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ABSTRACT

The entomopathogenic fungi such as Isaria fumosorosea Wize, Beauveria bassiana
(Bals.-Criv.) Vuill., and Metarhizium anisopliae (Met.) Sorokin, are important agents for
the biological control of insect pests, however these fungi are highly susceptible to
fungicides and incompatible to high temperatures. This research was aimed to develop
fungicide tolerant or resistant mutants of /. fumosorosea and B. bassiana, and
thermotolerant mutants of M. anisopliae by mutageneses using ion beams and/or
gamma rays and thereby improve the potential for application of these fungi as
microbial control agents in [PM programs of insect pests. Six benomyl-tolerance mutant
isolates of I. fumosorosea (Ib-34 (200 Gy) and Ib-421 (300 Gy) from ion-beam
irradiation, Gr-5 and Gr-22 (both 1000 Gy) from gamma-ray irradiation, and Grlb-8 and
Grlb-9, both from dual irradiation by 500 Gy of gamma rays followed by 200 Gy of ion
beams) and two benomyl-resistant mutant of B. bassiana (BB22 and BB24, both from
ion beams at 150 Gy) were obtained in this study. Five mutant isolates with more
tolerance to heat stress were also obtained derived from two wild-types of M. anisopliae
i.e: AcMa5-gr-1 and AcMa5-gr-2 (100 Gy) from gamma-ray irradiation, AcMaS5-gr-3
(1000 Gy) from gamma-ray irradiation, AcMa5-ib (300 Gy) from ion-beam irradiation
and PaMa02-ib (100 Gy) from ion-beam irradiation. In an ECsy assay of mycelial
growth, five of six mutant isolates of /. fumosorosea were more than 2000-fold those
observed for the wild-type isolate (ECso: > 5000 mg I c.f. ECso: 2.5 mg 1" for the
wild-type isolate) meanwhile, BB22 and BB24 were >500-fold more tolerant to benomyl
compared with the wild-type isolate. In an ECsy assay of conidial germination, two

mutant isolates of I fumosorosea 2-fold more tolerance than the wild-type isolate,



however, there was no significant difference in conidial germination of B. bassiana
between the wild-type and the mutant isolates. Mycelial growth of both mutant isolates
of B. bassiana also enhanced tolerance to thiophanate-methyl, but reduced tolerance to
diethofencarb. And for 1. fumosorosea the mutant isolates showed enhanced tolerance to
other fungicides at recommended field application rates. No differences were observed
at the f-tubulin gene between the wild-type and the mutant isolates of /. fumosorosea,
suggesting that the enhanced benomyl-tolerance was not attributable to mutations in that
gene. A mutation was found at position 198 of the S-tubulin gene in the mutant isolates of
B. bassiana, with a substitution of glutamate for alanine (E198A). Thermotolerant
mutants of M. anisopliae increased upper thermal limit (38—39 °C) for vegetative growth
by 2-3 °C compared to that of the wild-type isolates. All mutants grew fastest at 25°C as
same as the wild-type isolates. At 1 x 10" conidia ml™, four mutants derived from a
wild-type isolate caused high mortalities of 86—100% in rice weevil adults, which were
not significantly different from a mortality caused by the wild-type isolate. However, one
mutant derived from another wild-type isolate almost lost virulence. All mutants revealed
no mutation in the neutral trehalase gene (Nt/) which possibly relates to thermotolerance
and also no mutation in f-tubulin gene and if7/ which relates to fungicide tolerance.
Ion-beam and gamma-ray irradiations may be useful tools for improving characteristics
such as increasing fungicide tolerance and thermotolerance in the entomopathogenic
fungi. However, the resulting mutants should be carefully evaluated for unpredictable
negative effects. This is the first report for enhanced thermotolerance induced by

ion-beam and gamma-ray irradiations in entomopathogenic fungi.
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CHAPTER 1

GENERAL INTRODUCTION

Pesticides have been widely used and make significant contribution in maintaining
food. However, their usages do not always decrease yield losses. For example, in the
US, even 10-fold usage of insecticide from 1944 to 1989, total yield losses caused by
pest insects increased nearly double from 7 to 13% (Pimentel et al., 1992). Many
negative effects of pesticides have also been reported, i.e. crop pollination problem and
honeybee losses, crop and crop product losses, ground water and surface water
contamination, fish wildlife, microorganism lost, including beneficial natural enemies
and pesticide resistance (Pimental et al., 1992). Until now, pest resistance caused by
pesticides still becomes problems in insect pests management in the world (Cloyd,
2010).

Many methods have been performed to reduce resistance caused by pesticides such
as pesticide rotation and mixtures, however, these two methods are not fully effective
(Cloyd, 2010). Combination of all the management methods including alternative pest
management strategies such as cultural, sanitation and biological control which is
known as Integrated Pest Management (IPM), have been reported as the effective
method for reducing resistance (Cloyd, 2010). Biological control method with microbial
insecticides has been widely used and take an important part in IPM that can be applied
coincide by the other management methods (Shah and Pell, 2003; Khan et al., 2012a).
Many kinds of the microbial insecticide, including entomopathogenic fungi have been

commercially produced and widely used for pest insect management in glasshouses and
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field worldwide (de Faria and Wraight, 2007; Copping, 2009).

