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ABSTRACT
Decrease in maize crop yield due to infestation by the maize stem borer (Busseola fusca)
presents a major food security threat in Kenya and many sub-Saharan countries. Farmers in
Kenya have relied on the use of insecticides to control B. fusca. However, this approach
presents several challenges including negative effects on human health, killing of non-target
organisms, widespread pest resistance, and harm to the environment. Bacillus thuringiensis
(Bt) produces 6—endotoxins during the sporulation phase, and these proteins have specific
toxicity against a wide range of pests including lepidopteran insects. This study was carried
out to evaluate the efficacy of d-endotoxins from local Bt isolates in control of B. fusca,
determine the effective dosage, and characterize the proteins from the most effective isolates.
The pest neonates were fed on maize leaf discs contaminated with broth of various Bt
isolates. A total of 43 isolates, including the standard Bacillus thuringiensis aizawai, were
included in the study. The first study involved mortality tests to determine the most effective
isolates and a bioassay was used to determine the LD50. Proteins from the most effective
isolates were harvested using the centrifugation method and used in a bioassay in which five
concentrations of the proteins were applied to the maize leaf discs and fed to the neonates.
The effective isolates were characterized to determine their differences using the sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and reverse phase high
performance chromatography (RP-HPLC) methods. The gel electrophoresis involved running
the prepared samples through a gel of matrix concentration of 0.25% w/v and recording the
results on a UV transilluminator. RP-HPLC enabled the elucidation of the protein profile and
involved running the centrifuged proteins on a HPLC system whose solid phase comprised of
Jupiter C18 column and mobile phase comprising of methanol and water at ratio of 70:30
(V/v%). The flow rate was maintained at 1ml/min, 10 MPa and the separation monitored

using UV detector. There were temporal differences in the mortalities recorded at different

Xiv



sampling regimes. The average mortalities increased with increase in time, with the lowest
mortality being observed after 24 h (6.6%) and the highest after 120 h (86.4%). Bacillus
thuringiensis isolates 25, 30 and 52 showed the highest overall mean mortalities at 73%,
69.5% and 67.5% and 90%, 90% and 87.5%, respectively when sampling was done after 72
h. The 24-hr, 48-hr, 72-hr, 96-hr, and 120-hr sampling regimes were used in this study. The
bioassay conducted for 12-hr, 24-hr, 36-hr, and 48-hr sampling times showed that toxicity
increased with increase in concentrations. The LC50 for the most effective isolates at 36-hour
sampling were 0.003201 mg/ml, 0.00367 mg/ml, 0.000942 mg/ml, and 0.002395 mg/ml for
isolates Bta, Bt 25, Bt 30, and Bt 52, respectively. The LD50 values of Bta and Bt 25 were
not significantly different (p > 0.05). At these concentrations, more than half of the neonates
had succumbed to toxic effects of the toxins. The gel electrophoresis results showed that
proteins with a size of 130 KDa existed in the Bt samples together with others of between 70
KDa and 100 KDa. The HPLC results showed that the characteristic peak was attained at 190
nm for all isolates at which the highest peaks had a height of 1.64 x 10°® mAU, 6.36 x 10°
mAU, 1.66 x 10® mAU, and 1.63 x 10° mAU for Bta, Bt 25, Bt 30, and Bt 52, respectively.
Peaks with similar patterns were observed in all the isolates, suggesting that the isolates had
similar Cry proteins. The findings of this study suggest that local Bt isolates have great

potential for use in managing Busseola fusca and other lepidopteran insects.

Key words: Bacillus thuringiensis, Busseola fusca, 6—endotoxins, Cry protein.
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CHAPTER ONE

INTRODUCTION
1.1. Background Information
Maize is one of the most important staple foods in Sub-Saharan Africa. In Kenya, it accounts for
at least 36% of total food calorific intake and 65% of total calorific intake in staple foods. The
per capita consumption of maize in Kenya is 98 kilograms annually (Munyua et al., 2010).
According to Mugo et al. (2011), about 400,000 metric tons of maize is lost annually to stem
borers in Kenya, costing the economy about 72 million USD. Reduction of stem borer damage to
maize in Kenya is therefore a priority among stakeholders in the agricultural sector. Effective
control of maize stem borers would contribute to food security, improved maize yields, and

improved standards of living by increasing the farmers’ income (Mulaa et al., 2011).

Traditionally, farmers have relied on conventional methods of pest control that have solely relied
on the use of synthetic pesticides in control of maize stem borers in Kenya (Mulaa et al., 2011).
However, the use of chemical pesticides presents serious adverse effects on human health such
as immune system disorders and cancers as well as contributing to environmental pollution
(Kumar et al., 2008). In addition, the continued use of synthetic pesticides has led to widespread
pest resistance and subsequent outbreak of secondary pests (Bravo et al., 2011). Resistance to
chemical insecticides is particularly prevalent in developing countries and this result in high cost
due to high application rates required (Raybould and Quemada, 2010). For instance, widespread
resistance to Helicoverpa armigera has been reported in West Africa with subsequent high
application rates by farmers (Martin et al., 2002). Additionally, chemical pesticides do not

discriminate while killing pests thus resulting in Kkilling non-target organisms (Raybould and

1



Quemada, 2010). A need therefore arises for the development of methods of controlling stem
borer that are safe to humans and animals, environmental friendly, and have a narrow spectrum
of activity. Biotechnology offers a possible solution to problem of stem borer infestation of
maize in Kenya and other developing countries. It is currently possible to develop transgenic
crops that can produce insecticidal proteins, which protect the plant against pest infestation
(Mulaa et al., 2011). According to Bravo et al. (2011), microbial pesticides are a good
replacement to chemical insecticides due to their narrow spectrum activity and, therefore, only
kill specific insect pests. Moreover, microbial insecticides are environmentally friendly since
they are biodegradable. One of the most widely used bioinsecticide is Bacillus thuringiensis,
which is completely innocuous in humans, animals, and other invertebrates and therefore safe to

use (Soberon et al., 2009).

Bacillus thuringiensis (Bt) is a soil bacterium that contains proteins that have insecticidal activity
against various pests and has been used as a bio-pesticide for several decades (Raybould and
Quemada, 2010). The genes encoding &-endotoxin from B. thuringiensis have been cloned in
plants to kill the pests when they ingest parts of the plants. Within the B. thuringiensis species,
there is a wide diversity of strains, which are grouped according to the toxin protein that they
release. The toxins may be described according to the crystal (cry) protein structures, amino acid
sequences, and modes of activity (Sanchis and Bourguet, 2008). The toxins are in form of
parasporal crystals produced during the sporulation phase. The crystals consist of two groups of
proteins (Cry and Cyt toxins). Cry proteins refer to Bt parasporal inclusion proteins showing a
toxic effect against a target organism or exhibiting considerable similarity to known Cry protein

sequences. On the other hand, Cyt proteins refer to parasporal inclusion proteins obtained from

2



B. thuringiensis with cytolytic activity or exhibiting sequence similarity to a known Cyt protein
(Bravo et al., 2007). The different Cry proteins that have been characterized using X-ray
crystallography include Cry 1 Aa, Cry 2Aa, Cry 3Aa, Cry 3Bb, Cry 4Aa and Cry 4Ba (Sanahuja
etal., 2011).

The Bt toxins have been used to control wide range of pests such as mosquitoes and blackflies
where it has been applied in water bodies (Go"mez et al., 2006). Other pests such as the tomato
pinworm (Keiferia lycopersicella), corn earworm (Helicoverpa zea), Colorado potato beetle
(Leptinotarsa decemlineata), tuber moth (Phthorimaea operculella), pink bollworm
(Pectinophora gossypiella), European corn borer (Ostrinia nubilalis), and stem borers have been
controlled using Bt toxins (Sanahuja et al., 2011). There is need to extend the research in the
investigation of the potential for use of native isolates of B. thuringiensis collected in Kenya to

control B. fusca.

1.2.  Problem statement and justification

Maize is the staple food in Kenya and an important economic crop in many countries in the
world. According to Mugo et al. (2011), the average maize output in the world was 5.1 tons per
hectare in 2008. At the same period, the average maize yield in sub-Saharan countries such as
Kenya was 1.3 t/ha. This is in contrast to the industrialized countries which produced an average
yield of 8 t/ha. Africa contributes about 7% of the world maize yield from 29 million hectares
(Mugo et al., 2011). Pests contribute a large share of this low yield of maize in Africa (Mulaa et
al, 2011). The African stem borer is one of the major causes of maize yield loss in Kenya.

The reduction in crop yield due to infestation by B. fusca is a major threat to food security in

Kenya. In addition, farmers incur heavy costs associated with management and control of these
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pests since the cost of chemical pesticides is relatively high. Furthermore, the pests lower the
quality of food consumed and thus present a potential public health concern. Control of B. fusca
in Kenya has mainly relied on the use of chemical pesticides. However, the use of conventional
pesticides in control of major crop pests has major limitations despite their success in history.
Chemical pesticides have a broad spectrum of activity and, therefore, have greater risks of killing
non-target insects. They are also expensive and harmful to humans, animals, and the
environment (Bravo et al., 2011). A need, therefore, arises for the development of a sustainable,
highly specific, non-expensive, and safe method of managing crop pest damage. The toxicity of
B. thuringiensis endotoxins to various insect orders presents a potential for biological control of

insect pests.

Even with the current international success in utilization of Bt within the genetic modification
(GM) technology for pest management, there have been limited research efforts in the control of
B. fusca in Kenya using B. thuringiensis (Mugo et al., 2011). This shows the need to continue
with investigations aimed at identifying the best isolates that can be used to manage these pests.
B. fusca is also more challenging to control compared to caterpillars. The current study sought to
establish the insecticidal activity of Bt toxins against B. fusca. Subsequently, the efficacy of Bt
toxins as potential insecticides and their utilization in control of this important crop pest was

investigated.



1.3.  Objectives of the study
1.3.1. Broad objective
The broad objective of this study was to determine the efficacy of delta endotoxins from native

Bacillus thuringiensis isolates against Busseola fusca (Fuller).

1.3.2. Specific objectives
The specific objectives of the study were:
i. To determine the mortality rates caused by native B. thuringiensis isolates against
neonates of B. fusca.
ii. To determine the mean lethal concentration (LC50) of Bt toxins causing 50% larval
mortality of B. fusca neonates.
iii.  To characterize B. thuringiensis 6-endotoxin proteins present in the three most effective

native isolates against B. fusca neonates.

1.4.  Hypotheses
The hypotheses of the study are:
I.  There is no variation in the insecticidal activity of different Bacillus thuringiensis isolates
against B. fusca.
ii.  The toxicity of different Bt isolates, measured through LC 50, is not significantly
different.

iii.  There is no difference in the protein structure of endotoxins of the effective Bt toxins.



CHAPTER TWO
LITERATURE REVIEW

2.1  Historical background of Bt technology

The year 1996 was a landmark in agricultural technology as Monsanto Company commercially
grew and harvested the first transgenic crops. Following the regulatory approval of transgenic
crop technology, scientists have conducted intensive research on the use and safety of transgenic
crops (Manjunath, 2005). Numerous studies have been conducted on the control of maize pests
in Africa using biological methods while many more have focused on the use of Bacillus
thuringiensis as a potential biopesticide against susceptible lepidopteran pests. However, there
are limited studies on the potential for use of Bacillus thuringiensis’ delta endotoxins in the

control of Busseola fusca in Kenya.

