for three minutes so as to dislodge the conidia from the body of the
insect. The number of conidia obtained were estimated using a hemocytometer under a

light microscope of X40 magnification.

To evaluate the transmission of inoculum between flies, four groups of 20 ten-day-old
male flies were inoculated as per the above procedure. Twenty-four hours later, the
treated male flies were mixed with equal numbers of ten-day-old fungus-free females and
maintained together in Plexiglas cages for 24 h to allow for contact including mating. The
insects were separated by sex after mixing. Another group of 20 fungus-free males and
females were also held together under similar conditions and used as controls. Twenty-
four hours after exposure, the flies were separated by sex and held in separate cages for
10 days at 20 - 26°C and 40 - 70% RH and their mortality recorded. The experiment was
replicated four times. In similar set of experiment, four groups of 20 ten-day-old females
were contaminated with fungal conidia and then mixed with equal numbers of ten-day-
old fungus-free males after 24 h. Another group of 20 fungus-free females and males
were also held together under similar conditions and used as controls (Dimbi et al.,
2013).

On reproduction potential, twenty fungus-infected female flies were put in cages together
with an equal number of fungus-free male flies and held together for 5 days, while
provided with food and water. Butternut epicarp (cut in sphere) was used as substrate for
oviposition. The eggs were collected and counted daily under a dissection microscope.
Twenty eggs were randomly picked every day from every treatment and transferred to a
90-mm Petri dish lined with damp black cloth. The plates were incubated at room
temperature and the number of eggs that hatched recorded daily.
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3.7 Data Analysis

i)

To determine the virulence of Entomopathogenic fungal isolates to Z. cucurbitae,
Data was corrected for natural mortality using Abbott’s formulae (Abbott 1925) then
subjected to one-way analysis of variance (ANOVA) was used to analyze the mean
percentage mortality after arcsine transformation to normalize the data. The means
were separated using Student Newman Keuls (SNK) test (o = 0.05).

To determine the effects of temperature on germination, sporulation, mycelial growth
and fungal virulence, collected data was subjected to two-way ANOVA after arcsine
transformation, where necessary. Virulence data was corrected using Abbott’s
formula to correct natural mortality before analysis. The means were separated using
Student Newman Keuls (SNK) test (o = 0.05). Linear regression analysis was done to
compare the temperature with conidial germination, sporulation, mycelium growth

rate and fungal virulence.

iii) To evaluate the compatibility of the selected isolates with a commercial lure (Cue-

lure), data on conidial germination and conidial germ tube length were subjected to
ANOVA and means were separated using Student Newman Keuls (SNK) test (a =
0.05). Pearson correlation analysis was done to relate conidial germination with the

germ tube length.

iv) To test for the horizontal transmission of the selected isolates among Z. cucurbitae

adults, virulence data was corrected using Abbott’s formula to correct natural
mortality before analysis and then subjected to analysis of variance after arcsine
transformation. On the other hand, count data on number of hatched eggs was
subjected to analysis of variance after angular transformation to normalize the data.
Means were separated using Student Newman Keuls (SNK) test (o = 0.05).
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CHAPTER FOUR

RESULTS

4.1 Pathogenicity of Entomopathogenic Fungal Isolates against Z. cucurbitae Adults

In viability tests, the conidia of M. anisopliae isolates were incubated for 18 + 2h at 26 +
2°C. The germination of conidia ranged from 87 to 97% (Table 4.1). All fungal species
were pathogenic to melon fly, but mortality was significantly different among the fungal
isolates (Appendix 3) (P<0.001). Metarhizium anisopliae isolates were more pathogenic
than B. bassiana isolates, causing mortality ranging from 29.0 to 94.4% at 5 days’ post-
treatment (Table 4.1). The lethal time to 90% mortality (LT90) varied from 3.8 to 6.6
days. Metarhizium anisopliae isolates ICIPE 69 and 18 had the shortest LT90 values of
less than 4 days while the two B. bassiana isolates ICIPE 279 and ICIPE 603 had the
longest LT90 of over 6 days, with the lethal time required to achieve 90% mortality
(LT90) varying with fungal isolates (Table 4.1). Based on conidia viability, mortality
against Z. cucurbitae and LT90 values, M. anisopliae isolates ICIPE 69, ICIPE 18 and

ICIPE 30 were selected for further evaluation.

Table 4.1: Conidia Germination of EPF isolates and their virulence on Z. cucurbitae
adults at 5 days post-treatment

Fungal Species Isolates %Germination  %Mortality LT90 (days)
+ SE + SE (95% FL)

M. anisopliae Icipe 07 90.32 + 3.84ab 60.8 £ 3.29fgh 4.74 (4.70-4.78)
Icipe 18 94.97 £ 0.67ab 87.2+1.77b 3.94 (3.91-3.97)
Icipe 20 95.28 + 0.82ab 76.0 + 6.30cd 4.40 (4.36-4.43)
Icipe 30 97.20 + 0.45ab 81.0 £ 2.49bc 4.23 (4.20-4.27)
Icipe 315 94.21 + 1.75ab 57.6+6.11gh 4.77 (4.72-4.82)
Icipe 690 94.28 + 1.65ab 53.8 + 3.46h 4.90 (4.83-4.96)
Icipe 62 90.23 + 0.56ab 71.6 £ 3.78de 4.41 (4.37-4.45)
Icipe 655 92.17 + 2.98ab 58.0 + 4.30fgh 4.84 (4.79-4.89)
Icipe 656 90.46 + 1.33ab 64.6 + 8.03efg 4.68 (4.64-4.73)
Icipe 674 95.56 + 1.18ab 29.0 + 2.65i 5.63 (5.53-5.73)
Icipe 69 97.44 +0.72a 94.4 +2.62a 3.79 (3.76-3.82)
Icipe 78 95.00 + 3.00ab 77.4 + 3.85cd 4.09 (4.05-4.13)
Icipe 81 97.82 + 0.75a 68.0 + 4.56def 4.46 (4.42-4.51)

B. bassiana Icipe 279 87.25 + 3.00b 20.0 + 5.26i 6.65 (6.42-6.88)
Icipe 603 90.43 + 3.30ab 226 £4.2i 6.11 (5.94-6.27)

Key: Means within a column followed by the same letter are not significantly different at p <
0.05. LT90 is the lethal time in days taken to kill 90% of the adult flies; FL is fidicial limit at

95%.
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4.2 Emergence of Z. cucurbitae Pupa from M. anisopliae Inoculated Soil

The three tested isolates were found to be effective in reducing the Z. cucurbitae adult
emergency at all the tested concentrations. There was no significant (P>0.05) interaction
between concentration and isolate (Appendix 3). There was significant (P<0.001) effect
of different M. anisopliae conidial concentrations on average emergence of Z. cucurbitae
from the inoculated soil. However, the fungal isolates did not significantly (P>0.05)

affect the suppression of emergence. (Table 4.2).

Table 4.2: Percent emergence of Z. cucurbitae adults at 8 days post-exposure to various
conidial concentrations of two fungal isolates

Fungal isolates

Concentration ICIPE 18 ICIPE 30 ICIPE 69
Control 89.50 £ 3.59a 89.5 + 3.59a 89.5 + 3.59a
1.0x108 51.50 £ 20.02ab 39.0 £ 9.95b 13.0 £ 2.89b
1.0x107 31.50 + 18.32b 25.0 +4.51b 22.0+7.12bc
1.0x108 27.57 £ 8.53b 10.0 £ 0.82b 2.73+0.92c
Concentration F330=18.87 P <0.001

Isolate Fo30=3.144 P>0.05

Concentration x isolate Fa30=0.623 P>0.05

Key: Means with the same lower case letter within the column are not significantly
different based on SNK test at P < 0. 05.

4.2.1 Mortality of Z. cucurbitae Emerged from Inoculated Soil

The mortality of emerged adults was found to be significantly higher on inoculated soil as
compared to the ones in control treatments ((P<0.001) (Appendix 3). The three tested
isolates were found to be effective on Z. cucurbitae adults causing fly mortality ranging
from 20 to 74% depending on conidial concentration applied. However, the three fungal
isolates were not significantly (P>0.05) different from each other in their virulence
against emerged Z. cucurbitae adults. On the other hand, there was significant (P<0.001)
effect of different M. anisopliae conidial concentrations on mortality of Z. cucurbitae
adults emerged from the inoculated soil. The highest conidial concentration of 1.0 x 108
produced the highest mortality in for isolates ICIPE 18 and 69. Consequently, there was
significant interaction (P=0.04) between the isolates and conidial concentration on

mortality of the emerged Z. cucurbitae adults (Table 4.3).
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Table 4.3: Mortality of Z. cucurbitae emerged adults at 8 days post-exposure to various
conidial concentrations of three fungal isolates

Conidial Fungal Isolates

Concentration ICIPE 18 ICIPE 30 ICIPE 69
Control 06.68 + 1.53a 06.68 = 1.53a 06.68 = 1.53a
1.0x1068 22.50 + 3.33bA 34.38 + 6.3bA 22.74 + 14.95bA
1.0x10’ 20.23 + 8.17bA 51.22 + 6.49bB 24.91 + 8.76bA
1.0x108 53.39 = 6.07cAB 45.00 + 2.89bB 74.29 + 15.25cA
Concentration F3,30=18.87 P<0.001

Isolate F2.30=1.104 P=0.34

Concentration x isolate  Fa30 =2.94 P=0.04

Key: Means within a column followed by the same lower case letter and within a row
followed by the same upper case letter are not significantly different at P < 0.05.

4.3 Effect of Temperature on Conidial Germination

The conidia of the three selected isolates of M. anisopliae (ICIPE 69, ICIPE 18 and
ICIPE 30) germinated at all the temperatures tested with mean germination rates ranging
from 3 to 99% (Table 4.4). The conidial germination rates for all the three isolates were
significantly (P<0.001) affected by the various temperature regimes (Appendix 4). The
highest conidial germination was recorded at 25°C and 30°C which were not significantly
(P>0.05) different from each other but were significantly different from the lower
temperature regimes of 15°C and 20°C for all the isolates (Table 4.4). The optimal
temperatures for conidial germination were observed to be between 25°C and 30°C for all
the three isolates (Table 4.4). Consequently, there was no significant (P>0.05) interaction
between the fungal isolates and the temperature regimes with regard to conidial

germination.
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Table 4.4: Effect of temperature on conidial germination of M. anisopliae isolates

Fungal isolates

Temperature ICIPE 18 ICIPE 30 ICIPE 69

15°C 04.26 £ 0.35c A 03.65 + 0.20c AB 02.90 +0.28c B
20°C 69.83 +1.82b A 71.74+1.27b A 71.75+2.99b A
25°C 98.86 £ 0.48a A 97.64 £ 0.45a A 98.96 + 0.49a A
30°C 98.00 £ 0.23a A 97.69 £ 0.41a A 98.56 + 0.27a A
Temperature F3, 3= 3084.63 P<0.001

Isolate F2 36 =1.23 P=0.304

Temperature X isolate  Fs 36 = 1.57 P=0.184

Key: Means within a column followed by the same lower case letter and within a row
followed by the same upper case letter are not significantly different at P < 0.05.

4.4 Effect of Temperature on Fungal Growth

Temperature was found to have a significant (P<0.001) effect on fungal growth rate of all
the three isolates (Appendix 4). The growth rate was found to increase with temperature
with the highest growth being recorded at 30°C and the lowest at 15°C for all the three
fungal isolates. There was also significant (P<0.001) differences in fungal growth rate
among the three isolates. At 15°C ICIPE 18 produced faster mycelial growth than ICIPE
30 and 69 both of which were not significantly different. At 20°C, ICIPE 18 and 69 were
not significantly different but they produced significantly faster mycelial growth than
ICIPE 30. All the three isolates were not significantly different in mycelial growth at
25°C and 30°C (Table 4.5). Interaction between the temperature and the fungal isolates
was not significant (P>0.05) with regard to fungal growth rate.