In plant disease management, fungicides are commonly used as the main treatment
for reducing damage of the cultivated plant caused by fungal plant pathogens. However,
fungicide applications will directly cause negative effects on the entomopathogenic
fungi applied for pest insects (Clark et al., 1982; Loria et al., 1983; Saito and Yabuta,
1996; Pell et al., 2010; D’Alessandro et al., 2011). The harmful effects of fungicides on
entomopathogenic fungi are typically avoided by employing extended intervals between
applications of each agent (Gardner et al., 1984; Bruck, 2009), these intervals can
complicate the effective and practical use of both products in the field. Thus, we need to
develop entomopathogenic fungi which are highly tolerant to fungicides which can be
applied coincide with fungicides for plant disease management.

On the other hand, entomopathogenic fungi are also seriously affected by abiotic
factors, i.e. UV, humidity, and temperature (Castrillo et al., 2005; Zimmermann, 2007a,
b, 2008; Jaronski, 2010). Among those abiotic limiting-factors, temperature is one of
the most important key factors for using entomopathogenic fungi. In the high
temperature condition, such as more than 35°C, it will seriously affect conidial
germination and persistence, vegetative growth, sporulation, and/or infection of
entomopathogenic fungi (Arthurs and Thomas, 2001; Cabanillas and Jones, 2009;
Darbro et al., 2011; Dimbi et al., 2004; Fargues et al., 1997; Inglis et al., 1997; Li and
Feng, 2009; Thomas and Jenkins, 1997; Vidal et al., 1997; Davidson et al., 2003),
which may reduce their efficacy especially in hot seasons, tropical and subtropical
regions, or glasshouses with elevated temperatures. To solve this problem, we also need

to develop entomopathogenic fungi tolerant to heat stress.



One way to overcome incompatibility to fungicides and high temperatures has been
to develop fungicide-tolerant and thermotolerant mutants of entomopathogenic fungi by
selection on chemically amended media (Shapiro-Ilan et al., 2002, 2011; Butters et al.,
2003), by transformation (Bernier et al., 1989; Valadares-Inglis and Inglis, 1997; Pfeifer
and Khachatourians, 1992; Inglis et al.,, 1999), by UV radiation (Kim et al., 2005;
Rangel et al., 2006), or by exposure to mutagenic agents such as NaNO, (Zou et al.,
2006; Song et al., 2011).

To date, ion-beam and gamma-ray irradiations are mostly used for mutant
development in breeding of crop and microorganism (Zengliang, 2006; Anuntalabhocai
etal., 2011; Piri et al., 2011). Recently ion beams have been identified as a potential tool
for mutagenesis in micro-organisms because of their characteristic point-like mutations,
higher mutation frequency and broader mutation spectrum (Matuo et al., 2006; Shikazono
et al., 2003, 2005; Tanaka et al., 2010; Toyoshima et al., 2012). For ion beams, exposure
of Cordyceps militaris (L.) Link to ion beams successfully generated mutant isolates
capable of enhanced production of cordycepin, a medical substance (Das et al., 2008,
2010). However, there are little reports in the literature on the use of ion-beam
irradiation to improve traits for biological control agents of entomopathogenic fungi.
Gamma rays have also been reported as a successful mutagenic agent in
entomopathogenic fungi (Paccola-Meirelles and Azevedo, 1991; Kava-Cordeiro et al.,
1995), although there are no reports describing enhanced fungicide resistance.

Entomopathogenic fungi, Isaria fumosorosea Wize, Beauveria bassiana (Bals.
-Criv.) Vuill.,, and Metarhizium anisopliae (Met.) Sorokin, are now commercially
available as microbial insecticides and have been widely used as biological control

agents (Shah and Pell, 2003; de Faria and Wright, 2007). This research was aimed to



develop fungicide tolerant and resistant mutants of . fumosorosea and B. bassiana,
respectively, and thermotolerant mutants of M. anisopliae by mutageneses using ion
beams and/or gamma rays and thereby improve the potential for application of these

fungi as microbial control agents in [IPM programs of insect pests.



CHAPTER 2

ENHANCED FUNGICIDE-TOLERANCE IN

ISARIA FUMOSOROSEA

2.1. Introduction

Isaria fumosorosea has been used as a biological control agent for many kinds of
insect pests belonging to order Coleoptera, Diptera, Hemiptera, Lepidoptera,
Thysanoptera, etc. (Zimmermann, 2008). In ornamentals, this fungus is useful to control
pest insects such as Thrips (Thysanoptera) (Cloyd, 2009; Arthurs et al., 2013) and
leafminers (Wekesa et al., 2011). However, the fungus is incompatible to fungicides
used in [PM programs of pest insects (D’Alessandro et al., 2011).

Benomyl, ethyl 1-[(butylamino)carbonyl]-1H- benzimidazol-2-ylcarbamate, is one
of broad spectrum systemic fungicides which is in benzimidazole fungicides and widely
used for controlling various plant diseases (Edgington et al., 1971; Erwin, 1973).
However, applications of benomyl negatively affect to survival of entomopathogenic
fungi. For example, benomyl inhibits mycelial growth and/or conidial germination in
B. bassiana (Sabbour et al., 2011; Khan et al., 2012b), M. anisopliae (Y afiez and France,
2010; Khan et al., 2012b), and Entomophtora planchoniana (Lagnaoui and Radcliffe,
1998). Because of its toxicity, broad spectrum and wide usage, this fungicide was used as
a model for increasing tolerance to fungicide in I fumosorosea (Chapter 2) and