2.2  Stem borers in Kenya

The two most important stem borers in Kenya are Chilo partellus (Swinhoe) and Busseola fusca
(Fuller) found in warm, low areas and cooler, higher areas respectively (De Groote, 2002).
Sesamia calamistis (Hampson) is also found in Kenya but is of less economic importance
(DeGroote, 2002). Maize stem borers cause an estimated 13.5% loss in annual maize production
in Kenya (Mugo et al., 2011). It is estimated that for every 10% of maize plants infested by B.
fusca, a corresponding loss of 12% of the maize grain is occasioned. C. partellus and C.
orichalcociliellus, on the other hand, cause a loss of 18% on maize yields (Kfir et al., 2002).
Stem borers damage maize by feeding on leaf tissues followed by tunneling and feeding of the

stem (DeGroote, 2002).



2.3  Distribution and biology of Busseola fusca

Busseola fusca is a pest of maize that is indigenous to Africa and occurs throughout the sub-
Saharan Africa region. In Southern and Eastern Africa, its distribution is limited to higher
altitudes (above 600m above sea level) while its distribution varies from sea level to high
altitudes (over 200m above sea level) in Central Africa (Tefera et al., 2010). The eggs of B. fusca
are round, flattened and measure about 1 mm in diameter. The larvae measure about 40 mm in
length when they are fully-grown. Although their color varies, it is usually creamy white with a
characteristic grey tinge. The crotchets of the larvae of B. fusca are arranged in a semicircle thus
distinguishing it from other stem borers such as C. partellus. The pupas are shiny yellow blown
with the female measuring about 25 mm in length and the male being slightly smaller. The adult
moths have a wingspan of about 20-40 mm with males being generally smaller than females

(Harris and Nwanze, 1992).

Female moths lay eggs in batches of about 150 eggs in between the maize stalk and leaf sheath
(Figure 1). Freshly laid eggs are white but the color darkens, as they get older. The female moth
lays eggs in a long column in the stem below the leaf sheath, which hatches after 10 days (Tefera
et al., 2010). The larvae initially dispatch into the leaf whorls where they feed before boring into
the stem tissues where they form tunnels in maize stems and cobs (Harris and Nwanze, 1992). If
the attack is severe, the plant turns yellow and die, and the larvae moves to another plant. The
larvae period lasts 35 days or more after which the fully-grown caterpillars cuts a hole in the
stem and pupates within the tunnel. The larval period is dependent on environmental factors such
as temperature and humidity as well as the availability of food (Tefera et al., 2010). In some

cases, the caterpillar may undergo a long diapause before pupating until the next rains appear.
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The pupa stage of the first generation takes about two weeks after which the adult moth emerges

from the hole made by the caterpillar on the stem (Tefera et al., 2010).
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Figure 1: Schematic presentation of the life cycle of Busseola fusca

(Adapted with modification from http://www.push-pull.net/stemborers.html)



2.4 Isolation and biology of Bacillus thuringiensis

Bacillus thuringiensis was first isolated from infected silk worms (Bombyx mori (L.) in 1901 by
Shigetane Ishiwata, a Japanese bacteriologist. Berliner, a German biologist, later isolated the
bacterium from the Mediterranean flour moth, Ephestia kuehniella (Zell.) infected chyrsalids and
named it Bacillus thuringiensis. The bacterium has continued to attract the interest of many
scientists due to its entomopathogenic activity (Sachis and Bourguet, 2008). Bacillus
thuringiensis is a spore-forming bacterium that is naturally found in the soil. The bacterium is
also found in aquatic environments, in plants, in live and dead insects, in plants foliage, and in
animal feces (Porcar and Caballero, 2000). The bacterial spores are formed during the stationary
phase of the growth cycle (Sanahuja et al., 2010). Bacillus thuringiensis is a Gram positive, rod-
shaped bacterium that measures about 1-1.2 cm in width and 3-5 cm in length. The spores of B.
thuringiensis are ellipsoidal to cylindrical and have two envelopes, endo- and exosporium
enclosing a thin sporewall. The spores are located in the central to terminal position and have no

distension of the mother cell (Sharma and Manandhar, 1997).

During sporulation, the bacterium produces crystalline proteins (6-endotoxins) that have
insecticidal activity against many leptidopterans. About 25% of the bacterium’s dry weight may
consist of the crystalline inclusion (Sachis and Bourguet, 2008). Bacillus thuringiensis ferments
carbohydrates such as mannose, sucrose, salicin, esculin, glucose among others, producing acid,
but not gas. The bacterium may grow in both aerobic and anaerobic conditions. However, B.
thuringiensis cannot produce acid from sugars such as xylose, arabinose, and mannitol.
Moreover, Bacillus thuringiensis cannot reduce nitrite or free nitrogen gas from nitrate

compounds. It may utilize lipids and acetone. It may also utilize citrate as a sole carbon source
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resulting in alkalinity. Bacillus thuringiensis has a growth temperature range of 30-40°C
although some strains may grow at 10°C. The bacterium survives in a pH range of 5.7 to 6.8
although a more neutral pH is favourable for protein crystals production. The bacterium may be
cultured in a liquid medium such as nutrient broth or in a solid medium such as nutrient agar.
The addition of antibiotics is recommended to make the medium more selective in isolation of B.

thuringiensis (Sharma and Manandhar, 1997).

2.5  Bacillus thuringiensis as a potential biological control agent

Bacillus thuringiensis has the potential for use as a biological control agent against many crop
pests since it has been proved to be a potent insect pathogen. Bacillus thuringiensis has toxicity
effects against adult insects as well as the larval stages of various insect orders. During
sporulation, B. thuringiensis synthesizes crystalline inclusions that are composed of proteins that
are toxic to certain groups of insects (Deilamy and Abbasipour, 2013). The Bt toxins cause a
disruption of the midgut tissue of the insect resulting in septicemia. Although the insecticidal
toxins contribute to the Bt action against the insects, the bacterium produce an array of virulence

factors that enhance the killing of the insect (Bravo et al., 2011).

The need to look for alternative ways of pest control instead of chemical pesticides has been
motivated by the desire to alleviate the challenges associated with these pesticides. According to
Pardo-Lo"pez et al. (2013), some chemical pesticides are toxic to non-target organisms while
some are deleterious to human and animal health. Bacillus thuringiensis is an appropriate
biological control agent of susceptible pests because it is not only non-toxic to humans but also

to many non-target fauna. Moreover, Bt formulations are easy to use thus may be popular among
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farmers as alternatives to chemical pesticide (Sanchis and Bourguet, 2008). The narrow spectra
of activity of Cry proteins from B. thuringiensis mean that they result in less adverse
environmental effects of the insecticides (Raybould and Quemada, 2010). Bacillus thuringiensis
is also widespread and may be isolated from natural habitats including soils, insect larvae, insect
habitats, and grain dusts (Al-Momani and Obeidat, 2013), thus may be a reliable and sustainable

source of biological pesticide.

Formulations of Bt have been developed to control some of the common caterpillars that destroy
crops. For instance, formulations have been developed to control the larvae of the European corn
borer, Ostrinia nubilalis (Hbn.), in corn fields as well as the gypsy moth, Lymantria dispar (L.),
in forests. Some common trade names for commercial Bt insecticides utilizing B. thuringiensis
aizawai and B. thuringiensis kurstaki include Thuricide®, Caterpillar Killer®, Dipel®,
Bactospeine®, Worm Killer®, and Javelin®. These commercial products have been made into
sprayable products for use in control of lepidopteran insects. Other products using Bacillus
thuringiensis include Skeetal®, Bactimos®, and Teknar® (Sanchis and Bourguet, 2008). The
major threat to the adoption of Bt technology in management of pests has been the development
of resistance by pests towards the Bt Cry toxins. When the Bt technology was introduced,
scientists assumed that insects would not develop resistance to Bt and its insecticidal proteins due
to their co-existence and co-evolutions with the insects for many years. However, resistance to Bt
and its insecticidal proteins have frequently been reported in various parts of the world (van
Rensburg, 2007). This has been blamed on the extensive and widespread use of the Bt and its

proteins. In addition, the strong evolutionary pressure on insects by the Bt results in development
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by the insects of defense mechanisms to enable them circumvent the bacterial and toxin attack
(Ibrahim et al., 2010).

Recent cases of insect resistance to Bt toxins have been documented in the United States in
which Bt-cotton expressing CrylAc showed resistance to Helicoverpa zea (Tabashnik et al.,
2008) while in South Africa, Busseola fusca was shown to have resistance to Bt-corn expressing
CrylAb (van Rensburg, 2007). Tabashnik et al. (2013) has reviewed the resistance of insects to
Bt crops by analyzing the results of 77 studies from five continents. The review showed that
although most of the pest populations were susceptible, there was reduced efficacy due to field-
evolved resistance for populations of 5 out of the 13 major insect pests examined in these
studies.

In order to overcome the challenge of resistance by insect pests to Bt Cry toxins there is need to
conduct continuous screening of new isolates in order to identify effective and highly potent
strains whose resistance has not been developed by insects. Screening the environment for highly
potent and effective strains has become one of the key strategies for managing insect resistance

to Bt products (Ammouneh et al., 2011).

2.6 Diversity of Bacillus thuringiensis -endotoxins

The Bt d-endotoxins consist of two multigenic protein families, Cry and Cyt. Cry proteins are
toxic to various insect orders such as Leptidoptera, Hymenoptera, Coleoptera, Diptera, or
nematodes. Cyt proteins are toxic against the Diptera insects. Therefore, Cry toxins are the most
popular in the control of major crop pests and mosquitoes (Gomez et al., 2006). Based on the
similarities in the amino acid sequence, the various Bt d-endotoxins are classified into classes,

Cry 1, 2, 3, 4, and so on. These classes are further classified into subclasses (for example CrylA,
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CrylB, CrylC, and so on) which are further composed of variants or sub-families such as
CrylAa, CrylAb, CrylAc and so on. The Cry proteins nomenclature proposed by Crickmore et
al (2011) consists of 51 classes (Cry 1 to Cry 51) (Sanchis and Bourguet, 2008). The protein
product encoded by each cry gene has a restricted spectrum of activity since they act against
certain larval stages of a limited number of insects (Sanchis and Bourguet, 2008). The Cry
proteins are therefore classified into six groups based on host insect specificities. Group 1
consists of Cry 1, Cry 9, and Cry 15 and these are active against leptidopterans. Group 2 (Cry 2)
IS active against leptidopteran and dipteran insects while group 3 (Cry 3, Cry7, and Cry 8) is
toxic to coleopterans. Group 4 (Cry 4, Cry10, Cryl1l, Cry16, Cryl7, Cry19 and Cry20) is toxic
against dipterans, group 5 (Cryll) against coleopteran and leptidopteran and group 6 (Cry 6) is

active against the nematodes (Ibrahim et al., 2010).

2.7  Structure of Cry toxins

The delta endotoxins produced by Bt bacteria during sporulation are two multigenic groups, cyt
and cry. Cry toxins are specifically toxic to various insect orders including Coleoptera,
Hymenoptera, Lepidoptera, and Diptera. Cyt toxins, on the other hand, are specifically toxic
against Diptera insects although Guerchicoff et al. (2001) have documented various Cyt proteins
that are toxic against Coleopteran larvae. Crickmore et al. (2011) have defined a cry protein as a
parasporal inclusion protein exhibiting a toxic effect to a target organism or any protein with an
obvious sequence similarity to a known Cry protein. There are at least 70 groups of Cry toxins
that have been isolated and described (Pardo-Lo"pez et al., 2013). Among these toxins, the 3-d-
Cry toxins are the most important and most abundant representing more than 53 groups

(Crickmore et al. (2011). The key feature of the 3d-Cry toxins is the presence of protoxins with
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two different lengths, one 65 KDa and the other one 130 KDa. The 65- and 130-KDa Cry toxins
differ in the C-terminal extension that is present in the 130-KDa protoxin and is useful in toxicity
since it is cleaved by the insect proteases (de Maagd et al., 2001). The N-terminal region 3d-Cry
genes codes for the N-terminal fragment of the protoxin that is composed of 20 to 60 residues
and an active toxin that is composed of about 600 amino acid residues (Pardo-Lo pez et al.,
2013).