Table 4.5: Effect of Temperature on the Daily Growth Rate of M. anisopliae isolates
Fungal Isolates

Temperature ICIPE 18 ICIPE 30 ICIPE 69

15°C 1.32 +0.10d A 0.18£0.07d B 1.00 £ 0.06d B
20°C 248 +0.11c A 1.65+£0.13cB 2.44 +0.15c A
25°C 3.15+0.16b A 2.85+0.04b A 3.34+£0.13b A
30°C 3.88+0.18a A 3.79+0.15a A 4.08 +0.24a A
Temperature F3,36=241.712 P<0.001

Isolate Fo,36 =13.267 P<0.001

Temperature x Isolate  Fs, 35 =2.006 P>0.05

Key: Means within a column followed by the same lower case letter and within a row
followed by the same upper case letter are not significantly different at P < 0.05.
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4.5 Effect of Temperature on Fungal Sporulation
Sporulation occurred in the fungal isolates as shown in plate 4.1. There was
significant (P < 0.001) interaction between isolate and temperature (Appendix 4).
Spore production was significantly affected by temperature (P < 0.001) and isolate (P
< 0.001). The isolate ICIPE 69 produced the highest conidia spores than the other
isolates at 20°C, 25°C and 30°C.The best sporulation temperature for all the isolates

was found to be at 25°C (Figure 4.1).

Plate 4.1: Fungal sporulation of Metarhizium anisopliae on Saboraud dextrose agar
(SDA) medium at 25°C
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Figure 4.1: Effect of temperature on conidia production/sporulation of the three

Metarhizium anisopliae isolates

4.6 Effect of Temperature on Virulence of M. anisopliae Isolates to Z.

cucurbitae

All the three isolates were virulent against Z cucurbitae, with their mortality increasing
from 31-100%, 16-80% and 24-96% for ICIPE 18, ICIPE 30 and ICIPE 69 respectively
across the temperature regimes of 15 — 30°C (Table 4.6). The highest mortality was
caused by isolate ICIPE 18 followed by ICIPE 69 across the temperature regime of 15 —
30°C. Temperature was found to have a significant (P<0.001) effect on the virulence of
all the three isolates (Appendix 4). The highest mortality occurred at 25°C and 30°C
temperature regimes, which were not significantly different from each other. The isolates
also varied significantly from each other in their virulence to melon fly at different
temperatures except at 15°C where all the isolates produced similar effects (Table 4.6).
There was significant interaction between the temperature and the fungal isolates
(P<0.05) in terms of mortality rates as different isolates produced different effects at

different temperature regimes.
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Table 4.6: Mortality of adult Z. cucurbitae caused by M. anisopliae isolates at different
temperature regimes at 4 days’ post-exposure

Temperature Fungal isolates
ICIPE 18 ICIPE 30 ICIPE 69
15°C 31.25+3.15c A 16.25+ 3.15b A 23.75+ 5.15b A
20°C 66.25+ 3.75b A 22.5+3.23b B 37.5+8.29b B
25°C 98.75+ 1.25a A 76.25+ 3.15a B 96.25+ 1.25a A
30°C 100.00 £+ 0.00a A 80.00 = 2.04a B 96.25+ 2.3%9a A
Temperature Fs36 =214.76 P<0.001
isolate F2,36 =56.46 P<0.001
Temperature X isolate  Fg 36 =2.63 P<0.05

Key: Means within a column followed by the same lower case letter and within a row
followed by the same upper case letter are not significantly different at P < 0.05.

The efficacy was also measured by the lethal time to 50% and 90% mortality (LTso and
LToo) values. The isolate ICIPE 30 therefore recorded the same LTso values at 25°C and
30°C. The LTgo values were 3.84, 4.70 and 3.92 at 25°C reducing to 3.72, 4.54 and 3.70
at 30°C for ICIPE 18, ICIPE 30 and ICIPE 69 respectively (Table 4.7). Therefore,
isolates ICIPE 18 and ICIPE 69 portrayed the highest efficacy in control of Z. cucurbitae
within the temperature range of 25°C to 30°C.

Table 4.7: Lethal time to 50 and 90 % mortality of adult Z. cucurbitae caused by M.
anisopliae isolates at different temperature regimes at 95% fiducial limit

ICIPE 18 ICIPE 30 ICIPE 69
Temperature | LTso (days)  LTgo (days) LTso (days) LTgo (days) LTso (days)  LTgo (days)
15°C 4.89 7.41 5.25 7.00 5.40 8.04
(4.72-5.06)  (7.04-7.78) (5.04-5.46) (6.61-7.40) (5.19-5.64)  (7.56-8.52)
20°C 3.36 5.07 5.32 7.69 4.46 6.53
(3.3-341)  (4.95-5.19) (5.10-5.54)  (7.26-8.13) (4.34-458)  (6.28-6.78)
25°C 2.71 3.84 2.99 4.70 2.71 3.92
(2.68-2.75)  (3.78-3.9) (2.94-3.04)  (4.59-4.8) (2.67-2.75)  (3.85-3.98)
30°C 2.63 3.72 2.99 454 2.61 3.70
(2.59-2.66) (3.66-3.77) (2.94-3.03) (4.45-4.63) (2.57-2.64) (3.65-3.76)

4.6.1 Modelling of Temperature-dependent mortality rates of adult Z. cucurbitae.

A non-linear regression model was used to predict the efficacy of the fungi in relation to
temperature. In all the isolates tested, the quadratic model indicated that mortality of Z.
cucurbitae increased significantly as temperature increased up to an optimum

temperature range of 25°C — 30°C, beyond which the mortality started reducing (Figure
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4.2). The model predicted the minimum temperatures to range between 10°C and 15°C
and the maximum to be between 40°C and 45°C.
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Figure 4.2: Temperature-dependent mortality rates of adult Zeugodacus cucurbitae.
Markers are observed mean mortalities. AIC is Akaike information criterion and BIC is
Bayesian information criterion.

From the three isolates, the data on percentage mortality was used for the global
prediction of mortality using the geospatial temperature data layer and the best fitted
quadratic model. ICIPE 18 and ICIPE 69 were potential isolates but ICIPE 69 was
superior in terms of sporulation at most of the temperatures tested as compared to ICIPE
18 and was therefore selected for global prediction as a representative. The global
prediction of mortality for ICIPE 69 is shown in Figure 4.3. Four colours were used to
indicate the strength of the prediction. The map shows that the fungus would be most
effective in the tropical climates of Africa and South America and least effective in Asia,
Canada and United States of America.
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Figure 4.3: Global map predicting the efficacy of M. anisopliae isolate ICIPE 69 against
Z. cucurbitae.

4.6 Compatibility of ICIPE 69 with Cue-lure
Conidial germination and germ tube length were used to establish the compatibility of the

selected isolates with the available commercial lure.

4.7.1 Effect of Cue-lure on conidial germination of M. anisopliae ICIPE 69 at
different temperatures

The germination of conidia of M. anisopliae was significantly affected by temperature
(P<0.001) and period of exposure (P<0.001) as shown in Table 4.8. However, there was
no significant interaction between exposure period and temperature (P>0.05) (Appendix
5). Significant reduction in conidial germination was observed in all the treatments for all
the days (Table 4.8).
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4.7.2 Effect of Cue-lure on Germ Tube Length of M. anisopliae ICIPE 69 at
different temperatures

The germ tube length of M. anisopliae was also significantly affected by temperature
(P<0.001) and period of exposure (P<0.001) (Table 4.9). However, there was no
significant interaction between exposure period and temperature (P>0.05) (Appendix 5).
Significant reduction of germ tube length was observed in all the treatments from day 1
to day 8 (Table 4.9).
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Table 4.8: Effect of Cue-lure on M. anisopliae conidial germination (%) over time

Days after Exposure
Temperature 1 2 3 6 8
18°C + Cue-lure | 80.60+0.79f A 80.42+1.41Ff A 82.29+1.42b A 81.75+2.95cd A 71.05+2.85cd B
18°C control 98.10+0.80a A 97.90+0.37ab A 92.11+0.62abc A 72.27+2.95cd B 69.69+1.49d B
25°C + Cue-lure | 92.09+1.65cd A 89.69+0.82c A 83.44+0.66bcd B 77.19+0.81bc C 68.91+0.6d D
25°C control 98.46+0.25a A 96.26+0.52ab A 95.81+1.62a A 93.88+0.99a AB 88.93+2.05a B
30°C + Cue-lure | 97.56+£0.96ab A 96.13+0.92ab A 93.51+0.46ab AB 76.90+2.88bc C 87.84+0.38a B
30°C control 99.12+0.08a A 98.64+0.17a A 96.32+0.45a AB 93.44+0.27a B 78.19+1.51bc C

Key: Means within a column followed by the same lower case letter and within a row followed by the same upper case

letter are not significantly different at P < 0.05.

Table 4.9: Effect of Cue-lure on M. anisopliae mean conidial germ tube length (um) over time

Temperature Days after Exposure
1 2 3 6 8
18°C + Cue-lure | 102.65+5.13d A 89.56+7.22de A 56.53+3.80d B 37.92+0.9e BC 27.15+1.59h C

18°C control 147.16+12.82a A 119.78+6.63abc AB  110.61+6.42ab AB  83.05+19.0labcd B 75.52+4.8cd B

25°C + Cue-lure | 122.38+2.88abcd A 88.62+6.05de B 62.47+4.64d C 56.73+1.43deC 35.28+3.52gh D
25°C control 113.26+2.28cd A 103.09+0.92cde AB  96.30+3.02bc BC 84.80+2.04abcd CD  74.91+4.79cd D
30°C + Cue-lure | 123.19+3.48abcd A  119.59+4.62abc A 103.13+3.97b B 91.55+2.21abc BC 85.59+1.38bc C
30°C control 145.33+5.93ab A 140.64+0.86a A 97.25+10.96bc B 96.78+2.4ab B 91.48+1.56ab B

Key: Means within a column followed by the same lower case letter and within a row followed by the same upper case
letter are not significantly different at P < 0.05.
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4.8 Horizontal Transmission

4.8.1 Conidia Retention

Time did not affect the retention of spores (P>0.05). However, the average number of
spores picked up by a single fly immediately after exposure (0 h) was the highest.
Although the number of spores reduced over time, there was no significant difference at 0
and 24 hours (Table 4.10).

Table 4.10: Number of M. anisopliae Conidia Retained over Time on Z. cucurbitae Flies

Time after Treatment (h) Mean number of conidia per fly (x 10°)

0 14.4 + 3.27
2 126 +£1.33
4 125+ 224
6 945+211
8 6.55 +1.62
24 6.41 +0.87

Key: Means within a column followed by the same lower case letter and within a row
followed by the same upper case letter are not significantly different at P < 0.05.

4.8.2 Horizontal transmission of ICIPE 69 between Z. cucurbitae adults

Both “donor” and “recipient” flies acquired and succumbed to death due to fungal
infection. The “donors” had 100% mortality with a less lethal time values compared to
the “recipients” who had mortalities of 97.25% + 1.6 and 86% + 5.85 for male and
female respectively. There was however, no significant difference in mortality between

the donors and recipients (P>0.05).