B. bassiana (Chapter 3).



2.2. Materials and Methods

2.2.1. Fungal preparation

A wild-type isolate (PF-3110) of /. fumosorosea that had been isolated from the
sweet potato whitefly, Bemisia tabaci B biotype in 1990 was cultured in Petri dishes (90
mm diameter) containing Sabouraud’s dextrose agar (SDA; Difco, BD Biosciences, NJ)
at 23 + 1°C for 3 weeks in darkness. Conidial suspensions were prepared by scraping
the conidia/mycelia into sterile 0.1% Tween 80 and then filtering the mixture through
sterile cloth (0.2 mm mesh size) to provide a suspension of conidia. Before

experimentation, the germination rate of conidia was determined on SDA at 23 + 1°C

(> 95%).
2.2.2. Ion-beam and gamma-ray irradiation

Conidia of the wild-type isolate were irradiated with carbon-ion beams ('*C™,
121.8 keVum ") accelerated by an azimuthally varying field cyclotron at the Takasaki
Ion Accelerators for Advanced Radiation Application site (Gunma, Japan) and/or
gamma rays (**Co, 0.2 keV um ') at the Food Irradiation Facility, Japan Atomic Energy
Agency (Gunma, Japan), respectively.

2.2.3. Fungicides against which mutants were evaluated

Eight commercial fungicides were used: benomyl [50% wettable powder (WP),



Sumitomo Chemical, Japan], thiophanate-methyl (70% WP, Nippon Soda, Japan),
iprodione (50% WP, Nippon Soda, Japan), diethofencarb (25% WP, Sumitomo
Chemical, Japan), chlorothalonil (40% WP, Kumiai Chemical Industry, Japan),
polycarbamate (75% WP, Dow Chemical Japan, Japan), myclobutanil [25%
emulsifiable concentrate (EC), Dow Chemical Japan, Japan] and triflumizole (15% EC,
Ishihara Sangyo Kaisha, Japan). Each fungicide was added to autoclaved SDA once it
had cooled to below 50°C and mixed using a stirrer before pouring the agar and
allowing it to set. The eight fungicides used in this experiment belong to different
classes of chemical, except benomyl and thiophanate-methyl, which are both

benzimidazoles.

2.2.4. Relationship between irradiation dose and survival rates

The relationship between irradiation dose and conidial survival rate was determined
as follows. For ion-beam irradiation, 50 pl of the conidial suspension (2.5 x 10° conidia
ml™") was spread on 20 ml SDA in each replicate plastic Petri dish (60 mm diameter).
The dishes were covered with a polyimide film (Kapton 30EN, Du Pont-To-ray, Japan)
and irradiated at a range of doses (0, 50, 100, 200, 300, 400, 500 and 600 Gy). For
gamma-ray irradiation, 100 pl of the conidial suspension (2.0 x 10° conidia ml"") was
used in each Petri dish (90 mm diameter), the dishes were covered with plastic lids, and
the range of doses tested was 0, 30, 100, 300, 1000 and 3000 Gy. All dishes were
incubated at 23 + 1°C in darkness, and five replicates were made for each dose.
Survival rates were determined based on the number of colonies that grew on SDA after

3 days and used to select appropriate doses for the production of mutants.



2.2.5. Production of mutants with potential tolerance to benomyl

Conidia from 3 ml of a suspension (1.0 x 10° conidia mI™") of the wild-type isolate
of 1. fumosorosea were transferred to each of three replicate 47-mm-diameter cellulose
membrane filters with a pore size of 0.45 um (Millipore, Merck Millipore, Germany)
using filtration equipment (Swinnex, Merck Millipore, Germany). The filters were
individually placed in plastic Petri dishes (60 mm diameter for ion-beam irradiation and
50 mm diameter for gamma-ray irradiation). Prior to ion-beam irradiation, the Petri dish
lids were replaced with polyimide film. Conidia collected on the membrane filters were
irradiated either with ion beams or with gamma rays at a range of doses selected from
the relationship between irradiation dose and survival rate determined in the previous
experiment (n = 3 per dose). Each treated filter was then transferred to a vial containing
3 ml of sterile Sabouraud’s dextrose broth (SDB) and agitated with a sterile glass rod to
detach the conidia from the filters. The resulting conidial suspensions were incubated at
20 + 1°C in darkness overnight to remove unstable mutations through cell division
(germination). From each suspension, 200 pl was spread on to SDA into which 1000
mg "' benomyl had been incorporated, in each of five/six Petri dishes (90 mm diameter).
The dishes were then incubated at 23 + 1°C in darkness for 7 days. Well-grown colonies
were assumed to be benomyl-tolerance mutants and isolated onto fresh SDA for further
evaluation; colonies that differed in shape and colour from the wild-type isolate were
excluded. In addition, the effectiveness of dual irradiation with both gamma rays and
ion beams for inducing mutations was examined in the wild-type isolate; irradiation
doses of 0, 50 or 500 Gy of gamma rays were followed by 0, 100 or 200 Gy of ion

beams, respectively. After the conidia on the membrane filters were irradiated with



gamma rays, they were placed in Petri dishes containing SDA at 23 = 1°C and incubated
in darkness overnight to remove unstable mutations through cell division (germination).
This was followed by ion-beam irradiation and subsequent treatment procedures were as

described previously for single ion-beam irradiation.