The 3d-Cry toxins are globular molecules with three different domains that are connected by
single linkers. Of specific interest is CrylAa which is active against lepidopteran larvae and
whose crystal structure has been determined by Li et al. (1991). The three-dimensional structures
of several Cry toxins have been determined and published. Cry toxins have three-dimensional
domains and are similar in topology to a high degree (Ibrahim et al., 2010). The three domain
toxins comprise of proteins that have toxicity effects against the insect orders Diptera,
Lepidoptera, Coleoptera, and Hymenoptera as well as nematodes (de Maagd et al., 2003). Cry
protoxins are comprised of two different lengths (about 130 and 70 KDa). The long protoxin has
a C-terminal extension that is dispensable for toxicity but may be involved in the bacterial crystal

formation (de Maagd et al., 2003).

2.7.1 Domain I structure

Domain | is made of 7 hydrophobic o helices with at least five of them having structural features
that enable them to be inserted into the cytoplasmic membrane (Sachis and Bourguet, 2008). Six
amphipathic outer helices surround the central helix «5. The domain is implicated in pore

formation and exhibit structural similarities with other bacterial toxins that cause pore formation
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such as colicin la and N (Icii, 1a87), haemolysis E, and the diphtheria toxin domain involved in

translocation (de Maagd et al., 2003).

2.7.2 Domain Il structure

Domain Il comprise of three antiparallel f-sheets that have a similar topology and form a B—
prism. The three antiparallel f-sheets terminate in loops at the domain apex. Smedley and Ellar
(1996) have shown that the amino acids present in this domain are involved in the interaction
between the insect receptors and the toxin (Sachis and Bourguet, 2008). Domain Il has
significant topological similarities with various carbohydrate-binding proteins such as lectin

jacalin, lectin Mpa, and vitelline (de Maagd et al., 2003).

2.7.3 Domain Il structure

The third domain comprise of two antiparallel B-sheets in a jellyroll formation that form a f-
sandwich. Domain Il is involved in pore function and receptor binding. The structure of Domain
Il is similar to that of the domains of carbohydrate-binding proteins such as cellulose-binding
domain of galactose oxidase, 1,4-B-glucanase CenC, B-glucuronidase, sialidase; carbohydrate-

binding domain of xylase U and -galactosidase (de Maagd et al., 2003).

2.8 The mechanism of Cry toxin action in lepidopteran insects

The mode of action of Cry toxins has been elucidated by careful analysis of guts of caterpillars
fed on contaminated food. Such analysis has shown that, shortly after crystal ingestion, the cilia
on the brush border of midgut epithelia cells become disrupted followed by swelling and cell

lysis. The contents of the caterpillar’s guts are released in the body cavity thus enabling the
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bacteria to breed. After nutrients exhaustion the spores formed by the bacteria spread to a new
host through contaminated vegetation or a cadaver. The activation of the Bt toxins in the gut
requires the presence of specific proteases that cleaves the innocuous pro-toxin into active form

and an alkaline environment (Sanahuja et al., 2011).

The exact mechanism of action of Cry toxins remains controversial with several models being
described in literature. The first model hypothesizes that Cry toxins bind to the midgut receptors
where they oligomerize and inserts into the membrane forming lytic pores. The detection of ion
fluxing in brush border membrane and artificial lipid bilayers treated with Cry toxins is the basis
of the postulation that lytic pores are assembled by Cry toxins in the plasma membrane through
formation of oligomers. The model has, however, not been proved and no evidence has been

provided in living cells or in an insect (Ibrahim et al., 2010).

Zhang et al. (2005) proposed a second model that led to the insect killing as one involving the
binding of the Cry toxin monomer to the cadherin receptor BT-R1. This leads to the activation of
a Mg?* -dependent signal-transduction pathway that leads to cell death (lbrahim et al., 2010).
According to this model, the action of Cry toxin is a complex and dynamic process involving the
binding of the toxin to the structural motif in the cadherin receptor BT-R1. This triggers a
cascade of events that results in programmed cell death (Oncosis). Once Cry1lAb toxin binds to
BT-R1 receptor, a molecular signal is induced which results in stimulation of adenylyl cyclase
and heterotrimeric G protein with accompanying rise in CAMP production. Protein kinase A is

activated by cAMP causing several cellular alterations including ion fluxing and cytoskeletal
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rearrangement. This second pathway results in cell chemistry alteration and subsequent cell

death (Ibrahim et al., 2010).

The Cry toxins binds to the surface proteins located in the microvilli of the midgut cells of the
larvae. The Cry proteins are produced as protoxins, which are dissolved and processed through a
proteolytic process by insect proteases. The protoxins then release the toxin fragment in an active
form. According to Bravo et al. (2011), there are two groups of prototoxins: the large protoxins
such as the 130 kDa Cry1Aa and the short protoxins such as the Cry2Aa of 70 kDa. When large
protoxins go through proteolytical cleavage, they lose half of the C-terminal end and about 20 to
50 amino acids of the N-terminal end. The short protoxins, on the other hand, are processed at

the N-terminal end.

Once the protoxin is activated by the insect proteases, it goes through complex sequential
binding events with the various insect gut Cry-binding proteins resulting in membrane insertion
and pore formation. Binding interactions of the activated Cry protein occurs through exposed
amino acid regions of domain Il and Ill. The result of these binding interactions is a
concentration of the activated toxin in the microvilli membrane of the midgut cells. The toxin
then binds with high affinity through the exposed domain 11 loops to the cadherin receptors. The
interaction with cadherin receptors facilitates further proteolytic cleavage of domain I's N-
terminal leading to formation of a toxin pre-pore oligomer. Apart from the cadherin receptors,
the other Cry proteins involved in lepidopteran insects’ toxicity as reviewed by Pigott and Ellar
(2007) include glycosylphophatidyl-inositol (GPI)-anchored aminopeptidase-N (APN), P252 (a
250 kDa protein), and GPl-anchored alkaline phosphatase (ALP) (a 270 kDa glycoconjugate).
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The pre-pore oligomer binds to the GPIl-anchored proteins leading to final insertion into the
membrane. This results in formation of pores in the membrane and subsequent cell lysis (Bravo

etal., 2011).

Much of the knowledge on the mechanism of Cry proteins in lepidopteran insects have been
elucidated through experiments conducted with Manduca sexta. CrylAb toxins’ binding regions
of monomeric and oligomeric forms in M. sexta receptors have been mapped. Mapping of these
regions involve use of various programs and algorithms. Pardo-Lopez et al. (2013) mapped the
structural alignments of CrylAa using FATCAT algorithm and dynamic programming. The
binding regions of Cry 1Ab receptors in lepidopteran insects are cadherin, alkaline phosphatase

(ALP), and aminopeptidase-N (APN). The three receptors in Cry1lAb are shown in Figure 2.

Cadherin

Figure 2: The receptors in Cry toxins.
Adapted from Bravo et al. (2013)
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Go'mez et al. (2006) have demonstrated the role of the pre-pore oligomers in membrane
insertion and subsequent cell lysis in insect gut walls. In the study by Go'mez et al. further
demonstrated the role of APN in mediating Cry toxin toxicity. In their study, the pre-pore
oligomer was shown to have a higher affinity of 200-fold (0.75 nMKad) to APN receptor
compared with that seen towards the monomeric structure of the toxin (100 nMKg). Go'mez et
al. (2006) have proposed a model of the mode of action of the Cry toxins in Manduca sexta. The
model involves sequential interaction of the various toxin structures with CADR, a cadherin-like

protein and APN. Figure 3 illustrates the model of Cry toxin activity in lepidopteran insects.

Cadherin ALP  ApN

2

Figure 3: A model for the mode of action of Cry toxins in lepidopteran larvae
Adopted from Go mez et al. (2006)

2.9. Isolates used in the study

The isolates used in this study were isolated by Wamaitha J. M. as part of her MSc thesis. The
isolation involved the collection of samples of soil, grain, and dead insects from various maize
growing areas in Kenya. The isolates were prepared using the sodium acetate selection method to
obtain pure colonies if the bacteria. The isolates were then stored in glycerine under refrigeration
at 0°C (Wamaitha, 2006). The isolates have been subjected to several tests against various insect

pests. Wamaitha (2006) tested 68 isolates against Prostephanus truncates and found high
19



potency of between 50% and 80% with seven isolates Bt 41, Bt 61, Bt 51, Bt 60, Bt 46, Bt 45,
and Bt 44 against the pest. In a later study, Kimani (2012) randomly selected 20 isolates from the

68 isolates and tested them against Chilo partelus and the results showed that Bt 44 and Bt 48

were most potent against the tested pest.
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CHAPTER THREE
MATERIALS AND METHODS
3.1  Experimental insects and rearing of Busseola fusca
Busseola fusca neonates at the blackhead stage were purchased from the Kenya Agricultural
Research Institute, Katumani. The neonates were reared on artificial diets at the KARI Katumani
insectaries using the method described by Songa et al. (2001) (Appendix 1). The neonates were

reared up to the first instar stage and brought to NARL for testing.

3.2  Retrieval of Bacillus thuringiensis

Bacillus thuringiensis isolates were obtained from the Biotechnology Laboratory at KARI,
Biotechnology Center. A total of 44 isolates including the standard Bacillus thuringiensis
aizawai were screened. The isolates had been collected from different parts of the country and
have been stored in the laboratory for more than 2 years in glycerine, under refrigeration at 0°C.
The isolates were tested against different stem borer species. The isolates were streaked on
nutrient agar for growth and multiplication. The agar provided a substrate for the growth of the
bacteria. Nutrient agar was prepared according to the manufacturer’s instructions by suspending
28 g of nutrient agar in 1 liter of distilled water and boiled to dissolve completely (Oxoid
Limited, Hampshire, United Kingdom). The agar was then sterilized in an autoclave at 121°C for
15 minutes, and about 10 ml of the agar poured on sterile plates. The media was then allowed to
cool for about 5 minutes. Isolates of Bacillus thuringiensis were streaked using a sterile loop on
to agar plates and then incubated for 7 days at 30°C for the B. thuringiensis cultures to grow.
Nutrient broth was then prepared by dissolving 13.0g of Nutrient broth in 1 liter of distilled

water in a 1-liter jar. The broth was sterilized by autoclaving at a temperature of 121°C and
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pressure of 15 psi for 15 minutes. The nutrient broth was used in this study to encourage further
growth and multiplication of the bacteria. Five colonies each of the sporulated cultures of each
isolate were then inoculated in 250 ml fluted Erlenmeyer flasks containing nutrient broth and
placed in a rotary shaker for 120 h at 30°C at 100 rpm to allow the Bt cultures to multiply. The
broth was then used for the bioassay.

3.3 Insect bioassay

3.3.1 Growth of maize seedlings

Maize variety H 516 was planted under greenhouse conditions in plastic pots measuring 164
cm?®. The maize variety was used because it does well in highland areas, where the site of the
study was located in Kabete. About 25 g of Diammonium Phosphate (DAP) fertilizer was added
to each pot. Growth was allowed for two weeks after germination and leafs of the healthy plants
then cut out from the seedlings. The young-soft leaves were cut into small leaf discs of 5 cm in

diameter using a sterile scapel.