Table 4.11: Percentage mortality and lethal time values of Z. cucurbitae after exposure to
Metarhizium anisopliae

% Mortality £t SE LT 50 LT 90
Male ‘donor’ 100 2.52 (2.48-2.55) 3.51 (3.46-3.56)
Female ‘donor’ 100 2.64 (2.61-2.68) 3.61 (3.56-3.66)
Male ‘recipient’ 97.25+1.6 4.45 (4.40-4.50) 6.83 (6.76-6.92)
Female ‘recipient’ 86 + 5.85 7.03 (6.95-7.11) 11.25 (11.05-11.46)
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4.8.3 Effect of M. anisopliae on Reproduction Potential of Z. cucurbitae

Infection by M. anisopliae significantly affected egg laying of melon fly. More eggs were
laid by fungus-free female flies than by fungus-treated ones (F = 147; df = 1, 38; P <
0.001) (Figure 4.4). However, no significant difference in the hatchability of eggs was
observed between the eggs from fungus-treated flies and untreated controls. (P > 0.05)
(Figure 4.5).
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Figure 4.4: Effect of Metarhizium anisopliae ICIPE 69 on reproduction potential of

Zeugodacus cucurbitae
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CHAPTER FIVE
DISCUSSION

5.1 Pathogenicity of EPF isolates against Zeugodacus cucurbitae adults

This study mainly focused on identifying the most efficient entomopathogenic fungal
isolate for the management of Z cucurbitae which is a serious pest of cucurbits. The
bioassay results showed that all the 15 isolates tested were pathogenic to Zeugodacus
cucurbitae. Other previous studies have also reported susceptibility of fruit flies to
entomopathogenic fungi (Rtu et al.,2009; Oreste et al., 2015; Gul et al., 2015; Qazzaz et
al., 2015). The virulence of different fungal isolates has also been reported on other pests
such as Aphis craccivora (Mweke et al., 2018), Spoladea recurvalis moths (Opisa et al.,
2018), Pea Leafminer (Migiro et al., 2010) and Leaf Beetle Agelastica alni (L.) (Sonmez
et al., 2017). The results of this study confirm the pathogenicity of B. bassiana and M.
anisopliae towards adult fruit flies. Isolates of B. bassiana were the least virulent against
the pest compared to M anisopliae isolates. The pathogenicity of M. anisopliae has been
previously reported against other fruit fly species like C. rosa var. fasciventris, C.
capitata (Beris and Papachristos, 2013) and C. cosyra (Dimbi et al., 2003; Sookar et
al.,2008). M. anisopliae isolates ICIPE 69 and ICIPE 18, which were found to be the
most virulent against both the 3 instar larvae and adults of Z. cucurbitae in this study,
have also been reported to be effective against aphid pest species of crucifers and okra
(Bayissa et al., 2017), western flower thrips, Frankliniella occidentalis (Niassy et al.,
2012) and Aphis craccivora (Mweke et al., 2018).

The present study employed the use of velvet material contaminated with dry conidia to
inoculate the insects as previously used by Migiro et al. (2010) and Dimbi et al. (2013).
Due to this reason, it was therefore not possible to determine the Lethal Concentration
LC values for the most virulent isolates (Bayissa et al., 2017). The difference in virulence
among the isolates of M. anisopliae was confirmed by the LT90 values recorded. The
LT90s ranged from 3.79 days for ICIPE 69 to 6.65 days for ICIPE 279. The LT90 values

for the most virulent isolates of M. anisopliae tested in this study ranged from 4.8 to 5.0
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days. This was slightly higher than LT90 values obtained by Dimbi et al. (2003), which
ranged from 3.3 to 4.5 days. However, it was lower than the LT50 values reported by
Castillo et al. (2000) which ranged from 5.6 to 5.9 days, within a similar range of
concentration of conidia pick. These differences were attributed to differences in the
virulence of the fungus used in the different studies or the action of fungus on different

species of pests.

5.2 Exposure of 3rd instar larvae to conidial suspension

M. anisopliae has been found to effectively suppress the emergence of the fruit flies
when the fungus is applied to the soil and then the insects are introduced (Gul et al.,
2015). Applications of entomopathogenic fungi prior to the introduction of pupae into the
soil have been recommended (Ekesi et al., 2002). This is mainly because it may enhance
the contact effects of the fungus (in time and with regard to coverage) as the last larval
stage of Z. cucurbitae drop on and pupate beneath the soil surface, therefore narrowing
the ‘window’ for infection. For soil applications of entomopathogenic fungi to be
successful, factors such as pathogen virulence, soil type, application method,
environmental conditions and the presence or absence of a susceptible host have to be
considered (Inglis et al. 2001). In most studies, depending on the insect, it has proven
difficult to have pupae as the primary target. This is because the thick and sclerotised
pupal cuticle provides a great barrier to fungal infection and the inactive nature of pupae
(De La Rosa et al. 2002). Therefore, targeting the last-instar for some pests has been
found to be a good control because it results to high levels of pupal mortality. In this
study, the 3" instar lavae were targeted because of the life cycle of melon fly, where the
other instars occur inside the fruit host and will pop out to pupate at this instar. Only a
few adult melon fly emerged from the various fungal treatments, and half of these

ultimately developed mycoses.

In the present study, the emergence of the flies in the control treatment was higher than in
all the inoculated treatments. Similar findings were reported by Inglis et al. (2001).
However, different inoculation concentrations did not differ significantly from each other

but they were all different from the control with regard to their effect on pupa emergence.
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It was therefore evident that soil inoculation had a significant effect on the adult
emergence. The percentage emergence from the inoculated treatments ranged between
3% to 52% depending on the isolate and the conidial concentration. Pupae emergence
values obtained in a study by Beris and Papachristos (2013), were within the range of this
study. The results from this study therefore confirmed the ability of EPFs to suppress
pupa emergence as reported in several previous works e.g., (Ekesi, 2002; Ekesi et al.,
2005; Khlaywi et al., 2014).

There was also significantly higher mortality of insects that emerged from inoculated
treatments than in the control. The highest emerged insects mortality in the three isolates
was obtained at the highest concentration of 1.0 x 10 This concentration was also
reported as the most effective on other bactrocera species (Mar and Lumyong, 2012). In
this study, it is possible that the emerging adults acquired the inoculum after emergence
as they moved through the soil. However, the time interval from emergence to death was
relatively short, which could suggest that few infective propagules may have been
acquired before pupation. Since mortality is dose related (level and rate), an infection
took longer to develop, manifesting only in the emerged adult stage. It is possible that
these individuals survived through to adulthood, but succumbed shortly thereafter due to

colonizing effect of the fungi.

Since all the tested concentrations were able to reduce pupa emergence and longevity in
this study, the results suggest that M. anisopliae fungal isolates are effective against 3rd
instar stages of Z. cucurbitae. Metarhizium anisopliae has also been reported to cause 41
and 46% pupae mortality of western flower thrips and legume flower thrips,
Megalurothrips sjostedti Trybom (Thysanoptera: Thripidae), respectively (Ekesi and
Maniania, 2000). Wraight and Ramos (2004) also found that by spraying last-instar of
Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) with B.
Bassiana, pupal mortality was achieved. In the present study, only insects that showed
mycosis were analyzed. In all treatments, the time taken for mycosis to be seen and the
mycelium density were different. This had also been observed in a study carried out by

Mar and Lumyong (2012). These data demonstrate that the strains of M. anisopliae are a
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robust and effective control agent for melon fly pupae and that conidial concentration
affect the emergence and mortality which concurs with other studies in that emergence
increases with decrease in concentration (Beris and Papachristos, 2013).

5.3 Effect of Temperature on Conidial Germination

The temperature was observed to have a significant effect on spore germination of the
three selected isolates of M. anisopliae with the optimum temperature being 25 and 30°C.
Similar results were observed by Gougouli and Koutsoumanis (2012) on Penicilium.
expansum, and Pardo et al. (2005) on Aspergillus ochraceus. There was no significant
difference among isolates with regard to spore germination except for ICIPE 69 at 15°C.
This was attributed to the fact that the three isolates originated from similar

environmental conditions although in different countries.

5.4 Effect of Temperature on Fungal Growth

Fungal growth was found to occur at all temperatures but there was minimal growth at
15°C while 30°C recorded the highest growth rate. Similar findings were reported by
Tumuhaise et al. (2018) on ICIPE 18 and 69 isolates and Bayissa et al. (2017) on ICIPE
30 isolate in their thermo-tolerance studies involving Maruca vitrata Fabricius
(Lepidoptera: Crambidae). The highest growth rate for all the three isolates was observed
at 30°C but there was no significant difference between isolates in growth rates recorded
at the temperature of 25°C and 30°C. Therefore, the optimal temperature for radial
growth of these isolates was considered to be 25°C and 30°C. This was within the
optimum range reported in other entomo-pathogenic studies (Ouedraogo et al., 1997).
The highest growth rate observed among the isolates ranged from 3.79 to 4.08 which was
within the range observed by Cabanillas and Jones (2009) on most Isaria isolates. The
similar behavior of the isolates observed within the temperature range of 25°C and 30°C
was attributed to the fact that they were all isolated from the soil or from a soil organism

under tropical conditions.

5.5 Effect of Temperature on Fungal Sporulation
There was a significant effect of temperature on sporulation of all the isolates. The

optimum sporulation temperature was found to be 25°C with a significant reduction of
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conidia at 30°C. A study by Chauvet and Suberkropp (1998) on aquatic Hyphomycetes
showed that L. curvula and T. marchalianum sporulated at an optimum temperature of
25°C, which is in agreement with this study. These findings also corroborate the findings
of a similar study by King et al., (2007) on Colletotrichum Spp. In this study, the
optimum temperature for sporulation was found to be lower than that of radial growth.
This could mean that the sporulation of the selected isolates is heat sensitive and hence

the sporulation started to decrease with increase of temperature after 25°C.

5.6 Effect of Temperature on Virulence of M. anisopliae Isolates to Z. cucurbitae

The virulence bioassay showed that mortality of Z. cucurbitae adults caused by M.
anisopliae isolates was significantly affected by the temperature. Other studies that
reported similar results with M. anisopliae isolates include Yeo et al. (2003) and Bayissa
et al. (2017) on aphid species, Ugine (2011) on Lygus lineolaris and Mishra et al. (2015)
on Musca domestica L. They all reported that virulence of M. anisopliae isolates
increased with increase in temperature. The isolates ICIPE 18 and 69 caused significantly
higher mortality than ICIPE 30 across the temperature range of 20°C and 30°C. This
could be attributed to the fact that they were both soil isolates and were both isolated
from tropical regions though in different countries. Similar results with the same isolates
were reported by Bayissa et al. (2017) on aphid species. The optimum temperature at
which the highest mortality occurred for all the isolates ranged from 25°C and 30°C. This
finding was in agreement with that of Bayissa et al. (2017) who observed that M.
anisopliae isolates were more virulent to aphid species at 25°C and 30°C than at 15°C
and 20°C. The isolates ICIPE 18 and 69 also recorded the shortest lethal time within the
optimal virulence temperature of 25°C and 30°C. This therefore showed that the two
isolates would have the highest efficacy in control of Z. cucurbitae within its optimum

development temperature range of 25°C to 32°C (Maynard, 2007).

5.6.1 Modelling of Temperature-dependent Mortality Rates of Adult Z. cucurbitae
According to Klass et al. (2007), modelling is important as it provides a useful tool to
assist in interpreting effectiveness of control operations which leads to development of

improved application strategies to optimize the performance of the bio-pesticide. In this
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study, the non-linear regression model was used to predict the efficacy of the fungi in
relation to temperature. The minimum threshold temperatures for fungal isolates efficacy
were estimated by the quadratic equation to be between 10-15°C, the optimum to be
between 25°C to 30°C and the maximum to be between 40-44°C. These estimates were
within the range of values obtained by Rangel et al. (2010). At optimum temperatures of
25°C to 30°C, ICIPE 18 and 69 consistently produced similar results in germination,
radial growth and percentage mortality. ICIPE 18 showed tolerance over a broad range of
temperatures including the lower temperatures of 15°C to 20°C. However, ICIPE 69
outperformed other isolates in suppression of pupa emergence and mortality, sporulation
and lower LT values. This isolate was therefore selected for global mapping to predict its
efficacy against Z. cucurbitae using the geospatial temperature data layer and the best
fitted quadratic model. The global map showed that ICIPE 69 would be more effective in
the tropics than the temperate regions, which is in agreement with Tumuhaise et al.
(2018). This isolate could therefore be integrated with other control agents such as use of
Cue-lure pheromone food bait (Street et al., 2016) and other cultural practices (Dhillon et
al., 2005; Ryckewaert et al., 2010).