2.2.6. Evaluation of levels of resistance to benomyl in mutants

2.2.6.1. Mycelial growth

The ECs (effective concentration of benomyl to reduce mycelial growth by 50%)
values were determined for wild-type and mutant isolates based on mycelial growth on
SDA that contained different quantities of benomyl. Mycelial plugs (4 mm diameter) of
each isolate were excised from the margins of colonies growing on SDA. The plugs
were then placed individually into the centre of Petri dishes (90 mm diameter)
containing 30 ml SDA to which benomyl had been added (0, 0.1, 0.3, 1, 3, 10 or 30 mg
I'' for the wild-type isolate and 0, 300, 1000, 3000 or 5000 mg I'" for the mutant
isolates; n = 3 per dose). Dishes were incubated at 25 = 1°C in darkness for 7 days and
mean colony diameter was determined from two perpendicular measurements of each
colony, excluding 4 mm to account for the diameter of the original inoculation plug.
Each colony diameter was then divided by the mean colony diameter obtained for the
same isolate when grown on SDA containing no fungicide, to provide relative growth
rates. The ECsy value for each isolate was estimated using the growth rates obtained for

each dose by linear regression using the software package SPSS Statistics (SPSS, 2009).



2.2.6.2. Conidial germination

Three 20 pl aliquots of conidial suspension (1.0 x 10° conidia mI™") from each of
the mutant isolates and the wild-type isolate were placed individually onto 30 ml of
SDA containing benomyl (10, 25, 50, 100, 250, 500 or 1000 mg I'") in 90 mm diameter
Petri dishes. In addition aliquots were placed onto control plates that had been produced
in the same way but without fungicide. Each aliquot was covered with a sterile glass
coverslip (18 mm x 18 mm) and there were five replicate dishes (including controls and
each containing three aliquots) per dose for each isolate. The dishes were incubated at
25 + 1°C in darkness for 16 h. After the addition of lactophenol cotton blue solution, the
percentage germination of approximately 100 conidia per aliquot was determined under
a microscope (Axio Imager 2, Zeiss, Germany). The mean percentage germination for
each replicate dish was arcsine square-root transformed, and the ECsy of each isolate
was estimated as above, using data from seven of the doses (10, 25, 50, 100, 250, 500 or
1000 mg 171); the data from other doses were not used for ECs estimation because they

achieved germination rates of almost 0% or equivalent to the control (100%).

2.2.7. Tolerance of mutants to other fungicides

Growth of benomyl-tolerance mutants on SDA to which one of eight fungicides,
including benomyl, had been incorporated at the recommended field application rate
was evaluated. The methods were the same as described above, except that dishes were
incubated for 8 days. Each isolate was also cultured in the absence of fungicides

(control), and there were five replicate dishes per fungicide. The tolerance ratio (TR)

10



was obtained using the following formula: (mean colony diameter for fungicide/ mean
colony diameter for control) mutant/(mean colony diameter for fungicide/mean colony
diameter for control) wild type. For each mutant, the mean colony diameter for each
fungicide was statistically compared to the mean colony diameter for the control using a

Mann—Whitney’s U-test (SPSS, 2009).

2.2.8. DNA sequencing of f-tubulin locus

After culturing the wild-type and mutant isolates on SDA at 20°C for 3 days,
genomic DNA was extracted from the conidia of each isolate using a FastDNA Spin Kit
(MP Biomedicals, UK). To isolate the partial f-tubulin locus, PCR was conducted using
a PrimeSTAR GXL DNA polymerase (Takara Bio, Japan), the purified genomic DNA
as a template and two specific primers, Isaria betatub-R and Metarhizium beta-tub-F2
(Table 1), under the following conditions: 1 cycle of 98°C for 20 s, 30 cycles of 98°C
for 10 s, 68°C for 2 min, 1 cycle of 68°C for 5 min and then storage at 4°C. PCR was
done in 50 pl reaction volumes consisting of 5 pl genomic DNA (5 ng ml™"), 10 ul 5 x
PrimeSTAR GXL Buffer, 4 pl ANTP mixture, 1 pul PrimeSTAR GXL DNA Polymerase
(TaKaRa Bio, Japan), 0.3 pul of each primer (50 uM) (Sigma Genosys, Japan) and 29.4 ul
sterile distilled water. The PCR products were purified using a MinElute PCR
Purification Kit (Qiagen, the Netherlands). To identify the mutation sites in the
[-tubulin locus, DNA sequencing was performed using a BigDye Terminator v3.1
Cycle Sequencing Kit (Life Technologies, CA) and six specific primers (Table 1) with

an ABI PRISM 377 DNA Sequencer (Life Technologies).
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2.2.9. Response of mutants to temperature

We measured colony diameters (as the methods those used to assess
benomyl-tolerance levels in the previous experiments but without benomyl), of mutant
isolates and the wild-type isolate after 7 days of growth in darkness on SDA in 90 mm
diameter Petri dishes (30 ml per dish) at 15, 20, 25, 30, 33 or 35°C. There were three
replicate dishes for each isolate at each temperature. At each temperature, the mean
colony diameter for each mutant was compared statistically to the mean colony diameter

of the wild-type isolate using the Mann-Whitney U test (SPSS, 2009).