3.3.2 Testing the mortality of B. fusca neonates based on crude Bt protein

The test was conducted between November 2012 and April 2013. Maize leaf discs measuring 5
cm in length were cut out and perforated using a mounting needle. The maize pieces were then
dipped in crude Bt broth cultures for five minutes. The discs were dried in the air for a further
five minutes before being placed on a sterile Petri dish covered with paper towels from inside.
Five neonates were placed on each leaf disc and 10 neonates were put in each Petri dish. For
each isolate tested, four replicates were included. Nine controls were also included in the study
in which untreated maize leaf discs were fed to the neonates. The controls corresponded to

different trials since all the 44 isolates were tested in 9 different trials. The inclusion of the
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controls in each trial was necessary to ensure that observations were due to treatments and not
due to confounding factors. The bioassay setup was placed in a chamber and maintained at 50%
relative humidity (RH), 28°C, and a 16:8 (L: D) h photoperiod. Each isolate had four replicates
and a control giving a total of 40 neonates for each trial. In addition, a positive control involving
B. thuringiensis aizawai was included in the study. Data on the mortality of the neonates was
collected at intervals of 24 hours for five days. Observation was also made on their feeding
behaviour and data collected by observing how the neonates behaved at each sampling. Feeding
was observed from beneath the leaves a day after introduction of the neonates and daily for the
next four days. A total of 7 controls were also included in the trial with each control
corresponding to an individual trial. In the control samples, neonates were allowed to feed on
untreated maize. The standard error of means was used to show significance in mean mortalities.
The first screening involved the determination of the mortalities caused by different Bt isolates
on B. fusca neonates using crude Bt broth. This enabled the determination of the most effective

isolates that were subjected to further screening using extracted Bt toxins.

3.3.3 Bioassay of the most effective Bt isolates based on Bt endotoxins

The isolates with the highest mortality rates at 72 hours sampling and the overall mortality for all
sampling times were selected as the most effective. Toxins from the broths of the three most
effective Bt isolates were harvested and used for the second bioassay. In each 50 ml falcon tube,
40 ml of the liquid nutrient broth was put and placed in a centrifuge. The &-endotoxin crystals
were harvested by centrifugation at 4,000 rpm at 4°C (Eppendorf 5810, Eppendorf-Nether-Hinz,
Hamburg, Germany). The supernatant obtained was discarded to remove the lysed cell debris

and spores. The crystals were then centrifuged three times at low speed of 1300 rpm and 4°C in
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0.85% saline. The washed crystals were then air dried and weighed, and then stored by
suspending in 5 ml 0.85 saline at -20°C to reduce exoprotease activity (Kimani, 2012). The

storage medium comprised of distilled water with 0.85% sodium chloride.

The first bioassay involved the standard Bta. Toxins extracted from the Bta were prepared
through serial dilution to obtain various concentrations of the toxins (0.12 mg/ml, 0.012 mg/mi,
0.0012 mg/ml, 0.00012 mg/ml, and 0.000012 mg/ml), which were then used in the bioassay for
testing against Busseolla fusca. Based on the LC50 determined from the Bta, the three most
effective isolates against the Bt were subjected to further screening using the Bt proteins. Serial
dilutions of the toxins (0.3 mg/ml, 0.03 mg/ml, 0.003 mg/ml, 0.0003 mg/ml, and 0.00003 mg/ml)
were prepared and used to feed the first instar larvae of the maize stalk borer. Ten neonates per
Petri dish were used for each concentration. Three Bta isolates Btal, Bta2, and Bta7 were
included in the study corresponding to trials 1, 2, and 7. The bioassay was conducted in a
chamber at 50% RH, 28°C, and a 16:8 (L: D) h photoperiod. The number of larvae that survived
and those that died were recorded every 24 hours for 5 days after inoculation (Ning et al., 2010).
The LCso values were determined and used to rank the toxicity nature of the isolates for selection
to carry out the Bt strain and Cry protein characterization. The LC50 of the three isolates were

compared to determine the most effective Bt isolate against B. fusca.
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Figure 4: Introducing the neonates to the Petri dishes containing different treatments at

NARL Plant Pathology laboratory (February 10, 2013)
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Figure 5: The experimental set-up showing Petri dishes with neonates introduced to the

different treatments at KARI Pathology laboratory (February 13, 2013)

3.4  Determination of total protein concentration

The concentration of the total protein in the crystals was determined by Bradford protein
determination method using a UV spectrophotometer (Bradford, 1976). Preparation of the
Bradford reagent involved dissolving 10 mg of coomassie brilliant blue in 5 ml of 95% ethanol
and then adding 10 ml of 85% phosphoric acid. The mixture was diluted to 100 ml and the
solution filtered through Whatman no. 1 prior to the use. The standard, Bovine Serum Albumin
(BSA) was used at stock solution concentration of 2 mg/l. In each of labelled test tubes, 0.1 ml
each of the Bta and the three effective Bt samples were separately pipetted, and 5.0 ml of

Bradford reagent added to each sample, thoroughly mixed and incubated at room temperature for
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5 minutes. Absorbance was then measured at 595 nm and a calibration curve obtained for the
standard protein. The curve was used to determine the total protein concentration for the native

Bt isolates (Bradford, 1976).

3.5  Protein profiling using high performance liquid chromatography

Reverse Phase High Performance Liquid Chromatography (RP-HPLC) was conducted at
ChromAfrica’s Bunyala road laboratories, Nairobi in order to elucidate the protein profile of the
endotoxin. The Bt endotoxin crystals from the standard and the three most effective isolates were
solubilized by suspending the crystals in 50 mM Na.CO3.NaHCOs buffer and then digested with
porcine trypsin solution to give trypsin-resistant fragments. The resulting solution was then
subjected to centrifugation at 15000 rpm for 15 minutes before introduction into the HPLC
system. The purification of the protein was achieved using reverse-phase high-performance
liquid chromatography (RP-HPLC). The solid phase comprised of a system utilizing a Jupiter Cis
column (5um, 250 x 4.6mm, Phenomenex, USA) (Leetachewa et al., 2006). An aliquot of 100pl
trypsin-digested o-endotoxins was mixed with 25ul acetic acid and 20ul of the previously
centrifuged sample was introduced into the HPLC system. Isolation was achieved by isocratic
elution using a mobile phase that contained methanol and water at a ratio of 70:30 (v/v) at room
temperature. The flow rate was maintained at 1 ml/min, 10 MPa and UV detector (absorption at
190 nm, 220 nm, 254 nm, 270 nm, 300 nm, and 360 nm in a photodiode array detector) used to
monitor the separation. The 190-360 nm absorbance range was used because most biological

substances have UV wavelengths in this range (Lundblad and Macdonald, 2010).
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3.6  Characterization of the isolates’ proteins using sodium dodecyl sulfate
polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was conducted
according to the method of Laemmli and Favre (1973) in order to determine the sizes of the cry
proteins extracted from the bacteria isolates. The protein samples from the three most effective
isolates along with the standard Bta were subjected to SDS PAGE. A separating gel comprising
of double-distilled water 2.5 ml (ddH20), 3 ml Acrylamide mix (30%), 75 ul 10% SDS, 62.5 ul
10% ammonium per sulphate, and 2.5 ul tetramethylenediamine (TEDEM) were prepared and
added to five clean tubes to make five gels. To each of the gels, 150 ul ddH20 was added gently
to make the volume to 300 ul and excess water drained off. A stacking gel was prepared and
added to each universal tube. The gels were attached to the gel tank apparatus and running buffer
added to the tank. The running buffer contained 72.0 g/l glycerine, 15.0 g/l Tris base, and 5.0 g/I
of SDS. On the other hand, the stacking gel was prepared from a solution containing 1.125 ml of
0.5 M Tris (pH 6.8), 0.75 ml of acrylamide mix (30%), 45 ul of 10% SDS, 45 ul of 10%
ammonium persulfate, 2.5 ml double distilled water, and 4.5 pl of TEMED. The combs were
removed and the wells washed with the running buffer chamber using a 1 ml pipette tip. The
samples were preheated at 96°C for 5 minutes. The samples were then microfuged for 5 minutes
at room temperature and the samples loaded (30 ul of sample for each well comb). Power was
then allowed to pass through the system for about 45 minutes. Staining was achieved through the
use of Coomassie Brilliant Blue stain (0.25% (w/v). The digital image of the gel was recorded on

a UV transilluminator (Laemmli and Favre, 1973).
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3.7  Data analysis

The data analysed in this study included the LC50 values, the endotoxin content, the standard
dosage effective against first instar larvae, as well as the larval mortalities. The GenStat
Discovery Edition (VSN International Ltd, 2011) software was employed in analysing the means
of mortalities of B. fusca caused by the B. thuringiensis isolates.

The LD50 calculation was done using probit analysis procedure (StatsDirect Statistical Software

(StatsDirect Ltd., 2013)). The probit model employed in this study was as follows:

Y =07(p)

where Y" is the probit transformed value, p is the proportion of subjects responding the treatment
and ®(p) is 100*p% quantile from the standard normal distribution. The model uses logarithms

of the responses to calculate LD50.

Dose-response curves were plotted based on the percent mortality versus the concentrations and
the fitted model assessed by heterogeneity testing following a chi-square distribution. For all
isolates, LD50 was calculated at 36 hours since this was the time at which normal distribution of
mortalities was achieved. At 24 hours of observation and below, mortalities caused by all isolates
was below 50% while those recorded at 48 hours and above had mortalities higher than 50%.
The mortalities of the neonates were plotted against the logarithms of the different
concentrations to obtain dose-response curves. The LD50 was determined by taking the antilog

of the concentration at which 50% of the neonates succumbed to the toxins.
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The HPLC results were analysed by a comparison of the peaks at different band levels to
determine the association among the Bt isolates. Similarly, the analysis of SDS-PAGE results
involved a comparison of the unique bands obtained to determine the association among the Bt

isolates.
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CHAPTER FOUR
RESULTS

4.1 Efficacy of Bt isolates against Buseola fusca

4.1.1 Mortality of Bt isolates during initial screening

Generally, the neonates fed on the maize meal making numerous perforations on the maize discs
after introduction. However, there was slowed feeding after 24 hours and the insects withdrew
from the maize leaves. There was virtually no further feeding after 48 hours except for untreated
trials. High mortality of B. fusca neonates was recorded from 48 hours and by 120 hours, most of
the neonates had succumbed to the toxins. The surviving neonates in the treatments were

sluggish and appeared weak. The dead larvae appeared shrunk, darkish, and small in size (Figure

6).

Figure 6: A dead larva of Busseola fusca after ingesting maize leaves contaminated with Bt

toxins for 120 hours
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In the controls where the neonates fed on untreated maize discs, normal feeding occurred up to
the fifth day of observation with mortalities of less than 20% occurring in all controls. The
mortality in the controls was significantly (p < 0.05) lower when compared to that in the treated
samples. On the final day of observation, some neonates had grown to big sizes of up to 20 mm

in length. The highest average mortality in the control samples was 19.5% (Table 1).

Table 1: Mean mortality of B. fusca recorded in the control samples between November

2012 and April 2013 at NARL, Pathology laboratory

Control sample Mean mortality (%)
Control 1 15.0

Control 2 8.5

Control 3 13.0

Control 4 10.5

Control 5 15.0

Control 6 17.5

Control 7 19.5

Mean 141

4.1.2 Effect of duration of exposure of Buseola fusca to crude Bt broth

The toxicity of the different Bt isolates against the B. fusca neonates was significantly (p < 0.05)
varied. Generally, mortality increased with the time of exposure (Figure 7). Mortality was lowest
(66%) after 24 hours when few insects had died and highest (86.4%) after 120 hours when most

of them had succumbed. More than 50% mortality was at 72 h exposure period.
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Figure 7: Mean mortality of Buseola fusca caused by Bt isolates at different sampling times

between November 2012 and April 2013 at the NARL Plant Pathology laboratory

4.1.3 Mortality of B. fusca neonates after exposure to Bt broth at different exposure
periods

Low mortalities of B. fusca were observed after 24 hours of exposure to broth from all the Bt
isolates. Isolates 42 and 61 showed relatively higher mortalities at 20% each. No mortality was
recorded for several isolates including Bt 34, Bt 49, Bt 51, and Bt 58 after 24 hours. Similarly,
no deaths were observed in untreated controls 1, 2, 4, 6, and 7 after 24 hours.