5.7 Compatibility of ICIPE 69 with Cue-lure

The Cue-lure evaluated in this study was compatible with the isolate ICIPE 69. Cue-lure
can therefore be synergistically used with the fungal isolates for effective control of Z.
cucurbitae where the lure would attract the insect while the fungal isolates would be the
bait to kill the insect. However, the influence of temperature on compatibility was
significant. In addition, the period after exposure was also of significant influence and
conidial germination and germ tube length reduced over time (David et al., 2016). Cue-
lure may possibly have some antagonistic effects to the fungus. Antifungal effects have
been reported in other attractants (Halim et al., 2006; Erdemgil et al., 2007; Chambers et
al., 2013). Higher conidial germination and longer germ tube length has been found to
directly influence fungal pathogenesis on insects. Fargues et al. (1994) compared four
different growth stages of Isaria fumosorosea (=Paecilomyces fumosoroseus) (Eurotiales:
Trichocomaceae) for their infection potential to the first-instar larvae of Spodoptera

frugiperda J.E. Smith (Lepidoptera: Noctuidae) and found germinated conidia and hyphal
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bodies to be more aggressive than ungerminated conidia. Similar findings were also
reported by Faria et al. (2015).

5.8 Horizontal Transmission

For a bio-control agent to be effective, the dispersal should be efficient and still cause
acute mortality. Horizontal transmission can be achieved through avenues like mating or
physical contact. Flies generally do a lot of grooming after they have been exposed to
fungus but the fact that flies were able to retain substantial amount of conidia after
grooming has important implications on the horizontal transmission. In this study, when
fungus-treated fruit flies (donors) were mixed with healthy flies (recipients), they were
able to transmit fungal conidia to the healthy ones, thus, causing mortality of up to 97%
in 10 days after inoculation. This study therefore demonstrated that horizontal
transmission of fungal infection does occur during mating and physical contacts and that
M. anisopliae may have potential for the integrated control programs of Z. Cucurbitae. A
study by Aanen and Nobre (2010) identified horizontal transmission as key to the
colonization of Madagascar by fungus-growing termites. Several studies have also shown
effectiveness of horizontal transmission of the entomopathogenic fungus e.g. Beauveria
bassiana against Triatoma infestans (Forlani and Pedrini, 2011), totivirus in violet root
rot fungus Helicobasidium mompa (Suzaki and Atsuko, 2005), hypoviruses between
vegetative compatibility types of Cryphonectria parasitica in Macedonia (Papazova et al,
2008), Isaria fumosorosea against whitefly (Avery et al., 2010) and selected Brazilian

strains of Beauveria bassiana against Cosmopolites sordidus.

In tephritid fruit flies, effective horizontal transmission has also been reported in several
studies. For example, Toledo et al. (2012) reported effective horizontal transmission of
Beauveria bassiana in Anastrepha ludens (Diptera: Tephritidae) under laboratory and
field cage conditions and Quesada-Moraga et al. (2008) on C. capitata (Wiedemann)
(Diptera: Tephritidae). Effect of M. anisopliae inoculation on the mating behavior of
three species of African Tephritid fruit flies, C. capitata, C. cosyra and C. fasciventris

was reported by Dimbi et al. (2009 and 2013) where the fungus caused significant
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reduction in the number of eggs oviposited and fecundity was reduced to as low as 37%
in C. cosyra.

However, no significant difference on the hatchability of eggs was found between fungus
treated flies and untreated controls. This could mean that the viability of the egg that is
oviposited by an infected fly is not affected. This findings from this study corresponds
with those of Dimbi et al. (2013) on the three species of fruit flies namely C. capitata, C.
cosyra and C. fasciventris.
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CHAPTER SIX
SUMMARY OF FINDINGS, CONCLUSION AND RECOMMENDATIONS

6.1 Summary of findings

The key findings of this study can be summarized as follows:

1. Metarhizium anisopliae isolates showed potential in the management of Z.
cucurbitae, as compared to B. bassiana isolates. Metarhizium anisopliae isolate
ICIPE 69 and ICIPE 18 were the most promising candidates for the control of Z.
cucurbitae on cucurbits as determined by their relatively higher ability to suppress
pupae emergence and subsequent mortality of the emerged pupae from contaminated
soil.

2. Temperature was found to have a significant effect on conidia germination, radial
growth, sporulation and pathogenicity of the three tested isolates of M. anisopliae.
This indicated that pathogenicity of the isolates was temperature dependent. The
optimum temperature for conidia germination, radial growth, sporulation and
virulence was 25 and 30°C. Metarhizium anisopliae isolates ICIPE 69 and ICIPE 18
again recorded the highest conidia germination, radial growth, sporulation and
pathogenicity against Z. cucurbitae among different temperature regimes.

3. Metarhizium anisopliae isolate ICIPE 69 was found to be compatible with a
commercially available Cue-lure. However, the influence of temperature on
compatibility was significant. In addition, the period after exposure was also of
significant influence and conidial germination and germ tube length reduced over
time. The study showed that there was an effect of Cue-lure on fungus

4. Although the flies that picked conidia from the contamination devices were likely to
lose some of it during flight, infected flies were able to infect healthy flies causing
mortality. This study therefore demonstrated that horizontal transmission of fungal
infection from infected to heathy flies occurred and was effective in reducing the

population of the pest.
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6.2 Conclusions

Based on the study objectives, the following conclusions were drawn from the study

findings:

1. Metarhizium anisopliae isolates ICIPE 18, ICIPE 30 and ICIPE 69 are highly
pathogenic against the adults of Z.cucurbitae. The isolates can also reduce the
emergence of pupae and reduce the longevity of emerged flies. However, for
optimum results, the right concentration should be used. A concentration of 1 x 108
spores/ml was found to be very effective.

2. Temperature has a profound influence on the performance of the selected isolates on
conidial germination, sporulation, radial growth and virulence. The optimal
temperature for the best performance was 25 and 30°C. However, M. anisopliae
isolate ICIPE 69 and ICIPE 18 can be effective used as entomopathogens against the
melon fruit fly (Z. cucurbitae). The isolates can thus be further developed and used
within the framework of IPM programs in the field. The global mapping to predict the
efficacy against Z. cucurbitae using the geospatial temperature data layer and the best
fitted quadratic model showed that ICIPE 69 would be more effective in the tropics
than the temperate regions. This is deduced to be the same case with isolate ICIPE 18.
This study therefore demonstrates the potential of the two M. anisopliae isolates as
candidates of biological control agents for Z. cucurbitae in the tropics.

3. This study showed that Cue-lure is compatible with conidia of M. anisopliae ICIPE
69. The fungus and lure can therefore be used together in the auto dissemination
device for “lure and kill” management strategy.

4. This study demonstrated that horizontal transmission of fungal infection does occur
during mating and physical contacts and is effective in reducing the population of the
pest. The effectiveness of the horizontal transmission in reducing the pest population
is further supported by the fact that fungus-infected female flies laid fewer eggs than
healthy flies although the infection did not have any effect on the fertility of the eggs.
Therefore, M. anisopliae may have some considerable potential in the integrated

control programs of Z. cucurbitae.
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6.3 Recommendations

The following recommendations were made from the study:

1.

Since ICIPE 69 is already commercialized, Z. cucurbitae can be included in the list of
the pests controlled by this isolate.

Since the virulence of the selected M. anisopliae isolates was found to be temperature
dependent, the optimum temperature of 25 and 30°C is recommended for application
of these isolates in melon fly management in order to obtain the best results.

Based on the laboratory observations, the M. anisopliae isolate, ICIPE 69 was found
to be compatible with commercially available pheromone lure “Cue-lure” for the
management of Z. cucurbitae. The isolate is therefore recommended to the
manufacturers of pheromone lures for incorporation as a bait.

Since the infected flies were found to effectively infect healthy flies and subsequently
cause high fly mortality, entomopathogenic use of the two selected M. anisopliae
isolates (ICIPE 69 and 18) is highly recommended in the IPM package for control of

Z. cucurbitae.

6.4 Areas of Further Research

Based on the study findings, the following areas of further research are suggested:

1.

Since different agrochemicals are used for the management of melon fly and other
pests of cucurbits, effects of these chemical insecticides to M. anisopliae isolates,
particularly ICIPE 69 and 18, should be undertaken.

To ascertain the compatibility of the fungal isolates and commercially available Cue-
lure, the laboratory findings should be confirmed through a field based experiment.
Although the effectiveness of ICIPE 69 fungal isolate was tested at different
temperatures and found to be most effective in the temperature range conducive for
melon production, the isolate should also be evaluated under field conditions. This is
important because there are many other factors that may come into play under field
conditions including humidity and fluctuations of day and night temperatures.

51



REFERENCES

Aanen, D.K., and Nobre, T. (2010). Vertical transmission as the key to the colonization
of Madagascar by fungus-growing termites ?, Proceedings of the royal society B,
359-365. https://doi.org/10.1098/rspb.2009.1373

Abbey B.W., Nwachoko, N., and Ikiroma G.N. (2017). Nutritional Value of Cucumber
Cultivated in Three Selected States of Nigeria. Biochemistry and Analytical
Biochemistry 6(3), 19-21. https://doi.org/10.4172/2161-1009.1000328

Abbott, W.S. (1925). A method of computing the effectiveness of an insecticide. Journal
of Economic Entomology 18, 265-267.

Abou-Jawdah, Y., Sobh, H., EI-Zammar, S., Fayyad, A., & Lecoq, H. (2000). Incidence
and management of virus diseases of cucurbits in Lebanon. Crop Protection, 19(4),
217-224. https://doi.org/10.1016/S0261-2194(99)00100-3

Agriculture and Food authority (AFA) Horticulture Validated Report (2016), Available

at: https://www.agriculture authority.go.ke/wp-
content/uploads/2016/09/Horticulture-2015 _2016-Validated-Report3.pdf. Accessed
15 May 2019.

AGRA (2014). Alliance For a Green Revolution in Africa. Africa Agriculture Status
Report: Climate change and smallholder agriculture in sub-Saharan Africa.
Available at:  https://reliefweb.int/sites/reliefweb.int/files/resources/agra-africa-
agriculture-status-report-2014.pdf. Accessed 23 May 2018

Adiloglu, S. (2016). Indirect Effects of Pesticides on Natural Enemies. 6, 13.
https://doi.org/http://dx.doi.org/10.5772/57353

Ahmad, S., and Ali, I. (2014). Determination of Fruit Flies ( Diptera: Tephritidae )
Infestation in Guava , Peach and Bitter Gourd Orchards in Khyber, 30(2).

Allwood, A., Leblanc, L., Tora Vueti, E.B.R. (2001). Fruit fly control methods for Pacific
Island countries and territories. Pest Advisory Leaflet 40, Accessed from
https://www.researchgate.net/publication/275026634 Fruit_Fly Control_Methods
for_Pacific_Island_Countries_and_Territories.