2.2.10. Pathogenicity of mutants

Pathogenicity of mutants and the wild-type isolate were compared against tobacco
whitefly, Bemisia tabacci (Genn.) (Homoptera: Aleyrodidae) in laboratory. The
whiteflies were collected from cucumber plants grown in a glasshouse of Shizuoka
University and reared on potted cabbage in container (40 cm % 40 cm x 40 cm) at 25 +
1°C and 16L: 8D. For each isolates, three cabbage leaves containing 30 individual of 2™
instar whitefly larvae were cut by 8 cm x 8 cm and sprayed with conidial suspensions (1
x 10° 107 and 10® conidia mI™") of the mutants and the wild-type isolate using hand
sprayer. Mortality of the 2™ instar whitefly was recorded daily for 7 days and all cadavers
transferred to 60 mm diameter Petri dishes with wet filter paper. The dishes of cadavers
were incubated at 25 + 1°C in darkness to promote fungal development and those
developing mycosis recorded. The percentage of mortality caused by mycoses was

arcsine square-root transformed and the data for mutant isolates was compared
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statistically to the data for the wild-type isolate using the Mann-Whitney U test (SPSS,

2009).

2.3. Results

2.3.1. Relationship between irradiation dose and survival rates

Ion-beam irradiation with a dose of 50 Gy was associated with high survival rates
(64.6%), 500 Gy with very low survival rates (0.3%), and 600 Gy killed all the conidia
(Table 2). Gamma-ray irradiation with doses below 300 Gy only slightly affected
survival rates (> 78.1%), 1000 Gy was associated with very low survival rates (0.5%),

and 3000 Gy killed all the conidia (Table 3).

2.3.2. Production of mutants with potential tolerance to benomyl

Six benomyl-tolerance isolates were established from colonies that appeared
normal (Figure 1); Ib-34 (200 Gy) and Ib-421 (300 Gy) from ion-beam irradiation, Gr-5
and Gr-22 (both 1000 Gy) from gamma-ray irradiation, and GrIb-8 and GrlIb-9, both

from dual irradiation by 500 Gy of gamma rays followed by 200 Gy of ion beams.

2.3.3. Evaluation of levels of tolerance and conidial germination to benomyl in

mutants

The wild-type isolate had an ECs, value of benomyl tolerance 2.5 mg 1", while five

13



mutant isolates, Ib-34, Ib-421, Gr-5, Gr-22 and Grlb-8, had ECsy values > 5000 mg !
(> 2000-fold more tolerance than the wild-type isolate; Table 4). Another mutant isolate,
Grlb-9, also had a high ECs value of 1855 mg I"' (742-fold more tolerance than the
wild-type isolate; Table 4).

The wild-type isolate had an ECsy value of conidial germination 151.31 mg 1*1,
while two mutant isolates, Grlb-8 and Grlb-9, had ECsy values 307.71 and 229.74 mg
I"!, respectively (2.03 and 1.52-fold more tolerance than the wild-type isolate; Table 5).
Meanwhile, another mutant isolate, Ib-34, had ECs, value of 121.88 mg I (0.81-fold

more sensitive than the wild-type; Table 5).

2.3.4. Tolerance of mutants to other fungicides

The wild-type and mutant isolates produced significantly smaller colonies on most
of the fungicides at a field application rate compared with the control (P < 0.01 or P <
0.05; Table 6). As expected, however, all the mutant isolates had large TR values
(4.48—6.46) when grown on media containing benomyl. Similarly, the mutants also had
comparatively large TR wvalues (1.30-1.69) when grown on media containing
thiophanate-methyl, which, like benomyl, is a benzimidazole fungicide. For the other
fungicides, the mutant isolates generally had TR values around 1, which indicated they
had similar tolerance levels to the wild-type isolate, except for iprodione (TR:
1.05-2.05) and myclobutanil (TR: 1.16-4.99). These findings suggest that the mutant
isolates may have multiple mechanisms conferring tolerance to several fungicides

including benzimidazoles.
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2.3.5. Sequence of f-tubulin locus

The S-tubulin locus of the wild-type and six mutant isolates was amplified by PCR.
Two of the mutant isolates, Ib-34 and Gr-5, produced very weak amplification signals
and were excluded from further analysis (Figure 2). The p-tubulin sequence in
1. fumosorosea is 1727 bp (Song et al., 2011), but only partial genomic DNA sequences
of the p-tubulin locus (1424 bp at nucleotide position from 304 to 1727) were
determined for the wild-type and four mutant isolates and the f-tubulin sequences in the
four mutant isolates, Ib-421, Gr-22, GrIb-8 and Grlb-9, were identical to those of the

wild-type isolate (Figure 3).

2.3.6. Response to temperature

Three mutants i.e. Gr-22, Ib-34 and Grlb-8 grew significantly more slowly than the
wild-type isolate at 15, 20, 25 °C (P < 0.05), and stop growing at 33°C. One mutant,
Gr-5, also stop growing at 33°C. The other two mutants i.e. GrIb-9 and Ib-421 were still
growing at 33°C, the same as the wild-type isolate. The growth of Gr-5, Grlb-9 and
Ib-421 were not significantly different than the wild-type isolate at 15°C, 20°C, 25°C for
Gr-5 and Ib-421 and 33°C for Grlb-9 and Ib-421. The growth was significantly more
slowly than the wild-type isolate at 25°C and 30°C for Grlb-9 and at 30°C for Gr-5

(Figure 4). None of the isolates, including the wild-type isolate, grew at 35°C.
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2.3.7. Pathogenicity of mutants

Mortality in 2™ instars larva of B. tabacci was started 4 days after inoculation for
both the wild-type and mutant isolate treatments. At 1 x 10" and 1 x 10® conidial ml™
concentration, caused 98-99.2% and 99.8-100% mortality, respectively, which was not
significantly different from the 99.9% (1x10’ conidial ml™") and 100% (1x10* conidial
ml™") mortality caused by the wild-type isolate (P > 0.05). However, at 1x10° conidial
ml™") concentration, two mutants i.e. Ib-34 and Grlb-8, caused only 63.4% and 51.1%
mortality, which was significantly less than 97.1% mortality caused by the wild-type
isolate (P < 0.05). Only one mutant, Grlb-9 caused 76.7% mortality which was not

significantly different from the wild-type isolate (Table 7).