After 48 hours, mortality rates of B. fusca neonates increased in comparison to that achieved
after 24 hours. Isolates 25 and 30 resulted in the highest mortality rates at 67.5% and 60%,
respectively. Isolates 52, 17, and 47 also resulted in high mortality at this sampling time at 52.5%

each. Only five isolates caused mortality rates of 50% or higher including isolates 25, 30, 17, 52,
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47, which had mean mortality rates of 67.5%, 60%, 52.5%, 52.5%, and 52.5%, respectively

(Table 2).
Table 2: Mortality of B. fusca neonates recorded after 48-hour exposure to crude Bt
broth from different B. thuringiensis isolates between November 2012 and
April 2013 at KARI Pathology laboratory
Isolate Mean mortality (%) Isolate Mean mortality (%)
25 67.5 12 25.0
30 60.0 19 25.0
17 52.5 11 22.5
47 52.5 3 22.5
52 52.5 61 225
56 475 65 22.5
26 45.0 69 225
59 45.0 8 22.5
62 45.0 49 20.0
42 425 66 20.0
43 42.5 48 175
63 425 Bta2 17.5
73 42.5 14 15.0
9 425 16 15.0
18 40.0 44 15.0
Bta7 40.0 41 10.0
46 375 45 10.0
5 37.5 7 10.0
51 35.0 *Control 3 10.0
74 32.5 34 7.5
20 30.0 55 7.5
22 30.0 *Control 5 7.5
29 30.0 *Control 1 5.0
60 30.0 *Control 2 5.0
Btal 30.0 *Control 4 5.0
58 27.5 *Control7 2.5

*Control 6 0.0

*The controls were run separately for different trials
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After 72 hours, most of the B. fusca neonates had succumbed to the toxin and died. A 100%
mortality was observed in some Petri dishes although others had lower mortalities. Isolates 30
and 52 caused the highest larval mortalities (90% each) after 72 hours. Similarly, isolates 25 and
73 caused high mortality rates of 87.5% after 72 hours. Effective mortality seemed to occur after
72 hours since more than half of the isolates had caused more than 50% death of the neonates
(Table 3). At this sampling time, 34 isolates caused mortality rates of above 50%. High
mortalities of B. fusca neonates were recorded after 96 hours. At this sampling, 85.2% of all
neonates in the treated samples had died with some isolates causing 100% mortality. Isolates 63,
51, 49, 48, 46, 25, 18, and 14 caused 100% mortality. In addition, 25 isolates showed mortality

rates of more than 90% at this sampling time.
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Table 3: Mortality of B. fusca neonates recorded after 72-hour exposure maize discs
treated with crude Bt broth from different B. thuringiensis isolates between
November 2012 and April 2013 at KARI Pathology laboratory

Mortality rate

Isolate (%) Isolate Mortality rate (%)
30 90.0 5 65.0
52 90.0 56 62.5
25 87.5 60 60.0
73 87.5 65 55.0
51 85.0 12 55.0
46 82.5 9 52.5
49 80.0 7 52.5
58 80.0 Btal 45.0
74 80.0 3 42.5
29 77.5 61 40.0
59 77.5 11 40.0
62 77.5 34 40.0
63 77.5 44 35.3
16 75.0 20 30.0
22 75.0 66 30.0
43 75.0 8 27.5
18 72.5 69 22.5
26 72.5 45 20.0
42 72.5 41 20.0
47 72.5 55 15.0
Bta7 72.5 *Control 5 12.5
14 70.0 *Control 1 12.5
48 70.0 *Control7 10.0
Bta2 70.0 *Control4  7.5.0
17 65.0 *Control 2 7.5.0
19 65.0 *Control 3 2.5.0

*Control 6 0.0

*The controls were run separately for different trials
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The highest mortality of B. fusca was recorded after 120 hours exposure to crude Bt broth at
which most isolates showed mortalities of 100%. The average mortality in the treated samples
was 94.6%, which was the highest for all the sampling times recorded. Although most samples
had almost no surviving neonates, a few samples including those infected with isolates 66, 11,
and 44 had survival rates of 50%, 30%, and 27.5%, respectively. Similarly, the untreated controls
had high survival rates of between 50% and 80%. Nevertheless, the mortalities recorded in the

controls were significantly lower (p < 0.05) than that observed in the treatments.

Overall, thirty-one of the Bt isolates were found to be effective against B. fusca. Among the
isolates, isolate 9 resulted in the lowest mortality (55.5%) while isolate 25 resulted in the highest
(73%). The 31 isolates had significant toxicity effects as they resulted in death of more than half
of the neonates. However, isolates 25, 30, 73, and 52 were the most effective with mean toxicity
rates of 73%, 69.5%, 68.5%, and 67.5%, respectively. There was no significant difference (p <
0.05) in the mortality of B. fusca associated with isolates 6, 7, 11 and 66 compared to the

untreated controls (Table 4).
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Table 4: Mean mortality of B. fusca neonates caused by toxicity of crude Bt broth from
24 to 120 hours between November 2012 and April 2013 at KARI Pathology

laboratory
Isolate Mortality (%) Isolate Mortality (%)
25 73.0 48 58.0
30 69.5 14 57.5
73 68.5 Bta2 56.5
52 67.5 65 56.0
18 66.5 9 55.5
63 65.5 7 51.0
43 65.5 Btal 51.0
46 65.0 12 50.5
59 65.0 3 48.0
74 64.5 34 48.0
22 64.0 69 47.0
47 64.0 8 46.0
51 64.0 20 45.0
17 63.5 61 42.5
62 62.5 45 42.5
26 62.0 44 41.5
42 61.5 41 41.0
29 61.0 11 38.5
5 61.0 55 37.0
58 61.0 66 29.5
56 60.5 *Control 7 19.5
49 60.0 *Control 6 17.5
60 60.0 *Control 1  15.0
Bta7 59.0 *Control 5 15.0
16 58.0 *Control 3 13.0
19 58.0 *Control 4 10.5

*Control 2 8.5

*The controls were run separately for different trials
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4.2  Bioassay of the most effective Bt isolates against B. fusca

The four isolates that were most effective were 25 (73%), 30 (69.5%), 73 (68.5%), and 52
(67.5%). Isolate 52, 25, and 30 were included among the three most effective as they had higher
mortalities at lower sampling period (48-hour) as well the highest mortalities at 72-hour
exposure, the period at which the effectiveness of the toxins occurred. The 72-hour period was
selected because it was the period at which most isolates (33) caused over 50% mortality rates.
The dry weights of proteins extracted from the three most effective Bt isolates as well as the
standard Bta varied significantly (Figure 8). Isolate 30 had the highest protein yield at an average
of 665 mg from 100 ml of broth. The lowest protein yield was obtained from isolate 25, which
had an average yield of 110 mg from 100 ml of broth. The standard Bta had a yield of 245 mg

per 100 ml of broth. The extracted Bt proteins were used in the subsequent bioassay.
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Figure 8: The weights (mg) of pellets extracted from various Bt isolates on May 17,

2013 at KARI Biotechnology center
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The mortality of B. fusca neonates caused by the Bta was significantly different (p < 0.05) for the
different sampling times (Table 8). There was increase in mortality with increase in exposure

time with the highest mortality being observed after 120 hours and lowest after 24 hours as

expected.
Table 5: Mean mortalities of B. fusca neonates caused by exposure to various doses of
Bacillus thuringiensis aizawai toxins at different exposure times at KARI Plant
Pathology laboratory, 2-7 October 2014
Concentration Mortality (%)
(mg/ml)
24 hours 48 hours 72 hours 96 hours 120 hours Average
12 2.5 10.0 42.5 87.5 100.0 48.5
1.2 17.5 42.5 775 825 95.0 63.0
0.12 7.5 70.0 90.0 100.0 100.0 73.5
0.012 7.5 15.0 775 97.5 100.0 59.5
0.0012 0.0 20.0 70.0 95.0 100.0 57.0
0.00012 0.0 0.0 20.0 65.0 82.5 335
0.000012 0.0 2.5 7.5 45.0 65.0 24.0
Control 0.0 0.0 125 22.5 27.5 12.5
Mean 3.4 22.5 49.7 74.4 83.8

Means represent mortality averages over concentration ranges

The mortality of B. fusca caused by standard Bt isolate dropped with reduction in concentration
(Figure 9). The concentration of 0.12 mg/ml was the most effective against the B. fusca neonates

causing 73.5% mortality while the lowest was 0.000012 mg/ml. The mortalities caused by the
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different concentrations were significantly different from each other (p < 0.05) except for

concentrations 0.012 mg/ml and 0.0012 mg/ml, which had no significant difference.
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Figure 9: Larval mortalities from exposure of B. fusca neonates to various

Bacillus thuringiensis aizawali protein concentrations on 24-28 September 2013 at
the NARL Plant Pathology laboratory

Key: Error bars represent the standard error of the means.

4.2.1. LD50 for Bta

The mean lethal dose causing 50% mortality at 36-hour sampling was determined for the
standard Bta. The 36-hour sampling was selected because it was the period at which a near
sigmoid curve was obtained. Probit analysis conducted using StatsDirect Statistical Software
(StatsDirect Ltd., 2013). A curve drawn for the proportion of dead neonates against different Bta
concentrations. The mortalities of the neonates when subjected to different concentrations (0.12
mg/ml, 0.012 mg/ml, 0.0012 mg/ml, 0.00012 mg/ml, and 0.000012 mg/ml) of the standard

Bacillus thuringiensis aizawai proteins ranged from 24% to 73.5%. Using the probit model, the
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LD50 was found to be 0.003201 mg/ml (p=0.0199) (Figure 10). At this dosage, 50% of the

neonates succumbed to the effects of the toxin.
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LD50 = Antilog of -2.4947 = 0.003201 mg/ml

Figure 10: The proportional response achieved from subjecting B. fusca neonates to different
concentrations of Bta toxins at 36 hours at the NARL Plant Pathology laboratory
between 18 and 19 October 2014

4.2.2. LD50 for Bt 25

The mortalities of the neonates when subjected to different concentrations of Bt 25 (0.3 mg/ml,
0.03 mg/ml, 0.003 mg/ml, 0.0003 mg/ml, and 0.00003 mg/ml) ranged from 45% to 90%. The
LD50 for Bt 25 at 36 hours was calculated using the probit model and found to be 0.00367

mg/ml (p=0.0195). This was the concentration at which 50% mortality was achieved (Figure 11).
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Figure 11: The proportional response achieved from subjecting B. fusca neonates to different
concentrations of Bt 25 toxins at 36 hours at the NARL Plant Pathology
laboratory between 18 and 19 October 2014

4.2.3. LC50 for Bt 30

The mortalities of the neonates when subjected to different concentrations of Bt 30 (0.3 mg/ml,
0.03 mg/ml, 0.003 mg/ml, 0.0003 mg/ml, and 0.00003 mg/ml) ranged from 40% to 80%. Using
the probit model, the LD50 of Bt 30 at 36 hours was determined to be 0.000942 mg/ml

(p=0.0239). This was the concentration that caused 50% mortality in the neonates (Figure 13).
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Figure 12: The proportional response achieved from subjecting B. fusca neonates to different
concentrations of Bt 30 toxins at 36 hours at the NARL Plant Pathology
laboratory between 18 and 19 October 2014