Alphey, L., Benedict, M., Bellini, R., Clark, G.G., ... Dobson, S L. (2010). Sterile-Insect
Methods for Control. Vector-Borne and Zoonotic Diseases, 10(3), 295-311.
https://doi.org/10.1089/vbz.2009.0014

Avery, P.B., Queeley, G.L., Faull, J., Simmonds, M.S.J., Avery, P.B., Queeley, G.L., ...
Monique, S. J. (2010). Effect of photoperiod and host distribution on the horizontal
transmission of Isaria fumosorosea (Hypocreales : Cordycipitaceae) in greenhouse
whitefly assessed using a novel model bioassay, Biocontrol Science and Technology
,20(10), 1097-1111. https://doi.org/10.1080/09583157.2010.515299

Badii, K.B., Billah, M.K., Afreh Nuamah, K., Obeng Ofori, D., and Nyarko, G. (2015).
Review of the pest status, economic impact and management of fruit-infesting flies
(Diptera: Tephritidae) in Africa. African Journal of Agricultural Research, 10(12),
1488-1498. https://doi.org/10.5897/AJAR2014.9278

Bateman, R., Carey, M., Batt, D., Prior, C., Abraham, Y., Moore, D., ... Fenlon, J.
(1996). Screening for Virulent Isolates of Entomopathogenic Fungi Against the
Desert Locust, Schistocerca gregaria Forskal. Biocontrol Science and Technology,
6, 549-560. https://doi.org/10.1080/09583159631181

Bayissa, W., Ekesi, S., Mohamed, S.A., Kaaya, G.P., Wagacha, J.M., Hanna, R., and

52


https://doi.org/10.4172/2161-1009.1000328
https://doi.org/10.1016/S0261-2194(99)00100-3

Maniania, N.K. (2017). Selection of fungal isolates for virulence against three aphid
pest species of crucifers and okra. Journal of Pest Science, 90(1), 355-368.
https://doi.org/10.1007/s10340-016-0781-4

Benelli, G. (2015). Aggression in tephritidae flies: Where, when, why? Future directions
for research in integrated pest management. Insects, 6(1), 38-53.
https://doi.org/10.3390/insects6010038

Beris, E.l., and Papachristos, D.P. (2013). Pathogenicity of three entomopathogenic fungi
on pupae and adults of the Mediterranean fruit fly, Ceratitis capitata (Diptera:
Tephritidae), Journal of Pest Science, 275-284. https://doi.org/10.1007/s10340-
012-0468-4

Biasazin, T.D. (2017). The chemical ecology of the oriental fruit fly Bactrocera dorsalis
and the potential for novel odor-based management tools. PhD thesis, Swedish
University of Agricultural Sciences.

Bidochka, M.J., Kamp, A.M., Lavender, T.M., Dekoning, J. and De Croos, J.N.A. (2001)
‘Habitat Association in Two Genetic Groups of the Insect- Pathogenic Fungus
Metarhizium anisopliae: Uncovering Cryptic Species ?°, Applied and
Environmental Microbiology, 67, pp. 1335-1342. doi: 10.1128/AEM.67.3.1335.

Braga, G.U.L., Flint, S.D., Miller, C.D., Anderson, A.J., and Roberts, D.W. (2001). Both
Solar UVA and UVB Radiation Impair Conidial Culturability and Delay
Germination in the Entomopathogenic Fungus Metarhizium anisopliaef.
Photochemistry and Photobiology, 74(5), 734. https://doi.org/10.1562/0031-
8655(2001)074<0734:bsuaur>2.0.co;2

Bfizova, R., Vanic¢kova, L., Fatarova, M., Ekesi, S., Hoskovec, M., and Kalinova, B.
(2015). Analyses of volatiles produced by the African fruit fly species complex
(Diptera, tephritidae). Z0ooKeys, 2015(540), 385-404.
https://doi.org/10.3897/zookeys.540.9630

Butt, T.M. and Goettel, M.S. (2000) ‘Bioassays of entomogenous fungi.’, in Navon, A.,
and Ascher, K. R. S. (ed.) Bioassays of entomopathogenic microbes and nematodes.
London, United Kingdom: CABI, pp. 141-195.

Butterwick, M.  (2016).  Cucurbitaceae = gourd  family.  Available at
http://canotia.org/volumes/Canotia 12-Cucurbitae-Butterwick-8-13-16.pdf.
Accessed 23 May 2018.

Cabanillas, H.E., and Jones, W.A. (2009). Effects of temperature and culture media on
vegetative growth of an entomopathogenic fungus Isaria sp. (Hypocreales:
Clavicipitaceae) naturally affecting the whitefly, Bemisia tabaci in Texas.
Mycopathologia, 167(5), 263-271. https://doi.org/10.1007/s11046-008-9176-2

Canale, A., and Benelli, G. (2012). Impact of mass-rearing on the host seeking behaviour
and parasitism by the fruit fly parasitoid Psyttalia concolor (Szépligeti)
(Hymenoptera:  Braconidae). Journal of Pest Science, 85(1), 65-74.
https://doi.org/10.1007/s10340-011-0382-1

Castillo, M.A., Moya, P., Hernandez, E., and Primo-Yufera, E. (2000). Susceptibility of
Ceratitis capitata Wiedemann (Diptera: Tephritidae) to entomopathogenic fungi
and their extracts. Biological Control, 19(3), 274-282.
https://doi.org/10.1006/bcon.2000.0867

Chambers, A.H., Evans, S.A. and Folta, K.M. (2013). Methyl anthranilate and y-
decalactone inhibit strawberry pathogen growth and achene germination. Journal of

53



Agricultural and Food Chemistry 61, 12625-12633.

Chang, C.L., Caceres, C., and Jang, E.B. (2004). A novel liquid diet and its rearing
system for melon fly, Bactrocera cucurbitae (Diptera: Tephritidae). Annals of the
Entomological Society of America, 97(July), 524-528. Retrieved from
file://ly:/5514.pdf

Chauvet, E., and Suberkropp, K. (1998). Temperature and sporulation of aquatic
hyphomycetes. Applied and Environmental Microbiology, 64(4), 1522-1525.

Corréa, S.C., Wille, C.L., Hoffer, H., Inés, M., Boff, C., and Franco, C.R. (2018).
Oviposition preferences and biology of fruit flies ( Diptera). 2125, 850-859.

Cory, J.S., and Ericsson, J.D. (2010). Fungal entomopathogens in a tritrophic context.
BioControl, 55(1), 75-88. https://doi.org/10.1007/s10526-009-9247-4

Courtney, S.P., Kibota, T.T. (1990). Mother doesn’t know best: selection of hosts by
ovipositing insects, in: Bernays EA (ed.) Insect- plant interactions Vol. 1l. CRC
Press, Boca Raton, USA, 161-188.

Cuthbertson, A.G.S., and Audsley, N. (2016). Further screening of entomopathogenic
fungi and nematodes as control agents for Drosophila suzukii. Insects, 7(2).
https://doi.org/10.3390/insects7020024

Daniel, M.J. (1976). Feeding by the short - tailed bat ( Mystacina tuberculata ) on fruit
and possibly nectar. , New Zealand Journal of Zoology, 3(4), 391-398,
https://doi.org/10.1080/03014223.1976.9517927

David, K.M., Sevgan, S., Saliou, N., Daisy, S., Hannalene, du P., Sunday, E., and Nguya,
K. M. (2016). Screening for attractants compatible with entomopathogenic fungus
Metarhizium anisopliae for use in thrips management. African Journal of
Biotechnology, 15(17), 714-721. https://doi.org/10.5897/AJB2015.15149

Deguine, J.P., Atiama-Nurbel, T., Aubertot, J.N., Augusseau, X., Atiama, M., Jacquot,
M., and Reynaud, B. (2015). Agroecological management of cucurbit-infesting fruit
fly: a review. Agronomy for Sustainable Development, 35(3), 937-965.
https://doi.org/10.1007/s13593-015-0290-5

De La Rosa, W., Lopez, F.L., Liedo P. (2002). Beauveria bassiana as a pathogen of the
mexican fruit fly (Diptera: Tephritidae) under laboratory conditions. Journal of.
Economic. Entomology. 95, 36-43.

De Meyer, M., Delatte, H., Mwatawala, M., Quilici, S., Vayssiéres, J.F., and Virgilio, M.
(2015). A review of the current knowledge on Zeugodacus cucurbitae (Coquillett)
(Diptera, tephritidae) in Africa, with a list of species included in Zeugodacus.
ZooKeys, 2015(540), 539-557. https://doi.org/10.3897/zookeys.540.9672.

Desneux, N., Decourtye, A., and Delpuech, J.M. (2006). The Sublethal Effects of
Pesticides on Beneficial Arthropods. Annual Review of Entomology, 52(1), 81-106.
https://doi.org/10.1146/annurev.ent0.52.110405.091440

Dhillon, M., Singh, R., Naresh, J., and Sharma, H. (2005). The melon fruit fly,
Bactrocera cucurbitae: a review of its biology and management. Journal of Insect
Science (Online), 5:1-16. https://doi.org/40

Diao, X., Hazell, P., and Thurlow, J. (2010). The Role of Agriculture in African
Development. World Development, 38(10), 1375-1383.
https://doi.org/10.1016/j.worlddev.2009.06.011

Dias, N. P., Nava, D.E., Garcia, M.S., Silva, F.F., and Valgas, R.A. (2018). Oviposition
of fruit flies ( Diptera: Tephritidae ) and its relation with the pericarp of citrus

54



fruits. Brazilian Journal of Biology, 78(3), 443-448.

Dias, N.P., Zotti, M.J., Montoya, P., Carvalho, I.R., and Nava, D.E. (2018). Fruit fly
management research: A systematic review of monitoring and control tactics in the
world. Crop Protection, 112:187-200. https://doi.org/10.1016/j.cropro.2018.05.019

Dimbi, S., Maniania, N.K., and Ekesi, S. (2009). Effect of Metarhizium anisopliae
inoculation on the mating behavior of three species of African Tephritid fruit flies,
Ceratitis capitata, Ceratitis cosyra and Ceratitis fasciventris. Biological Control,
50(2), 111-116. https://doi.org/10.1016/j.biocontrol.2009.04.006

Dimbi, S., Maniania, N.K., and Ekesi, S. (2013). Horizontal transmission of Metarhizium
anisopliae in fruit flies and effect of fungal infection on egg laying and fertility.
Insects, 4(2), 206-216. https://doi.org/10.3390/insects4020206

Dimbi, S., Maniania, N.K., Lux, S.A., and Mueke, J.M. (2004). Effect of constant
temperatures on germination, radial growth and virulence of Metarhizium
anisopliae to three species of African tephritid fruit flies. BioControl, 49, 83-94.
https://doi.org/10.1023/B:BIC0.0000009397.84153.79

Ekesi, S. and Maniania, N.K (2000) Susceptibility of Megalurothrips sjostedti
developmental stages to Metarhizium anisopliae and the effects of infection on
feeding, adult fecundity, egg fertility and longevity. Entomologia Experimentalis et
Applicata 94: 229-236.

Ekesi S., Maniania N.K., Lux S.A, (2002). Mortality in three African tephritid fruit fly
puparia and adults caused by the entomopathogenic fungi, Metarhizium anisopliae
and Beauveria bassiana. Biocontrol Science. Technology. 12, 7-17.

Ekesi, S., Maniania, N.K., Mohamed, S.A., and Lux, S.A. (2005). Effect of soil
application of different formulations of Metarhizium anisopliae on African tephritid
fruit flies and their associated endoparasitoids. Biological Control, 35(1), 83-91.
https://doi.org/10.1016/j.biocontrol.2005.06.010

Ekesi, S., Dimbi, S., Maniania, N.K., and Division, C. P. (2007). The role of
entomopathogenic fungi in the integrated management of fruit flies (Diptera:
Tephritidae) with emphasis on species occurring in Africa. ISBN: 978-81-308-
0192-6.

Ekesi, S. (2010). Combating fruit flies in eastern and southern Africa (COFESA):
elements of a strategy and action plan for a regional cooperation program. World
Bank, 254(20), 1-25. Retrieved from http://www.euacpcommodities.eu/files/ICIPE
Fruit fly Issue Paper Final.pdf.

Erdemgil, F.Z., llhan, S., Korkmaz, F., Kaplan, C., Mercangoz, A., Arfan, M. and
Ahmad, S. (2007). Chemical composition and biological activity of the essential oil
of Perovskia atriplicifolia from Pakistan. Pharmaceutical Biology 45, 324-331.