2.4. Discussion

In previous studies, the highest mutation frequency obtained by ion-beam
irradiation was associated with survival rates ranging from 1 to 10% Saccharomyces
cerevisiae (Matuo et al., 2006) and Aspergillus oryzae (Toyoshima et al., 2012).
Consequently, we selected irradiation doses of 100, 200, 300, 400 and 500 Gy for
ion-beam irradiation and 400, 600, 800 and 1000 Gy for gamma-ray irradiation when
attempting to produce mutants. Preliminary study revealed that those mentioned
irradiation dose gave survival rate more than 1% and less than 50%.

This considerably enhanced tolerance in the mutant isolates was greater than that of
1. fumosorosea benzimidazole-tolerance isolates produced using other methods. For

example, carbendazim-tolerant mutants generated using the mutagen NaNO; exhibited a

16



maximum ECsy value of only > 1000 mg "', which was still 830-fold more tolerance
than the wild-type isolate (Song et al, 2011). Furthermore, benomyl-tolerance
transformants generated using a polyethylene glycol-mediated procedure had a
minimum inhibitory concentration of only 20 mg I'' compared with 7.5 mg 1" for the
wild-type isolate (Inglis et al., 1999). Enhanced tolerance in the developed mutants may
be sufficient to avoid the negative effects resulting from benomyl application in the
field (500 mg I'' is the recommended application rate). This is the first study to
demonstrate that ion-beam and gamma-ray irradiations are potentially useful tools for
inducing mutations that enhance fungicide tolerance in entomopathogenic fungi. As the
increase in tolerance obtained separately with either irradiation method alone was
considerable, combined irradiation may be unnecessary. lon-beam irradiation facilities
are now available worldwide. This method creates different characteristics in
entomopathogenic fungi, because it causes a high mutation frequency and a broad
mutation spectrum and creates point mutations in genes (Matuo et al., 2006; Zengliang,
2006; Tanaka et al., 2010; Toyoshima et al., 2012).

Benzimidazole fungicides, such as benomyl, are negatively cross-resistant to
N-phenylcarbamate fungicides, such as diethofencarb (Fujimura et al., 1992a; Ziogas
and Girgis, 1993; Leroux et al., 1999). However, developed benomyl-tolerance isolates
exhibited similar or little more sensitivity to diethofencarb (TR: 0.84-1.09) than the
wild-type isolate. Regardless of this, all mutants should be screened for undesirable
mutations that may have occurred alongside the desired mutation conferring benomyl
tolerance. For example, it will be important to compare the virulence of mutant and
wild-type isolates against target pests to ensure that any benefits associated with

benomyl resistance are not counteracted by any loss in virulence; these studies are
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currently under way in our laboratories.

Most of the molecular studies on benzimidazole-resistant phytopathogenic fungi
have focused on the replacement of amino acids at codon 198 and/or 200 in the S-tubulin
locus (Fujimura et al., 1992b; Koenraadt et al., 1992; Koenraadt and Jones, 1993; Yarden
and Katan, 1993; Albertini et al., 1999; Davidson et al., 2006; Schmidt et al., 2006;
Kongtragoul et al., 2011). In addition, a similar mutation at codon 198 has been reported
in NaNO;-induced benomyl-tolerance mutants of B. bassiana (Butters et al., 2003; Zou et
al., 2006). However, none of these mutations in the f-tubulin locus were detected in
mutant isolates, suggesting that other mechanisms may be responsible for the observed
enhancement in benomyl-tolerance. Song et al. (2011) showed that although
benomyl-tolerance /. fumosorosea mutants did not possess any mutations at the f-tubulin
gene, mutations were observed in the promoter region of the ABC transporter gene (if77).
It is thus possible that similar mutations may have occurred in the developed
benomyl-tolerance mutant isolates. These findings indicate that different mechanisms are
conferred to benomyl-tolerance between B. bassiana and I. fumosorosea. Future studies
will examine the possibility of mutations in other genes including if7/ using the

developed mutants.
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Table 1. Primers used for S-tubulin locus PCR amplification and sequencing of

1. fumosorosea.

Primer Sequence (5" to 3') Use
Isaria_beta-tub-R TTACATGGGCTCCTCAGCCTCA PCR and sequencing
Beauveria beta-tub-R2 CTTCATGGCAACCTTACCAC Sequencing
Beauveria_beta-tub-R3 GAACAACGTCGAGGACCTG Sequencing
Metarhizium_beta-tub-F2 ~ CCAAATTGGTGCTGCTTTCTGG PCR and sequencing
Beauveria beta-tub-F2 CAGGGTTTCCAGATCACCC Sequencing

Beauveria beta-tub-F3

GAGGACCAGATGCGTAATGTG

Sequencing
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Table 2. Relationship between ion-beam irradiation doses and conidial survival rates in
the wild-type isolate of I. fumosorosea.