4.2.4. LC50 for Bt 52

The mortalities of the neonates when subjected to different concentrations of Bt 52 (0.3 mg/ml,
0.03 mg/ml, 0.003 mg/ml, 0.0003 mg/ml, and 0.00003 mg/ml) ranged from 30% to 82.5%. The
LD50 for Bt 52 at 36 hours was 0.002395 mg/ml (p=0.0195) when calculated using the probit

model. This was the concentration that caused 50% mortality for Bt52.
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Figure 13: The proportional response achieved from subjecting B. fusca neonates to different
concentrations of Bt 52 toxins at 36 hours at the NARL Plant Pathology
laboratory between 18 and 19 October 2014

4.2.5. Summary of the dose-response effects

The dose-effect analysis was calculated at 36 hours since mortality rates at this sampling time
was within the normal distribution range. Isolate Bt 30 had the lowest LD50 at 0.000942 mg/ml
while Bt 25 had the highest LD50 at 0.00367 mg/ml. There was no significant difference

between the LD50 of Bta and that of Bt 25 (p>0.05).
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4.3. Characterization of cry protein for Bta, Bt 25, 30, and 52

4.3.1 Characterization of cry protein by gel electrophoresis

Sodium dodecyl sulphate Polyacrylamide gel electrophoresis was conducted on the proteins
extracted from the three isolates including Bacillus thuringiensis aizawai. An analysis of the
separation of the proteins in the isolates showed that a protein of approximately 130 KDa existed
in the isolates (Figure 17). This was in line with the expected molecular weight for Bt proteins.
The four isolates Bta, Bt 25, Bt 30, and Bt 52 contained protein sub-units of 130 KDa molecular
size. Further analysis showed that smaller protein molecules with sizes ranging from

approximately 70 KDa to 100 KDa existed in all the isolates.
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Figure 15: Band from SDS PAGE of B. thuringiensis isolates
Key: Lane 1: molecular weight markers (Appendix 2); lane 2: Bta; lane 3: Bt 25, lane 4: Bt 30,
lane 5: Bt 52.

4.3.2 Protein profile of selected Bt isolates using HPLC

The proteins in different isolates had a different number of peaks at similar absorbances but the
highest for all isolates was achieved at 190 nm. Isolate 52 had the highest number of peaks at 42
(220 nm) and 39 (360 nm) (Table 6). For all isolates, the optimum absorbance was achieved at
190 nm at which the highest peaks were obtained. At this absorbance, Bta endotoxins had a

height of 1.64 x 106 mAU while the protein area percentage was 79.5%. A similar trend was
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observed for isolates 25, 30, and 52, which achieved heights of 6.36x 10® mAU, 1.66 10° mAU,
and 1.63x 108 mAU, respectively for an absorbance of 190 nm. The protein area percentages for
isolates 25, 30, and 52 were 72.6%, 79.9%, and 34.6%, respectively. Isolates 30 and 52 were,

therefore, very similar to Bta.

Table 6: Total number of peaks obtained for proteins from different Bt isolates at different
spectral absorbance at ChromAfrica laboratories on December 6, 2013.

Isolate Number of peaks
190 nm 220 nm 254 nm 270 nm 300 nm 360 nm
Bta 18 39 24 18 14 16
25 13 29 11 12 14 13
30 10 34 14 16 11 18
52 34 42 14 12 12 39

The first peaks were attained 1.97 minutes, 1.92 minutes, 2.01 minutes, and 4.20 minutes for Bta,
Bt 25, Bt 30, and Bt 52 respectively. The time taken to achieve the highest peaks were 4.20
minutes, 4.21 minutes, 4.20 minutes, and 4.20 minutes for Bta, Bt 25, Bt 30, and Bt 52.

Isolates Bta, Bt 30, and Bt 52 shared similar bands at 190 nm. The three isolates Bta, Bt30, and
Bt 52 had peaks of 1.64 x 10® mAU, 1.66 10° mAU, and 1.63 x 10® mAU, respectively. These

peaks were all attained at a retention time of approximately 4.2 minutes (Table 7).
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Table 7: Characteristics of the highest peaks achieved at 190 nm after running different Bt
isolates on HPLC at ChromAfrica laboratories on December 6, 2013.

Isolate Height of highest Time takento  Area of the highest Percentage of
peak at 190 nm achieve highest peak the area
(mAU) peak (Minutes)

Bta 1.64x10° 4.20 7.20x10’ 79.50

Bt 25 6.36x10° 4.21 6.36x10’ 72.61

Bt 30 1.66x10° 4.20 6.41x10’ 79.97

Bt 52 1.63x10° 4.20 6.80x10’ 34.60

Average 2.82x10° 4.20 6.69x10’ 66.67

4.3.2.1. Elution profile for Bta, Bt 25, Bt 30, and Bt 52 at 190 nm

For Bta, the highest peak at an absorbance of 190 nm (peak 2) was attained at a retention time of
4.201 minutes and had a height of 1.64 x 10® (mAU), an area of 7.20 x 10’ mV.s and an area
percentage of 79.5% (Appendix 3). This was the highest point reached in the entire elution
profile for Bta. The peak characterized the Bta protein (Appendix 4). Peak 2 covered nearly the
entire peak area at 79.5% and, therefore, represents the trypsin-digested endotoxins from Bta.

Bacillus thuringiensis isolate 25 (Bt 25) achieved the highest peak at an absorbance of 190 nm.
The peak was recorded at a retention time of 4.221 and had an area of 6.36x 10, height of 1.55 x

10° mAU and an area percentage of 72.6% (Appendix 10). The highest peaks recorded for the
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other absorbances were also achieved after the fourth minute. The protein profiles were similar
to those observed for Bta.

Similar to the observations in the other isolates, the tallest peak for Bt 30 was obtained at an
absorbance of 190 nm. The peak was achieved at a retention time of 4.198 had a height of 1.66 x
10° mAU and an area and area percentage of 6.41 x 107 and 79.9%, respectively. The rest of the
peaks had insignificant heights and could, therefore, represent the impurities in the sample
(Appendix 15). The elution profile for Bt 52 was similar to that of the other three isolates in that
the tallest peak was obtained at 190 nm (Appendix 21). The tallest peak at 190 nm was obtained
at a retention time of 4.199 and had a height of 1.63 x 10° mAU and an area and area percentage

of 6.80 x 10° and 34.6% respectively.

4.3.2.2. Elution profile for Bta, Bt 25, Bt 30, and Bt 52 at 220 nm

For Bta, the peak characterizing the Cry protein at absorbance of 220 nm (peak 3) was attained at
a retention time of 4.203 min (Appendix 5). Peak 3 had a height of 346,347 mAU, an area of
1.89 x 10° mV.s and an area percentage of 30.63%. This was lower than the heights of the other
characterizing peaks for the other absorbances. Apart from peak 3, peaks 4 and 7 also achieved
relatively higher heights at 25,180 mAU and 10,088 mAU respectively. The other peaks
recorded at this absorbance were low (Table 8). In the elution profile of Bt 25 at 220 nm, the
highest peak was recorded at a retention time of 4.213. The peak height was 329,011 mAU while
the area was 2.55 x 10® mV.s and the area percentage was 59.32% (Appendix 11). The highest
peak for Bt 30 at an absorbance of 220 nm was attained at a retention time of 4.199 minutes with

a height of 4.234 x 10° mAU. The peak had an area of 2.10 x 107 and an area percentage of
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30.0%. At an absorbance of 220 nm, the highest numbers of peaks (34) were recorded for Bt 30
(Appendix 16).

At an absorbance of 220 nm, isolate Bt 30 attained its highest peak at a retention time of 4.2
minutes. The peak had a height of 3.807 x 10° mAU and an area and area percentage of

3,770,728 mV.s and 61.9% respectively (Appendix 22).

Table 8: Properties of the tallest peaks at an absorbance of 220 nm for Bta, Bt 25, Bt 30,
and Bt 52 at ChromAfrica laboratories on December 6, 2013
Isolate Peak# Retention Area (mV.s) Height Area%
time (min) (mAU)
Bta 3 4.203 1,894,515 346,347 30.63
Bt 25 3 4.213 2,550,157 329,011 59.33
Bt 30 2 4.199 2,095,907 423,815 30.01
Bt 52 1 4.20 3,770,728 380,760 61.88
4.3.2.3. Elution profile for Bta, Bt 25, Bt 30, and Bt 52 at 254 nm

At 254 nm, the highest peak for Bta was attained at 4.202 minutes (Appendix 6). This peak had a
height of 1.35x 10° (mAU) while its area and area percentage figures were 8.16821 x 10%nd
39.8%, respectively. A total of 24 peaks were eluted for Bta at 254 nm. For Bt 25, the highest
peak at 254 nm had a height of 130,853 mAU and was attained at a retention time of 4.2 minutes
(Appendix 12). The peak’s area and area percentage were 1,490,512 mV.s and 91.87%,
respectively. For isolate 30, peak 3 was the characterizing peak for the protein (Appendix 17).

There were 14 peaks at 254 nm for Bt 30, with the highest being observed at retention time of
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4.198 minutes. This peak had a height of 286,107 mAU while its area and area percentage were
1,335,662 mV.s and 38.9%, respectively.

The highest peak at an absorbance of 254 nm for Bt 52 was peak 3. The peak had a height of
156825 mAU and was attained at a retention period of 4.2 minutes (Appendix 23). The peak had

an area and area percentage of 1,031,634 mV.s and 61.24%, respectively (Table 9).

Table 9: Properties of the tallest peaks at an absorbance of 254 nm for Bta, Bt 25, Bt 30,
and Bt 52 at ChromAfrica laboratories on December 6, 2013

Isolate Peak# Retention Area (mV.s) Height Area%
time (min) (mAU)

Bta 2 4.202 816,821 135,013 39.82

Bt 25 2 4.212 1,490,512 130,853 91.87

Bt 30 3 4.198 1,335,622 286,107 38.90

Bt 52 3 4.20 1,031,634 156,825 61.24

4.3.2.4. Elution profile for Bta, Bt 25, Bt 30, and Bt 52 at 270 nm

Generally, the heights of the tallest peak reduced from those observed in lower absorbances of
190 nm, 220 nm, and 254 nm. The protein profile of Bta showed that the highest peak 270 nm
had a height of 1.123 x 10° nm. However, the area percentage for the peak was much higher than
that attained at 254 nm at 66.7%. The highest elution peak at 270 nm for Bta was attained at a
retention time of 4.201 (Appendix 7). The peak had an area of 1,117,128 m.Vs and an area
percentage of 66.7%. For Bt 25, peak 2 was the highest at an absorbance of 270 nm with a height

of 114,322 mAU. This peak was attained at 4.21 minutes and had an area of 787,653 mV.s
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(Appendix 13). The area percentage for the highest peak at 270 nm for Bt 25 was 53.29%. The
peak was slightly higher than that achieved by Bta at this absorbance.

For Bt 30, the highest peak at 270 nm was attained at a retention time of 4.2 minutes. The peak
had a height of 252,244 mAU, an area of 1,179,607, and area percentage of 38.2%. The peak was
taller than that of the other three isolates at 270 nm absorbance (Appendix 18). The tallest peak
for isolate Bt 52 at 270 nm was attained at a retention time of 4.2 minutes (Appendix 24). The
peak had a height of 147,130 mAU, an area of 978,971, and area percentage of 59.07%. At an
absorbance of 270 nm, isolates Bta, Bt 25, and Bt 52 showed similar profiles as they attained

comparable peak heights (Table 10).