Fargues, J., and Luz, C. (2000). Effects of fluctuating moisture and temperature regimes
on the infection potential of Beauveria bassiana for Rhodnius prolixus. Journal of
Invertebrate Pathology, 75(3), 202—211. https://doi.org/10.1006/jipa.1999.4923

Fargues, J., Maniania, N.K. and Delmas, J.C. (1994). Infectivity of propagules of
Paecilomyces fumosoroseus during in vitro development to Spodoptera frugiperda.
Journal of Invertebrate Pathology 64, 173-178.

Faria, M., Lopes, R.B., Souza, D.A. and Wraight, S.P. (2015). Conidial vigor vs. viability
as predictors of virulence of entomopthogenic fungi. Journal of Invertebrate
Pathology 125, 68-72.

55



Fernandes, W.D., Ana, M.V.S., Raizer, J., and Lange, D. (2012). Predation of Fruit Fly
Larvae Anastrepha ( Diptera : Tephritidae ) by Ants in Grove, Hindawi Publishing
Corporation. https://doi.org/10.1155/2012/108389

Foba, C.N., Afreh-Nuamah, K., Billah, M.K., and Obeng-Ofori, D. (2012). Species
composition of fruit flies (Diptera: Tephritidae) in the Citrus Museum at the
Agricultural Research Centre (ARC), Kade, Ghana. International Journal of
Tropical Insect Science, 32(1), 12—23. https://doi.org/10.1017/S1742758412000045

Forlani, L., and Pedrini, N. (2011). Contribution of the horizontal transmission of the
entomopathogenic fungus Beauveria bassiana to the overall performance of a
fungal powder formulation against Triatoma infestans. Research and Reports in
Tropical Medicine, 135-140.

Ganie, S.A., Khan, Z.H., Ahangar, R.A., Bhat, H.A., and Hussain, B. (2013). Population
Dynamics, Distribution, and Species Diversity of Fruit Flies on Cucurbits in
Kashmir  Valley, India. Journal of |Insect Science, 13(65), 1-7.
https://doi.org/10.1673/031.013.6501

Goergen, G., Vayssieres, J.F., Gnanvossou, D., and Tindo, M. (2011). Bactrocera
invadens (Diptera: Tephritidae), a New Invasive Fruit Fly Pest for the Afrotropical
Region: Host Plant Range and Distribution in West and Central Africa.
Environmental Entomology, 40(4), 844-854. https://doi.org/10.1603/EN11017

Gonzalez, P.l.,, Montoya, P., Perez-Lachaud, G., Cancino, J., and Liedo, P. (2007).
Superparasitism in mass reared Diachasmimorpha longicaudata (Ashmead)
(Hymenoptera: Braconidae), a parasitoid of fruit flies (Diptera: Tephritidae).
Biological Control, 40(3), 320-326.
https://doi.org/10.1016/j.biocontrol.2006.11.009

Gougouli, M., and Koutsoumanis, K.P. (2012). Modeling germination of fungal spores at
constant and fluctuating temperature conditions. International Journal of Food
Microbiology, 152(3), 153-161. https://doi.org/10.1016/j.ijfoodmicro.2011.07.030

Gujjar, N.R., Govindan, S., Verghese, A., Subramaniam, S., and More, R. (2017).
Diversity of the cultivable gut bacterial communities associated with the fruit flies
Bactrocera dorsalis and Bactrocera cucurbitae (Diptera: Tephritidae).
Phytoparasitica, 45(4), 453-460. https://doi.org/10.1007/s12600-017-0604-z

Gul, H.T., Freed, S., Akmal, M., and Malik, M.N. (2015). Vulnerability of Different Life
Stages of Bactrocera zonata ( Tephritidae : Diptera ) Against Entomogenous Fungi,
Pakistan Journal of. Zoology, 47(2), 307-317.

Halim, V.A., Vess, A., Scheel, D. and Rosahl, S. (2006). The role of salicylic acid and
jasmonic acid in pathogen defence. Plant Biology 8, 307-313.

Hafraoui, A., Harris, E. J., and Chakir, A. (1985). Reproductive and Sexual Maturity of
the Mediterranean Fruit Fly, Ceratitis capitata (Wiedemann). Proc Hawaiian
Entomol Soc, 32(1), 91-94. Retrieved from http://hdl.handle.net/10125/16284

Hafsi, A., Abbes, K., Harbi, A., Duyck, P.F., and Chermiti, B. (2016). Attract-and-Kkill
systems efficiency against Ceratitis capitata (Diptera: Tephritidae) and effects on
non-target insects in peach orchards. Journal of Applied Entomology, 140(1-2), 28—
36. https://doi.org/10.1111/jen.12259

Hartig, B. (n.d.). List of Plant Quarantine Pests in | .R. Iran Pest Risk Analysis. accessed
from https://pflanzengesundheit.julius-kuehn.de/dokumente/upload/036be_ir3-
2016qso.pdf

56



Hendrichs, J., Robinson, A.S., Cayol, J.P., and Enkerlin, W. (2006). Medfly Areawide
Sterile Insect Technique Programmes for Prevention, Suppression or Eradication:
the Importance of Mating Behavior Studies. Florida Entomologist, 85(1), 1-13.

Hendrichs, M.A., and Hendrichs, J. (1998). Perfumed to be Killed: Interception of
Mediterranean Fruit Fly ( Diptera: Tephritidae ) Sexual Signaling by Predatory
Foraging Wasps (Hymenoptera : Vespidae), Annals of the Entomological Society of
America, 91(2), 228-234, https://doi.org/10.1093/aesa/91.2.228

Hugh E., Conway, O. and Thomas F. (2011). Efficacy of Ground Spray Application of
Bait Sprays With Malathion or Spinosad on Mexican Fruit Fly (Diptera:
Tephritidae) in Texas Citrus, Journal of Economic Entomology, Volume 104, Issue
2, 452-458.

Ignoffo, C.M. (1992) Environmental Factors Affecting Persistence of Entomopathogens.
The Florida Entomologist, 75: 516-525.

Inglis, D.G., Goette, M.S., Butt, T.M., and Strasser, H. (2001). Use of Hyphomycetous
Fungi. Fungi as Biocontrol Agents. https://doi.org/10.1079/9780851993560.0000

Jacquard, C., Virgilio, M., David, P., Quilici, S., De Meyer, M., and Delatte, H. (2013).
Population structure of the melon fly, Bactrocera cucurbitae, in Reunion Island.
Biological Invasions, 15(4), 759-773. https://doi.org/10.1007/s10530-012-0324-8.

James, R.R., Croft, B.A., Shaffer, B.T. and Lighthart, B. (1998). Impact of temperature
and humidity on host-pathogen interactions between Beauveria bassiana and a
coccinellid. Environmental Entomology, 27, 1.506-1.513.

Jaronski, S.T. (2010). Ecological factors in the inundative use of fungal
entomopathogens. The Ecology of Fungal Entomopathogens, 159-185.
https://doi.org/10.1007/978-90-481-3966-8_12

Jayanthi, P.D.K., Kempraj, V., Aurade, R.M., and Bruce, T.J.A. (2017). Evaluation of
synthetic oviposition stimulants to enhance egg collection of the oriental fruit fly ,
Bactrocera dorsalis (Diptera : Tephritidae). Journal of Pest Science, 90(3), 781—
786. https://doi.org/10.1007/s10340-017-0845-0

Lenteren J.C. and Roermund H.J.W. (1996). Biological Control of Greenhouse Whitefly
(Trialeurodes vaporariorum) with the Parasitoid Encarsia formosa: How Does It
Work ? Biological Control 6, 1-10.

Kambura C.W. (2016). Diversity and host preference of tephritid fruit fly species
infesting cucurbit and major horticultural crops grown in the lower Coastal Kenya.
Masters Thesis, University of Nairobi.

Karagoz, M., Gulcu, B., Hazir, C., Kaya, H.K., and Hazir, S. (2009). Biological control
potential of Turkish entomopathogenic nematodes against the Mediterranean fruit
fly Ceratitis capitata. Phytoparasitica, 37(2), 153-159.
https://doi.org/10.1007/s12600-008-0020-5

Khlaywi, S.A., Khudhair, M.W., Alrubeai, H.F., Shbar, A.K., and Hadi, S.A. (2014).
Efficacy of Beauveria bassiana and Metarhizium anisopliae to control
mediterranean fruit fly, Ceratitis capitata. International Journal of Entomological
Research, 02(03), 169-173. Retrieved from http://www.escijournals.net/IJER

Kibira M., Affognon H., Njehia B., Muriithi B., Mohamed S., and Ekesi S. (2015)
Economic evaluation of integrated management of fruit fly in mango production in
Embu County, Kenya African Journal of Agricultural and Resource Economics,
10(4), 343-353.

57



King, W.T., Madden, L.V, Ellis, M.A., and Wilson, L.L. (2007). Effects of Temperature
on Sporulation and Latent Period of Colletotrichum Spp. Infecting Strawberry Fruit.
Plant Disease, 81(1), 77-84. https://doi.org/10.1094/pdis.1997.81.1.77

Klass, J.I., Blanford, S., and Thomas, M.B. (2007). Development of a model for
evaluating the effects of environmental temperature and thermal behaviour on
biological control of locusts and grasshoppers using pathogens. Agricultural and
Forest Entomology, 9, 189-199. https://doi.org/10.1111/j.1461-9563.2007.00335.x

Langford, E.A., Nielsen, U.N., Johnson, S.N., and Riegler, M. (2014). Susceptibility of
Queensland fruit fly, Bactrocera tryoni (Froggatt) (Diptera: Tephritidae), to
entomopathogenic nematodes. Biological Control, 69, 34-39.
https://doi.org/10.1016/j.biocontrol.2013.10.009

Leblanc, L., Vueti, E.T., Drew, R.A.l., and Allwood, A.J. (2012). Host plant records for
fruit flies (Diptera: Tephritidae: Dacini) in the Pacific Islands. Proceedings of the
Hawaiian Entomological Society, 44, 11-53. Retrieved from
http://hdl.handle.net/10125/25459%5Cnfile:///'Y:/15639.pdf

Leblanc, L., Hossain, M.A., Khan, S.A., and Jose, M.S. (2013). A Preliminary Survey of
the Fruit Flies ( Diptera : Tephritidae : Dacinae ) of Bangladesh. Proceedings of the
Hawaiian Entomological Society, 45, 51-58.

Magagula, C.N., and Nzima, B.A. (2013). Diversity and Distribution of Fruit Flies (
Diptera : Tephritidae ) Across Agroecological Zones in Swaziland : On the Lookout
for the Invasive Fruit Fly Bactrocera invadens, Journal of Developments in
Sustainable Agriculture 109, 100-109.

Mahmoud M.F. (2018). Combining the botanical insecticides NSK extract, NeemAzal T
5%, Neemix 4.5% and the entomopathogenic nematode Steinernema feltiae Cross
N 33 to control the peach fruit fly, Bactrocera zonata (Saunders). Plant Protection
Science, 43(No. 1), 19-25. https://doi.org/10.17221/2348-pps

Mar, T.T., and Lumyong, S. (2012). Evaluation of effective entomopathogenic fungi to
fruit fly pupa, bactrocera spp. and their antimicrobial activity. Chiang Mai Journal
of Science, 39(3), 464-477.

Marri, D., Gomez, D.A. M.A., Wilson, D.D., Billah, M., Yeboah, S., and Osae, M.
(2016). Evaluation of the efficacy of a commercial formulation of Beauveria
bassiana for the control of the invasive fruit fly Bactrocera dorsalis (Diptera:
Tephritidae). Biopesticides International, 12(1), 9-109.