Dose No. colonies per plate Survival rate®
(Gy) (mean + SE)

0 (control) 88.7+4.3 100
50 57.3£10.5 64.6
100 33.3+24 37.5
200 120+ 1.0 13.5
300 3.7+0.3 4.2
400 1.7+0.3 1.9
500 0.3+0.3 0.3
600 0.3+0.3 0.3
700 0 0

*Survival rate = (mean number of colonies in irradiation / mean number of control
colonies) % 100.
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Table 3. Relationship between gamma-ray irradiation doses and conidial survival
rates in the wild-type isolate of . fumosorosea.

No. colonies per plate

?é);)e (mean = SE) Survival rate”
0 (control) 140.0 £2.0 100

30 124.0£9.0 88.6

100 115.7+16.8 82.6

300 109.3+£5.9 78.1

1000 0.7+0.3 0.5

3000 0 0

*Survival rate = (mean number of colonies in irradiation / mean number of control

colonies) x 100.
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Figure 1. Benomyl-tolerant mutant colony derived from I fumosorosea wild-type
conidia irradiated with ion beams (400 Gy) plated on SDA to which
benomyl had been added (1000 mg I'"). Mutants should be indicated by
arrows.
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Figure 2. PCR amplification of the f-tubulin locus in I. fumosorosea. M, DNA ladder
marker; lane 1, 1. fumosorosea PF-3110 (wild-type); lane 2, I. fumosorosea
Grlb-8; lane 3, 1. fumosorosea Grlb-9; lane 4, I. fumosorosea 1b-34; lane 5, 1.
fumosorosea Gr-22; lane 6, I fumosorosea Gr-5; lane 7, I fumosorosea
Ib-421. Arrows indicate predict PCR product sizes.
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CCRAATTGGTGCTGCTTITCTG
CCRARATTGETGCTGCTITCTE
ITGGIGCIGCTITCTG
TTGGTGCTGCTTTCTG!

CCARATTGETGCTEGCTITCTGEL.

ARTCTCTRCTICRN
TGICTACTIICRR
RLTGTCTACTTICRA
LRTCTCTACTICRN

CTRCRATGECACTTCCGRECTTCARC
CTIRCRRTGECACTIC
TCTRCRATGGCACTTC

CTRCRARTGECACTTCCE

GCTTCRGCIC

ttgctataccggcacaacgcgtagcecttggcttcattgtggrtactaaccgecgaatttcttcagGCCICIGETAACAAGTATGTITICCTCGCGCCGTICCTICGTCGATCITGAGCCCGGETACT
ttgctataccggcacaacgogtagottggottcattgtggatactaaccgocgaatttottcagGCCICIGETAACAAGTATGTICCTCGCGCCEGTCCTCGTCGATCITGAGCCCGGTACC
ttgctataccggcacaacgogtagettggettcattgtggatactaacecgecgaatttettcagGCCICIGGTRACAAGTATGTT CGCGCCGTCCTCGTCGATCTITGAGCCCGGTACC
1 ttgctataccggcacaacgcgtagecttggcttcattgtggptactaaccgecgaatttottcagGCCICIGETAACAAGTATGTICCTCGCGCCEGTCCTCGTICGATCITGAGCCCGGTACC
1 ttgctataccggcacaacgogtagottiggottcattgtggatactaaccgogaatttottcagGCCICIGETAACAAGTATGTICCTCGCGCCGTCCTCGTCGATCITGAGCCCGGTACC

241 ATGEACGCTETCCGTGCCEEICCCITCEETCAGCTCTICCECCCCEACRAC GTTTTCGGTICAGTCCGGTE
241 ARIGGACGCTIGTCCGIGCCGGICCCITCGETCAGCTCTICCECCCCGACARCTTICGITTITCGGICAGICCGRIG

1 ATGGACGCTGTCCGTGCCGGTCCCTITCGGTCAGCTCTICCGCCCCRACRACTTCGTTTTCGGTICAGTCCGGRTG

41 ATGGACGCTGTCCGTGCCGETICCCTITCGETCAGCTCTICCECCCCGACARCTTCGTTTTCGGICAGTICCGETE

41 ATGGACGCTGETCCGTGCCGETCCCTITCGETCAGCTCTICCECCCCEACARCTTCGTTTITCEGTICAGTCCEETRS
361 GITGACCAGETCCTCGACGTIGITCGICE GEETTTCCAGATCACCCACTCTCTGEGTGETGETACCERTECCEETATEEGETACTICIGCTCATC
361 GITGACCAGGTCCTCGACGTIGITCG GTTTCCAGATCRCCCACTCTCTGGGTGGETGGTACCGGTGCCGGTATGGETACTCTIGCTCATC
36l GITGACCAGGICCTICGACGIIGITCGT GTITCCAGATCACCCACTCICTGEETIGETGEIACCEETGCCGETATGGETACICIGCTCATC
361 GITGACCAGETCCTCGACGTIGITCGT GTITCCAGRTCACCCACTCTCTGEEIGETEETACCEETRCCEETATGEETACTCIGCTCAIC
361 GITGACCAGGTCCTCGACGTIGITCG GTTTCCAGATCRCCCACTCTCTGGGTGGETGGTACCGGTGCCGGTATGGETACTCTIGCTCATC