Table 10: Properties of the tallest peaks at an absorbance of 270 nm for Bta, Bt 25, Bt 30,
and Bt 52 at ChromAfrica laboratories on December 6, 2013

Isolate Peak# Retention Area (mV.s) Height Area%
time (min) (mAU)

Bta 2 4.201 1,117,128 112,300 66.67

Bt 25 2 4.212 787,653 114,322 53.29

Bt 30 4 4.198 1,179,607 252,244 38.20

Bt 52 3 4.2 978,971 147,130 59.07

4.3.2.5. Elution profile for Bta, Bt 25, Bt 30, and Bt 52 at 300 nm

A similar trend of decrease in the size of the tallest peak was observed at 300 nm. At this
absorbance, the height of the tallest peak for Bta was 4.0534 x 10° mAU, which was attained at a

retention time of 4.2 minutes (Appendix 8). The tallest peak for Bta at this absorbance had an
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area of 312269 and area percentage of 78.04%. For Bt 25, the tallest peak at 300 nm was
observed at 4.2 minutes and had a height of 35,875 mAU (Appendix 14). The area and area
percentage for this peak were 260,766 mV.s and 76.2% respectively. Similarly, Bt 30 and Bt 52
attained their highest peaks at retention times of 4.2 minutes at 300 nm (Appendices 19 and 25).
The heights of the peaks were comparable for Bt 30 (44,195 mAU) and Bt 52 (46,191 mAU)

(Table 11).

Table 11: Properties of the tallest peaks at an absorbance of 300 nm for Bta, Bt 25, Bt 30,
and Bt 52 at ChromAfrica laboratories on December 6, 2013

Isolate Peak# Retention Area (mV.s) Height Area%
time (min) (mAU)

Bta 3 4.203 312,269 40,534 78.04

Bt 25 3 4.213 260,766 35,875 76.18

Bt 30 2 4.20 265,625 44,195 70.80

Bt 52 3 4.20 334,539 46,191 73.70

4.3.2.6. Elution profile for Bta, Bt 30, and Bt 52 at 360 nm

At an absorbance of 360 nm, the proteins for all the isolates attained their highest point at 4.2
minutes (Table 12). For Bta, the tallest peak had a height of 27,776 mAU, an area of 148,915
mV.s and an area percentage of 53.05%. The heights of the tallest peaks for Bt 30 and Bt 52
were 16,868 mAU and 21,058 mAU, respectively (Appendices 9, 20, and 26, respectively). The
retention time for the tallest peaks for all isolates was above 4 minutes for all absorbances.

Despite the differences in heights and area of the peaks, all isolates demonstrated similar
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profiles. However, the numbers of peaks were more distributed for Bt 52, with multiple tall

peaks being observed.

Table 12: Properties of the tallest peaks at an absorbance of 360 nm for Bta, Bt 30, and Bt
52 at ChromAfrica laboratories on December 6, 2013
Isolate Peak# Retention Area (mV.s) Height Area%
time (min) (mAU)
Bta 2 4.204 148,915 27,776 53.05
Bt 30 2 4.20 110,916 16,868 54.03
Bt 52 4 4.20 195,536 21,058 22.73
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CHAPTER FIVE
DISCUSSION

5.1.  Toxicity effects of Bacillus thuringiensis isolates against Busseola fusca

Bacillus thuringiensis has been reported as the most effective commercial biocontrol agent for
insect pests (Prabhakar et al., 2013). This study involved screening of the insecticidal activities
of native Bacillus thuringiensis isolates against the maize stalk borer, Busseola fusca. An initial
screening was conducted by feeding B. fusca neonates on maize leaf discs contaminated with
crude Bt broth. A selection of the most effective isolates was conducted and subsequent
quantitative bioassays using various toxins concentrations to determine the effective dosage.
According to Jisha et al. (2013), crude Bt broth comprise of a mixture of protein crystals, spores,
and cellular debris. The crude Bt broth is, therefore, highly toxic to specific lepidopteran insects.

After feeding the insect neonates on two-week old maize leaf discs contaminated with crude Bt

broth, the mortalities caused by the different isolates were recorded.

In the treated samples, feeding was observed to take place within the first 24 hours after which
the neonates stopped feeding completely, became sluggish, and died. However, normal feeding
continued in the controls up to the final sampling time at 120 hours. These findings corroborate
the findings of previous studies (Ibrahim et al., 2010; Bravo et al., 2011) that have defined the
mechanisms of action of the Cry toxin in lepidopteran insects. For instance, the most accepted
model for explaining the mode of action of Bacillus thuringiensis endotoxins is the pore-
formation model. According to this model, insects ingest crystalline inclusions, which are then

solubilized in the guts to release Cry proptoxins. The cleavage of the Cry protoxins by the insect
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midgut proteinases results in formation of active Cry toxins. The activated Cry toxins bind to
specific receptors in the insect midgut epithelium resulting in pore formation in the membrane
and subsequent cell lysis (Zhang et al., 2005; Bravo et al., 2011). The formation of pores in the

insect midgut and the resulting cell lysis results in inability of the insects to feed.

In the current study, the neonates failed to feed after approximately 24 hours from exposure to
the toxins. This may have resulted in the formation of pores in the insects’ midgut and, therefore,
the inability to feed. The insects, therefore, succumbed to starvation soon after. Tende et al.
(2010) while studying the susceptibility of Chilo partellus and Busseola fusca reported that
neonates feeding stopped within the 1-2 hours after ingestion of the Bt toxin. In this study,
however, data collection was conducted on a 24-hour interval and, therefore, the phenomenon
was identified after 24 hours. The treated samples showed higher mortalities than the controls.
The highest average mortality recorded in the control samples was 19.5% while the highest
mortality in the treated samples was 73.0% for isolate Bt 25. Insignificant mortalities of 8.5%
were observed in some untreated controls and, therefore, the results were consistent with similar
studies. Kimani (2012), for instance recorded 10% larval mortality after 72% in the control
treatment in a study involving C. partellus. The significant difference between the controls and
the treated samples demonstrate that the mortalities observed in the treated samples were due to
the treatment and not due to extraneous factors. Within the first 48 hours, all controls except
controls 3 and 5 had 100% survival rates while the treated samples showed mortalities ranging
from 2.5% to 20% within 24 hours. These results were consistent with those reported in Syria on

a study of the efficacy of Bacillus thuringiensis on various insect pests in which high survival
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rates of 100% were observed in the controls within the first 24-48 hours (Ammouneh et al.,
2011).

The mortalities of Busseola fusca neonates increased with sampling time. The lowest average
mortality was recorded after 24 hours at 6.6% while the highest average mortality was observed
at 120 hours where 86.4% of the neonates died. The low mortality observed in the 24-hour
sampling could be attributed to the short duration of exposure of the insects to the toxins. At this
time, the amount of toxins ingested by the neonates could not have been sufficient to cause
death. Additionally, the toxin exposure time was less and therefore the toxicity process could not
have been complete. Previous studies have shown that organisms generally die at higher rates
after a long exposure to a toxic substance than when exposed for a shorter duration. In a recent
study on the insecticidal activity of Bacillus thuringiensis’ Cry toxins against several Syrian
insect pests, Ammouneh et al. (2011) showed that the effects of the toxins were more
pronounced after a 48-hour exposure compared to a 24-hour exposure at which toxicity were
lower. The difference in mortality of insects with time could be attributed to the occurrence of
different toxicity effects of the toxins with time. For instance, electron micrographs obtained by
Ogutcu et al. (2005) have demonstrated that Bacillus thuringiensis kurstaki has different effects
on malphigian tubules of Thaumetopoea pityocamba larvae. The study by Ogutcu et al. (2005)
has shown that swelling of the swelling of the mitochondria occurred within 12 hours while
dissolution of the basal cytoplasm and dissolution of nucleoplasm occurred after 24 hours and 72
hours respectively. The current findings, were therefore, consistent with previous studies on
dosage exposure to insects over time. There was low mortality in some samples. Twelve isolates
caused average mortality that was lower than 50%. These included isolates 3 (48%), 34 (48%),
69 (47%), 8 (46%), 20 (45%), 61 (42.5%), 45 (42.5%), 44 (41.5%), 41 (41%), 11 (38.5%), 55
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(37%), and 66 (29.5%). Nevertheless, all isolates had significantly higher mortalities than the
untreated controls except isolate 66. Kimani (2012) while testing the insecticidal activity of
Bacillus thuringiensis on Chilo partellus reported low mortalities in some isolates, with 11
isolates showing mortalities of less than 50%. In another study, Tabashnik et al. (1990) reported
low mortalities caused by isolates of Bacillus thuringiensis subsp. kutstaki among the diamond
back moth, Plutella xylostella. In this study, low mortalities of 34-35% were reported in the
resistant populations while the effective isolates caused average mortalities of 90-100%. This is
comparable to some of the observations in the current study, for instance, with isolate 29 having

a mean mortality of 29.5%.

The most plausible explanation for the low mortalities observed in some isolates is the specificity
of the B. thuringiensis strains to lepidopteran insects. According to Gomez et al. (2006), Cry
proteins are specifically toxic to specific insect orders such as Celeoptera, Lepidoptera,
Coleoptera, and Hymenoptera. CrylA toxins are specifically toxic to lepidopteran insects.
Therefore, the various isolates screened in this study may have contained different Cry toxins

and, therefore, causing different toxicity effects due to lack of specificity in some isolates.

5.2.  Effective dosage of Bacillus thuringiensis toxins against Busseola fusca

Effective dosage was also determined for the three most effective isolates by testing the different
concentrations of Bacillus thuringiensis proteins against Busseola fusca neonates. The standard
isolate B. thuringiensis subsp. aizawai had an LDso of 0.003201 mg/ml. This was the dosage
required to kill 50% of the neonates. Using serial dilutions of this concentration, the LDso of the

three most effective isolates were determined and found to be 0.00367 mg/ml, 0.000942 mg/ml,
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and 0.00239 mg/ml for isolates Bt 25, Bt 30, and Bt, 52 respectively. For all isolates, mortality
was seen to generally increase with increase in concentrations. This could be attributed to the
fact that higher concentrations of the dosage meant that there was higher rate of ingestion of the
toxin by the insects and, therefore, higher mortality. The results of this study were comparable
with the findings of Avilla et al. (2009). While working on the toxicity of Bacillus thuringiensis
against Helicoperpa armigera from Spain, Avila et al. (2009) found that the LC50 was in the

range of 0.0035 mg/ml to 0.0063 mg/ml.

5.3.  Protein characterization

Using the sodium dodecyl sulphate Polyacrylamide gel electrophoresis (SDS PAGE), the size of
the toxin proteins was determined. Proteins of approximately 130 KDa were found in the toxins
in addition to smaller sized proteins of between 70 KDa and 100 KDa. The findings of this study
corroborate previous findings that have demonstrated that Cry proteins present in Bacillus
thuringiensis contain proteins of about 130 KDa. While working on the characterization of
Mexican strains of Bacillus thuringiensis, Bravo et al. (1998) showed that most of the Cry
proteins had approximate sizes of 120 KDa to 145 KDa. Proteins of sizes 130 KDa and 85 KDa
were also identified in B. thuringiensis in the study by Bravo et al. (1998). In another study,
Ning et al. (2010) characterized the CrylAc proteins obtained from the larvae of Helicoverpa
armigera (Hubner) infected with Bacillus thuringienesis. The study found the molecular weight
of the proteins was ~59 KDa to ~68 KDa. The Bt strain containing CrylAc was, therefore,
present in samples of the current study.