Maynard, L. (2007). Cucurbit Crop Growth and Development. 2007 Indiana CCA
Conference Proceedings. retrived from
https://www.agry.purdue.edu/CCA/2007/2007/Proceedings/Liz%20Maynard-
CCA%20proceedings%201_KLS.pdf

Mele, P. Van, Camara, K., and Vayssieres, J. F. (2009). Thieves, bats and fruit flies: local
ecological knowledge on the weaver ant Oecophylla longinoda in relation to three
‘invisible’ intruders in orchards in Guinea, International Journal of Pest
Management 55(1), 57-61. https://doi.org/10.1080/09670870802450276

Migiro, L.N., Maniania, N.K., Chabi-Olaye, A., and Vandenberg, J. (2010).
Pathogenicity of Entomopathogenic Fungi Metarhizium anisopliae and Beauveria
bassiana (Hypocreales: Clavicipitaceae) Isolates to the Adult Pea Leafminer
(Diptera: Agromyzidae) and Prospects of an Autoinoculation Device for Infection
in the F. Environmental Entomology, 39(2), 468-475.

58



https://doi.org/10.1603/EN09359

Mir, A.S.H., Dar, S.A., Mir, G.M., and Ahmad, S.B. (2014). Biology of Bactrocera
cucurbitae ( Diptera: Tephritidaec ) on Cucumber, Florida Entomological Society,
97(2), 753-758.

Mishra, S., Kumar, P., and Malik, A. (2015). Effect of temperature and humidity on
pathogenicity of native Beauveria bassiana isolate against Musca domestica L.
Journal of Parasitic Diseases, 39(4), 697—704. https://doi.org/10.1007/s12639-013-
0408-0

Mkiga, A.M., and Mwatawala, M.W. (2015). Developmental Biology of Zeugodacus
cucurbitae (Diptera: Tephritidae) in Three Cucurbitaceous Hosts at Different
Temperature  Regimes.  Journal  of Insect Science  15(1), 1-5.
https://doi.org/10.1093/jisesal/iev141l

Mohamed, S.A., Ekesi, S., and Hanna, R. (2010). Old and new host-parasitoid
associations: Parasitism of the invasive fruit fly Bactrocera invadens (Diptera:
Tephritidae) and five African fruit fly species by Fopius arisanus, an Asian opiine
parasitoid.  Biocontrol ~ Science and  Technology, 20(2), 183-196.
https://doi.org/10.1080/09583150903447794

Mpoloka, S. (2008). Effects of prolonged UV-B exposure in plants. African Journal of
Biotechnology, 7(25), 4874-4883. Retrieved from
http://www.ajol.info/index.php/ajb/article/view/59692

Mwatawala, M.W., De Meyer, M., Makundi, R.H., and Maerere, A.P. (2009). Host range
and distribution of fruit-infesting pestiferous fruit flies (Diptera, Tephritidae) in
selected areas of Central Tanzania. Bulletin of Entomological Research, 99(06),
629. https://doi.org/10.1017/S0007485309006695

Mweke, A., Ulrichs, C., Nana, P., Akutse, K.S., Kouma, K., Fiaboe, M., ... Ekesi, S.
(2018). Biological and Microbial Control Evaluation of the Entomopathogenic
Fungi Metarhizium anisopliae , Beauveria bassiana and lsaria sp . for the
Management of Aphis craccivora ( Hemiptera : Aphididdae ), Journal of Economic
Entomology, 111(4), 1587-1594. https://doi.org/10.1093/jee/toy135

Nana, P., Maniania, N.K., Maranga, R.O., Boga, H.l., Kutima, H.L., and Eloff, J.N.
(2012). Compatibility between Calpurnia aurea leaf extract, attraction aggregation,
and attachment pheromone and entomopathogenic fungus Metarhizium anisopliae
on viability, growth, and virulence of the pathogen. Journal of Pest Science, 85(1),
109-115. https://doi.org/10.1007/s10340-011-0399-5

Niassy, S., Maniania, N.K., Subramanian, S., Gitonga, L.M., Mburu, D.M., Masiga, D.,
and Ekesi, S. (2012). Selection of promising fungal biological control agent of the
western flower thrips Frankliniella occidentalis (Pergande). Letters in Applied
Microbiology, 54(6), 487-493. https://doi.org/10.1111/].1472-765X.2012.03241.X

Niassy, S., Maniania, N.K., Subramanian, S., Gitonga, M.L., Maranga, R., Obonyo, A.
B., and Ekesi, S. (2012). Compatibility of Metarhizium anisopliae isolate ICIPE 69
with agrochemicals used in french bean production. International Journal of Pest
Management, 58(2), 131-137. https://doi.org/10.1080/09670874.2012.669078

Opisa, S., du Plessis, H., Akutse, K.S., Fiaboe, K.K.M., and Ekesi, S. (2018). Effects of
Entomopathogenic fungi and Bacillus thuringiensis -based biopesticides on
Spoladea recurvalis (Lepidoptera: Crambidae). Journal of Applied Entomology,
(December 2017), 1-10. https://doi.org/10.1111/jen.12512

59



Oreste, M., Baser, N., Bubici, G., and Tarasco, E. (2015). Effect of Beauveria bassiana
strains on the Ceratitis capitata - Psyttalia concolor system. Bulletin of Insectology,
68(2), 265-272.

Ortiz-Urquiza, A., and Keyhani, N.O. (2013). Action on the surface: Entomopathogenic
fungi Versus the insect cuticle. Insects, 4(3), 357-374.
https://doi.org/10.3390/insects4030357

Ouedraogo, A., Fargues, J., Goettel, M.S., Lomer, C.J., Recherche, D., Baillarguet, C. I.
De, ... Biological, 1. (1997). Effect of temperature on vegetative growth among
isolates of Metarhizium anisopliae and M . flavoviride. Mycopathologia 137: 37—
43.

Paoletti, M.G., and Pimentel, D. (2000). Environmental risks of pesticides versus genetic
engineering for agricultural pest control. Journal of Agricultural and Environmental
Ethics, 12(3), 279-303. https://doi.org/10.1023/A:1009571131089

Papazova-Anakieya, 1., Sotirovski, K., Cortesi, P., and Milgroom, M.G. (2008).
Horizontal transmission of hypoviruses between vegetative compatibility types of
Cryphonectria parasitica in Macedonia, 35-42. https://doi.org/10.1007/s10658-007-
9191-z

Pardo, E., Ramos, A.J., Sanchis, V., and Marin, S. (2005). Modelling of effects of water
activity and temperature on germination and growth of ochratoxigenic isolates of
Aspergillus ochraceus on a green coffee-based medium. International Journal of
Food Microbiology, 98(1), 1-9. https://doi.org/10.1016/j.ijfoodmicro.2004.05.003

Peters, A. 1997. Prospects for use of biological control Agents to control fruit flies. In:
Allwood, A.l. and R.A.l Drew (eds.), Management of fruit flies in the Pacific.
ACIAR Proceedings NO 76, pp 199-204.

Qazzaz, F. O., Al-masri, M.l., and Barakat, R.M. (2015). Effectiveness of Beauveria
bassiana Native Isolates in the Biological Control of the Mediterranean Fruit Fly
(Ceratitis capitata), Advances in Entomology, 3, 44-55.
http://dx.doi.org/10.4236/ae.2015.32006

Qin, Y., Paini, D.R., Wang, C., Fang, Y., and Li, Z. (2015). Global Establishment Risk of
Economically Important Fruit Fly Species (Tephritidae), PLoS ONE 10(1):
https://doi:10.1371/journal.pone.0116424.

Quesada-Moraga, E., Martin-Carballo, 1., Garrido-Jurado, I., and Santiago-Alvarez, C.
(2008). Horizontal transmission of Metarhizium anisopliae among laboratory
populations of Ceratitis capitata (Wiedemann) (Diptera: Tephritidae). Biological
Control, 47(1), 115-124. https://doi.org/10.1016/j.biocontrol.2008.07.002

Rangel, D.E.N., Fernandes, E.K.K., Dettenmaier, S.J., and Roberts, D.W. (2010).
Thermotolerance of germlings and mycelium of the insect-pathogenic fungus
Metarhizium spp. and mycelial recovery after heat stress. Journal of Basic
Microbiology. https://doi.org/10.1002/jobm.200900430

Rendon, P., Sivinski, J., Holler, T., Bloem, K., Lopez, M., Martinez, A., and Aluja, M.
(2006). The effects of sterile males and two braconid parasitoids, Fopius arisanus
(Sonan) and Diachasmimorpha krausii (Fullaway) (Hymenoptera), on caged
populations of Mediterranean fruit flies, Ceratitis capitata (Wied.) (Diptera:
Tephritidae) at various sites. Biological Control, 36(2), 224-231.

60


https://doi.org/10.1023/A:1009571131089
https://doi.org/10.1007/s10658-007-9191-z
https://doi.org/10.1007/s10658-007-9191-z

https://doi.org/10.1016/j.biocontrol.2005.10.006

Riccucci, M. (2014). A review: Bats and insect pest control : Vespertilio 17: 161-1609,
2014

Romero, D., Pérez-Garcia, A., Rivera, M.E., Cazorla, F.M., and De Vicente, A. (2004).
Isolation and evaluation of antagonistic bacteria towards the cucurbit powdery
mildew fungus Podosphaera fusca. Applied Microbiology and Biotechnology,
64(2), 263-269. https://doi.org/10.1007/s00253-003-1439-8

Rtu, S.0., Occo, A.C., and Au, R D. (2009). Evaluation of the entomopathogenic fungus
Beauveria bassiana strain ATCC 74040 for the management of Ceratitis capitata,
Bulletin of Insectology 62(2): 245-252.

Ryckewaert, P., Deguine, J.P., Brévault, T., and Vayssiéres, J.F. (2010). Fruit flies
(Diptera: Tephritidae) on vegetable crops in Reunion Island (Indian Ocean): state of
knowledge, control methods and prospects for management. Fruits, 65(2), 113-130.
https://doi.org/10.1051/fruits/20010006

Sapkota, R. (2010). Damage assessment and management of cucurbit fruit flies in spring-
summer squash. Journal of Entomology and Nematology, 2(1), 7-12. Retrieved
from http://www.academicjournals.org/jen/PDF/Pdf2010/February/Sapkotaetal.pdf

Sarwar, M. (2015). How to Manage Fruit Fly (Family Tephritidae) Pests Damage on
Different Plant Host Species by Take up of Physical Control Measures,
International Journal of Animal Biology, 1(4), 124-129
http://www.aiscience.org/journal/ijab.

Shafig Ansari, M., Hasan, F., and Ahmad, N. (2012). Threats to fruit and vegetable crops:
Fruit flies (Tephritidae) - ecology, behaviour, and management. Journal of Crop
Science and Biotechnology, 15(3), 169-188. https://doi.org/10.1007/s12892-011-
0091-6

Shahid, A.A., Rao, A.Q., Bakhsh, A., and Husnain, T. (2012). Entomopathogenic fungi
as biological controllers: New insights into their virulence and pathogenicity.
Archives of Biological Sciences, 64(1), 21-42.
https://doi.org/10.2298/ABS1201021S

Shapiro, D.I., Cate, J.R., Pena, J., Hunsberger, A., and Mccoy, C.W. (1999). Effects of
temperature and host age on suppression of Diaprepes abbreviatus (Coleoptera:
Curculionidae) by entomopathogenic nematodes. Journal of Economic Entomology,
92(5), 1086-1092. https://doi.org/10.1093/jee/92.5.1086

Shapiro-Ilan, D.I., Bruck, D.J. and Lacey, L.A. (2012) ‘Principles of Epizootiology and
Microbial Control’, in Vega, F. E. and Kaya, H.K. (eds) Insect Pathology. 2nd
Edition. Elsevier, pp. 29-72. doi: 10.1016/B978-0-12-384984-7.00003-8.