The protein profiles of the three isolates including B. thuringiensis aizawai were determined

using reverse phase high performance liquid chromatography. The highest peaks for all isolates
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were found at an absorbance of 220 nm. The characterizing peaks at an absorbance of 220 nm
showed maximum heights of 1.64 x 10° mAU, 6.36 x 10 mAU, 1.66 x 10° mAU, and 1.63 x 108
mAU for Bta, Bt 25, Bt 30, and Bt 52, respectively. Similar peak patterns were observed for all
the isolates at absorbances of 254 nm, 270 nm, 300 nm, and 360 nm. The four isolates may
therefore, contain similar Cry proteins. The similarity in the nature of these isolates explains their
high efficacy in killing neonates of Busseola fusca. However, the peak pattern at absorbance of
190 nm differed significantly from those observed in the other absorbances. In his study, Kimani
(2012) while working on Chilo partellus found that similar peaks existed in two isolates Bt 44
and Bt 48. The two isolates caused the highest average mortalities when fed to C. partellus
neonates and were shown to have similar Cry proteins. The results of this study, therefore,

corroborate those of Kimani (2012).

The control of stem borers in Kenya has been a major challenge in Kenya because strains that
control one species of the stem borers are ineffective towards others. Therefore, a single strain
that is effective against most of the stem borers is lacking. However, employing gene stacking
strategy allows the conferment of two or more Bt genes in a crop. For instance, Yang et al.
(2011) have developed transgenic rice expressing two Bacillus thuringiensis genes. A gene
stacking strategy involving genes from isolates 25 and 48 could, therefore, be used in the control
of the two most important pests of maize in Kenya, Busseola fusca and Chilo partellus. The two
isolates have been shown to be most effective in Kenya against Busseola fusca and Chilo
partellus, respectively in the current and previous study by Kimani (2012). Future studies should,

therefore, evaluate the possibilities of developing maize carrying genes from the two strains.
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5.4  Limitations of the study

While every effort was made to make the results of this study as novel and objective as possible,
several limitations were encountered. First, the data collection on neonates’ mortalities was done
on a 24-hour interval. This may have limited the monitoring of the behaviour of the insects after
ingesting the toxins or the crude Bt broth. For instance, our results show that the neonates
stopped feeding after 24 hours upon the ingestion of the toxin. However, a recent study of the
effect of Bacillus thuringiensis on B. fusca and C. partellus showed the neonates stopped feeding
within the first two hours of feeding on the toxin (Tende et al., 2010). Nevertheless, the duration
period did not significantly influence the findings of the study, as the focus was not on the
feeding behaviour. An ideal situation would have been the collection of data within shorter
sampling times of say once every six hours. However, resource and other constraints make it

impossible or too costly to do so.

This study involved the laboratory tests in which neonates reared in the lab were subjected to
different concentrations of Bt toxins and to different strains of B. thuringiensis. The insects were
confined in Petri dishes where mortality data was recorded. The confinement of the neonates to
the restricted laboratory environment may have affected the insects’ response to the toxins. The
behaviour of the insects under their natural environment may have differed slightly from that
observed in the laboratory. Therefore, conducting greenhouse tests would be appropriate to
confirm the results of the laboratory tests in the field. However, this study relied entirely on the
results of the laboratory tests with no field studies. This may have limited the interpretation of
the results. However, this was overcame by use of controls, which helped to ensure that the

findings in the laboratory reflected the true behaviour of the neonates.
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6.1.

CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The aim of this study was to identify possible Bt candidates for the development of B. fusca

management strategy. A leaf-disc method was used for the toxicity tests while SDS PAGE and

reverse phase HPLC were used for protein characterization. From the findings of the study, the

following conclusions are drawn:

Some isolates caused mortality while others did not. The study showed that the mortalities
caused by the different isolates were significantly different.

The high mortalities observed in the neonates were due to the effect of the treatment since
there was significant difference in mortality rates between treated and untreated samples (p =
0.05). Based on the results of the initial screening tests, it is concluded that the mortalities
observed on the neonates fed with food containing the Bt toxins died from the effects of the
toxins. The neonates in untreated food samples had insignificant mortality levels. It is further
concluded that the insignificant mortalities (of less than 50%) observed in the untreated
control samples were due to normal deaths present in natural populations.

Isolates 25, 30, and 52 had the highest mortalities at 72 hour sampling and were deemed the
most effective. The high mortalities observed in samples containing these isolates have been
attributed to the specificity of the isolates on Busseola fusca while the low mortalities
observed in some isolates have been attributed to lack of specificity and possible reduction in

viability as a result of long storage duration.
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6.2

Isolate 66 had insignificant effect on Busseola fusca and could be tested against other pests
such as Diptera and Coleoptera. This isolate caused the lowest mortality of 29.5%, which had
no significant difference with the mortality of 19.5% in the untreated control 7. It is therefore
concluded that isolate 66 was not specific to lepidopteran insects.

There was a significant correlation between concentration of the &-endotoxin and the
mortality of the Busseola fusca neonates. The findings showed that the extracted proteins
were highly effective in killing the neonates compared to the crude broth. Since isolates 25
and 30 were the most effective after 48 hours, insecticides targeting to kill the pests within a
short time should involve these isolates.

Cry1 endotoxins existed predominantly in the screened samples since proteins of sizes 130
KDa were detected. Small quantities of Cry2 endotoxins were also present since smaller
protein sizes of 70 KDa were observed.

All the isolates were characterized by high peaks at 190 nm and 220 nm. Isolates 25, 30, Bta,
and 52 had a similar characterizing peak at a retention time of 4 minutes. It is therefore
conclude that isolates Bt 30, Bt 25, and Bt 52 had profound genetic similarities and possibly

belonged to the same strain as Bacillus thuringiensis subsp. aizawai.

Recommendations

Research interest on the development of pest resistant crops in Kenya has increased immensely

over the past two decades. The use of Bacillus thuringiensis in controlling common crop pests
has been the center of this study. However, more still needs to be done in order to realize the
benefits of B. thuringiensis as a biocontrol agent. Based on the findings of the current study, the

following are recommended:
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1) The effective Bacillus thuringiensis isolates 25, 30, and 52 should be used as biocontrol
agents for Busseola fusca in Kenya. This study has shown that B. thuringiensis is
highly toxic to B. fusca neonates and, therefore, a good candidate for controlling the
maize stem borer. However, the levels of B. thuringiensis usage are still low in the
country and greater adoption levels are needed to realize the benefits. Formulations of
Bt proteins from the three isolates should, therefore, be made and packaged as
commercial pesticides in order to encourage use among farmers.

i) Itis necessary to conduct field studies for isolates 25, 30, and 52 in order to determine the
efficacy of the Bt 3-endotoxin under field conditions. The current study focused on
laboratory tests. However, field experiments may provide useful information on the
enhancement of the toxin delivery.

iii) There is need to conduct periodic isolation and screening of Bacillus thuringiensis from
the soil. Such continuous screening could enable the exploration of possibilities for
the discovery of novel and highly potent strains.

iv) Future studies should compare toxicity of strains towards multiple insects in order to
evaluate the possibilities of discovering a strain that could be effective on two or
more insect pests. Isolates 25, 30, and 52 should be tested against other insect pests in
order to explore their potential use against multiple pests. Most of the Bt strains are
effective to a single insect pest and largely ineffective to most other insects. The
establishment of a strain that could control a group of insect pests would be highly
desirable for the farmer.

V) There is also need to increase funding for research into the area of crop resistant pests in

Africa. Greenhouse and field tests are particularly expensive to conduct and
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inadequate funding in this area has been a major setback for researchers. It is,

therefore, important for greater funding in order to enable researchers carry out more

and greater tests on a variety of other biocontrol agents.
In summary, the current study has shown that local isolates of Bacillus thuringiensis can
contribute to the control of the maize stem borers. The study supports the current scientific
knowledge that the &-endotoxins from B. thuringiensis have specific insecticidal activity against
maize stem borers. It is, therefore, important that the opportunities presented by this technology
be harnessed in order to deal with the food security challenges in Kenya, reduce environmental
impacts of pesticides, and maintain biodiversity by avoiding non-discriminatory killing of

organisms by chemical insecticides.
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APPENDICES

Appendix 1: Ingredients of the artificial diet used for rearing Busseola fusca

Amount at different volumes

Components for each fraction

FRACTION A 1.5 Litres 3 litres 6 litres 9 litres
Distilled water 604.65 1209.3 2418.6 3627.9
FRACTION B

Beans (Phaseolus vulgaris) Powder 132.3 264.6 529.2 793.8
Maize leaf powder 37.8 75.6 151.2 226.8
Brewer’s yeast 34.05 68.1 136.2 204.3
Ascorbic Acid 3.75 7.5 15 22.5
Vitamin E capsule (200i.u) 4 capsules 8 capsules 15 capsule 22 capsules
Sorbic Acid 1.95 3.9 7.8 11.7
Methyl p-hydrobenzoate ( dissolved in 3.0 6.0 12.0 18.0
20ml Ethanol, i.e 3 litre diet)

Sucrose ( Table sugar) 52.95 105.9 211.8 317.7
Formaldehyde 40% 3.0ml 6.0ml 12mi 18.0ml
FRACTION C

Agar Technical No.3 18.9 37.8 75.8 113.4
Distilled water 604.65 1209.3 2418.6 3627.9
TOTALS 1500.15 3003.3 6000.8 9000.9

Note: Measurements in grams except where indicated otherwise
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Appendix 2:  Molecular weight markers used in interpretation of SDS PAGE results
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Appendix 3: Reverse Phase high performance chromatography (RP-HPLC) profile of Bta

at absorbance of 190 nm

Peak# Retention Time Area Height Area%
1 1.975 96773 10242 0.1068
2 4.201 72014063 1644690 79.5029
3 4.729 3473704 174353 3.8349
4 6.015 63293 4827 0.0699
5 7.024 223743 11766 0.247
6 7.206 97544 9101 0.1077
7 7471 2684 556 0.003
8 8.688 88563 9394 0.0978
9 9.348 58293 6877 0.0644

10 10.636 515065 8267 0.5686
11 17.155 5152514 67803 5.6883
12 19.072 7101 332 0.0078
13 19.36 5481 657 0.0061
14 19.531 4692 963 0.0052
15 22.56 1833568 23467 2.0242
16 24.225 3001900 32895 3.3141
17 24.501 3915534 32779 4.3227
18 29.3 25889 1289 0.0286
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Appendix 4: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bta at
190 nm
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Appendix 5: Reverse Phase high performance chromatography (RP-HPLC) profile of Bta at absorbance of 220 nm
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Appendix 6: Reverse Phase high performance chromatography (RP-HPLC) profile of Bta at absorbance of 254 nm
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Appendix 7: Reverse Phase high performance chromatography (RP-HPLC) profile of Bta at absorbance of 270 nm
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Appendix 8: Reverse Phase high performance chromatography (RP-HPLC) profile of Bta at absorbance of 300 nm
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Appendix 9: Reverse phase high performance liquid chromatography (RP-HPLC) elution profiles of endotoxins from Bta at
360 nm
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Appendix 10: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 25 at
190 nm
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Appendix 11: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 25 at
220 nm
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Appendix 12: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 25 at
254 nm
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Appendix 13: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 25 at
270 nm
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Appendix 14: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 25 at
300 nm
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Appendix 15: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
190 nm
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Appendix 16: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
220 nm
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Appendix 17: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
254 nm
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Appendix 18: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
270 nm
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Appendix 19: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
300 nm
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Appendix 20: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 30 at
360 nm
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Appendix 21: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
190 nm
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Appendix 22: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
220 nm
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Appendix 23: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
254 nm
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Appendix 24: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
270 nm
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Appendix 25: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
300 nm
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Appendix 26: Reverse phase high performance liquid chromatography (RP-HPLC) elution profile of endotoxins from Bt 52 at
360 nm
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