Sime, K.R., Daane, K.M., Nadel, H., Funk, C.S., Messing, R.H., Andrews, J.W., ...
Pickett, C.H. (2006). Diachasmimorpha longicaudata and D. kraussii
(Hymenoptera: Braconidae), potential parasitoids of the olive fruit fly. Biocontrol
Science and Technology, 16(2), 169-179.
https://doi.org/10.1080/09583150500188445

Simmons, A.T., and Gurr, G.M. (2005). Trichomes of Lycopersicon species and their
hybrids: Effects on pests and natural enemies. Agricultural and Forest Entomology,
7(4), 265-276. https://doi.org/10.1111/].1461-9555.2005.00271.x

Simmons, G.S., Suckling, D.M., Carpenter, J.E., Addison, M.F., Dyck, V.A., and
Vreysen, M.J.B. (2010). Improved quality management to enhance the efficacy of

61



the sterile insect technique for lepidopteran pests. Journal of Applied Entomology,
134(3), 261-273. https://doi.org/10.1111/j.1439-0418.2009.01438.x

Sonmez, E., Kocacevik, S., Sevim, A., Demirbag, Z., and Demir, I. (2017). Efficacy of
entomopathogenic gungi against the alder leaf beetle Agelastica alni (L.)
(Coleoptera : Chrysomelidae). Acta Zoologica Bulgarica, 69(4), 575-581.

Sookar, P., Bhagwant, S., and Ouna, E.A. (2008). Isolation of entomopathogenic fungi
from the soil and their pathogenicity to two fruit fly species (Diptera : Tephritidae),
132, 778-788. https://doi.org/10.1111/j.1439-0418.2008.01348.x

Soto, M.B., Rodriguez, D., Rubial, M.R., and Sabater, B. (2016). A review on the
Tephritid fruit flies of economic interest in Cuba : species , plant hosts , surveillance
methods and management program implementation, 295-309.

Street, A., Shelly, T.E., and Kurashima, R.S. (2016). Capture of Mediterranean Fruit
Flies and Melon Flies (Diptera: Tephritidac) in Food-Baited Traps in Hawaii.
Proceedings of the hawaiian entomological society, 48:71-84.

Suckling, D.M., Kean, J.M., Stringer, L.D., Céceres-Barrios, C., Hendrichs, J., Reyes-
Flores, J., and Dominiak, B.C. (2016). Eradication of tephritid fruit fly pest
populations: Outcomes and prospects. Pest Management Science, 72(3), 456—465.
https://doi.org/10.1002/ps.3905

Suzaki, K., and Atsuko, K.I. (2005). Horizontal transmission and host-virulence
attenuation of totivirus in violet root rot fungus Helicobasidium mompa, Journal of
General Plant Pathology, 161-168. https://doi.org/10.1007/s10327-005-0181-8

Tinzaara, W., Gold, C. S., Dicke, M., Van Huis, A., Nankinga, C. M., Kagezi, G. H., and
Ragama, P. E. (2007). The use of aggregation pheromone to enhance dissemination
of Beauveria bassiana for the control of the banana weevil in Uganda. Biocontrol
Science and Technology, 17(2), 111-124.
https://doi.org/10.1080/09583150600937089

Toepfer, S., Gueldenzoph, C., Ehlers, R.U., and Kuhlmann, U. (2005). Screening of
entomopathogenic nematodes for virulence against the invasive western corn
rootworm, Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) in Europe.
Bulletin of Entomological Research, 95(05), 473-482.
https://doi.org/10.1079/BER2005379

Toledo, J., Liedo, P., Flores, S., Campos, S.E., Villasefior, A., and Montoya, P. (2007).
Use of Beauveria bassiana and Metarhizium anisopliae for fruit fly control: a novel
approach. Conference proceedings Brazil, 127-132.

Tshilidzi Madzivhandila, Sibanda, S., and Gwelo, F.A. (2016). Achieving Food Security
and Nutrition. Africa Agriculture Status Report 2016.

Tumuhaise, V., Ekesi, S., Maniania, N.K., Tonnang, H.E.Z., Tanga, C.M., Ndegwa, P.
N., ... Mohamed, S.A. (2018). Temperature-Dependent Growth and Virulence, and
Mass Production Potential of Two Candidate Isolates of Metarhizium anisopliae
(Metschnikoff) Sorokin for Managing Maruca vitrata Fabricius (Lepidoptera:
Crambidae) on Cowpea. African Entomology, 26(1), 73-83.
https://doi.org/10.4001/003.026.0073

Ugine, T.A. (2011). The effect of temperature and exposure to Beauveria bassiana on
tarnished plant bug Lygus lineolaris (Heteroptera: Miridae) population dynamics,
and the broader implications of treating insects with entomopathogenic fungi over a
range of temperatures. Biological Control, 59(3), 373-383.

62



https://doi.org/10.1016/j.biocontrol.2011.08.004

Vargas, R.1., Stark, J.D., Mackey, B., and Bull, R. (2005). Weathering Trials of Amulet
Cue-Lure and Amulet Methyl Eugenol “Attract-and-Kill” Stations with Male Melon
Flies and Oriental Fruit Flies (Diptera: Tephritidae) in Hawaii, Journal of Economic
Entomology, 98(5), 1551-1559, https://doi.org/10.1093/jee/98.5.1551

Vargas, R.l., Pifiero, J.C., and Leblanc, L. (2015). An overview of pest species of
Bactrocera fruit flies (Diptera: Tephritidae) and the integration of biopesticides with
other biological approaches for their management with a focus on the pacific
region. Insects, 6(2), 297-318. https://doi.org/10.3390/insects6020297

Vayssieres, O.1.S., Sinzogan, A., Korie, S. A. M., and Ouagoussounon, I. (2009).
Effectiveness of Spinosad Bait Sprays ( GF-120 ) in Controlling Mango-Infesting
Fruit Flies ( Diptera: Tephritidae ) in Benin. Journal of Economic Entomology,
102(2), 515-521. https://doi.org/10.1603/029.102.0208

Vega, F.E., Meyling, N.V, Luangsa-ard, J.J. and Blackwell, M. (2012) ‘Fungal
Entomopathogens’, in Insect Pathology. 2nd Edition. Elsevier Inc., pp. 171-220.
doi: 10.1016/B978-0-12-384984-7.00006-3.

Vontas, J., Herndndez-crespo, P., Margaritopoulos, J. T., Ortego, F., Feng, H.
Mathiopoulos, K. D., & Hsu, J. (2011). Insecticide resistance in Tephritid flies.
Pesticide Biochemistry and Physiology, 100(3), 199-205.
https://doi.org/10.1016/j.pestbp.2011.04.004

Wagner, B.L., and Lewis, L.C. (2000). Colonization of Corn , Zea mays , by the
Entomopathogenic Fungus Beauveria bassiana. Applied and Environmental
Microbiology, 66(8), 3468-3473.  https://doi.org/10.1128/AEM.66.8.3468-
3473.2000.Updated

Weems H.V. Jr, Heppner, J.B., and Fasulo, T.R. (2018). Melon Fly , Bactrocera
cucurbitae (Coquillett) (Insecta : Diptera : Tephritidae) University if Florida, IFAS
extension 1, 1-5.

Wraight, S.P and Ramos, M. (2004) Investigations of Colorado potato beetle mortality
following foliar applications of Beauveria bassiana [abstract]. Society for
Invertebrate Pathology Annual Meeting Proceedings, 37: 103.

Yeo, H., Pell, J.K., Alderson, P.G., Clark, S.J., and Pye, B.J. (2003). Laboratory
evaluation of temperature effects on the germination and growth of
entomopathogenic fungi and on their pathogenicity to two aphid species. Pest
Management Science 59, 156-165. https://doi.org/10.1002/ps.622

63



APPENDICES
Appendix 1: Geographical Distribution of Melon Fly, Z. cucurbitae

® = Present, no further details @ = Widespread @ = Localised
@ = Confined and subject to quarantine O = Occasional or few reports
0 = Evidence of pathogen ® = Last reported... © = Presence unconfirmed
© = See regional map for distribution within the country
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Appendix 2: Summary of the main reports of insecticide resistance mechanisms in

Tephritidae
Species Strain Origin Insecticide (active ingredient) | RR®
B. oleae L. Greece OP, dimethoate 10
F. Greece OP, dimethoate 64
F. Greece PYR, alpha-cypermethrin 64
F. California SPI, spinosad 9-13
F. Greece SPI, spinosad 2-4
B. dorsalis L, Taiwan OP, fenitrothion 406
L, Taiwan OP, fenthion 37
L, Taiwan OP, naled 5
L, Taiwan PYR, fenvalerate 131
L, Taiwan SPI, spinaoid 408
L, Taiwan OP, fenitrothion 53
F, Taiwan OP, fenthion 8.2
F, Taiwan OP, naled 6
F, Taiwan CARB, methomyl 33
F, Taiwan PYR, cypermethrin 11
F, Taiwan PYR, cyfluthrin 14
F, Taiwan PYR, fenvalerate 5
F, Taiwan SPI, spinosad 1-5
F, Hawaii SPI, spinosad 1
B. cucurbitae F, Taiwan OP, dichlorvos 1
F, Taiwan OP, dichlorvos 4
F, Taiwan OP, malathion 23
F, Taiwan CARB, methomyl 8
F, Taiwan PYR, cyfluthrin 29
L, Taiwan OCL, lindane 16
C. capitata L, Spain OC, DDT 15
L, Spain OC, dieldrin 24-67
L, Spain OP, malathion 3
L, Spain OP, dimethoate 2
L, Spain PYR, Lambda-cyhalothrin 42
F, Spain OP, malathion 6-201
Strain Origin: F - Strain obtained from field population; L - Strain obtained after
laboratory ~ selection. PInsecticide classes: OCL - organochlorines; OP -

organophosphates; CARB - carbamates; PYR - pyrethroids; SPI - spinosad. ‘RR
(Resistance Ratio) - ED50 of sample tested/ED50 of the laboratory susceptible strain.
Source: Vontas et al., 2011.
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Appendix 3: ANOVA for Objective 1

Trait Source Df | Sum Sq | Mean Sq | F value | Pr(>F)
Spore germination | Trt 14 | 424.0 30.29 2.738 |0.0101*
Mortality Trt 14 | 35595 25425 | 2531 | <2e-16***
Adult Emergence | Conc 3 10097 3366 18.873 | 4.56e-07 ***
Isolate 2 653 326 1.831 |0.178
Conc: Isolate | 4 812 203 1.139 |0.357
Emerged adults | Conc 3 10261 3420 3.33e-05 ***
mortality
Isolate 2 858 429 0.2506
Conc: Isolate | 4 3563 891 0.0336 *
Appendix 3: ANOVA for Objective 2
Trait Source Df Sum Sq Mean Sq | F value Pr(>F)
Sporulation | Temperature | 3 26602 8867 362.22 < 2e-16
*k*k
Isolate 2 2725 1362 55.65 2.68e-11
*k*k
Temp: 5 3757 751 30.69 1.67e-11
Isolate Fhx
Germination | Temperature | 3 41473 13824 3082.664 | <2e-16
*k*k
Isolate 2 11 6 1.227 0.305
Temp: 6 42 7 1.570 0.184
Isolate
Radial Temperature | 3 54.96 18.319 241.712 < 2e-16
Growth Fhx
Isolate 2 2.01 1.005 13.267 4.82e-05
*k*x
Temp: 6 0.91 0.152 2.006 0.0904
Isolate
Mortality Temperature | 3 22893 7631 214.761 < 2e-16
**k*x
Isolate 2 4012 2006 56.455 7.96e-12
**k*x
Temp: 6 562 94 2.634 0.032 *
Isolate
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Appendix 3: ANOVA for Objective 3

Trait Source Df Sum Sq Mean Sq | Fvalue | Pr(>F)
Germination Day 4 4898 1224.6 27.81 9.43e-16 ***
Temp 2 1678 838.9 19.05 8.72e-08 ***
Day: Temp |8 458 57.2 1.30 0.252
Germ tube | Day 4 54133 13533 23.604 | 6.13e-14 ***
length
Temp 2 9567 4784 8.343 0.000434 ***
Day: Temp |8 3621 453 0.790 0.612956
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