481 CCCCGRCCGCATGATGGCCACCTICICCGITGICCCCTCCCCCGECARCTCCGACACCGTIGTCGAGCCCTACARCGCCACTCTCTICCEICCACCAGCTC
481 CCCCGACCGCATGATGGCCACCTTICTCCGTITGTCCCCTCCCCCGECRARCTCCBACACCGTTGTCGAGCCCTACRACGCCACTCTCTCCGTCCACCAGCTC
481 CCCCEACCECATGATGECCACCTICICCEITETCCCCTCCCCCEECARCTCCEACACCETTGTCGAGCCCTACRRCGCCACTCTCTCCETCCRCCAGCTC
481 CCCCERACCECATGATGECCACCTICICCEGITGTCCCCTCCCCCEECARCTCCEACACCETIGTCGAGCCCTACARCGCCACTCTCTICCETICCRCCAGCTC
481 CCCCGACCGCATGATGGCCACCTTCTCCGTTGTCCCCTCCCCCGGCARCTCCGACACCGTTGTCGAGCCCTACRACGCCACTCTCTCCGTCCACCAGCTC

601 GTITGAGRACTC GRCCTTCTGTATCGACRL L CITGTCTCCGTCGTIC

CGRCGAG! STRCGGTGACCTGRACCRCC CCG
801 GITGAGAACTCCGACGAGACCTICIGIATCGACER CCRACCCCTCGTIACGETGACCTGAACCACCTITGICTCCEICEIC
601 GITGAGAACTCCGACGAGACCTICIGTATCGACAR b GTCCRACCCCTCGTACGETEACCTEARCCACCTITETICTCCETCETIC
601 GITGAGRACTCCGRCGRGRCCTTCTIGTATCGARCAR CCRACCCCTCGTACGGTGACCTGRACCACCTTGTCTCCGTCGTIC
801 GITGAGAACTCCGACGAGACCTICIGIATCGACER CCRACCCCTCGTIACGETGACCTGAACCACCTITGICTCCEICEIC

721 ATGTCCGGCATCACCACCTGCCTIGCGITICCCCGGTCAGCTCARCTCTGACCTTCGCRAGCTCGCCGTCARCATGGTTCCTTTCCCCCGICTTCACTICTTCATGGTICGGCTITGCTCCC
721 ARIGTCCGGCATCACCACCIGCCTGCGITICCCCEETCAGCICARCTCTGACCTTCGCAAGCTCGCCETCARCATGETTCCTTTCCCCCGICTTCACTICTTCATGETCGGCTITGCICCT
721 RIGICCGGECATCACCACCIGCCIGCGITICCCCEET CAGCICARCICTIGACCTICGCARGCTCGCCETCARCATGETTCCTITICCCCCGICTITCACTICTITCATIGETICGGCTITGCICCE
721 ATGTCCGGCATCACCACCTIGCCTIGCGTITICCCCGGTCAGCICARCTCTGACCTTCGCRAGCTCGCCGTCRARACATGGTTCCTTTCCCCCGICTTCACTTICTTCATGGTICGGCTTITGCTCCC
721 ATGTCCGECATCACCACCIGCCTGCGITICCCCEETCAGCICARCTCTGACCTTCGCARGCTCGCCETCARCATGETTCCTTTCCCCCGICTTCACTICTTCATGETCGGCTITGCICCT

GRCCAGCCGTGGTGCTCACTCCTTCCGCGCCGT CTCGGTI TCCTGAGCTCACTCAGCAGATGTTCGACCCCRAAGRRCATGATGGCTGCTICTGACTTCCGTRACGGTCGCTACCTGACT
GRCCAGCCETGEETECTCACTCCTTCCGCGCCETCTCEETTCCIGAGCTCACTCAGCAGATETICGACCCCARGRACATGATGECTGCTICIGACTITCCETARCGETCECTACCTGACT
GACCAGCCETGETECTCACTCCTTCCGCECCETCTCEETTCCIGAGCTCACTCAGCAGATETICGACCCCARGRRACATGATGECTGCTICIGACTITCCETARCGETCECTACCTGACT
GRCCAGCCGTGGTGCTCACTCCTTICCGCGCCGTCTCGGTTCCTGRAGCTCACTCAGCAGRATGTTCGACCCCRAGRRCATGATGGCTGCTICTGRCTTCCGTRACGGTCGCTACCTGARCC
GRCCAGCCETIGETIGCICACTCCTICCECGCCGTCTCEEITCCIGAGCTCACTCAGCAGATGTICGACCCCARGARCATGATGECIGCTICTIGACTTCCETAACGETCGCTACCTGACC

CIGCCATTTTgtaagtgcaccttgttggecaccaattgacacacaactaacaaceccattagllh GTGCAGAACA
CIGCCATTITTgtaagtgcaccttgttggcaccaattgacacacaactaacaacccattagflGTE GTECRERACH
ZCTCIGCCATITIgtaagtgcacchigiiggcaccaatigacacacaactaacaaccoattaglCl GTGCAGRACA
CIGCCATTITIgtaagtgcaccttgttggcaccaattgacacacaactaacaacccattaglll GTGCAGRACH
CIGCCATITIgtaagtgcaccttgttggoaccaattgacacacaactaacaacccattagllCl GTGCAGAACA

GRACTCCARCCTACTTC GATTCCCRACRACATTCAGRATGCCCTTITGCGCTIGTITCCCCC CTRCTTTCATTGGTARCTCGACCTCCATTCAGG
RLCTCCRACCTARCTIC GATTCCCARCRACATICAGRATGCCCTITGCECIGITCCCCO CGICTACTITCAITGGIARCTCGACCTCCATTCAGE
LLRCTCCACCTACTIC TGEATTCCCAACRACATICAGRRTGCCCTITGCECIGITCCCCC TCGTCTACTITCATTGGTAACTCEACCTCCATTCAGE
ACTCCACCTACTICE GITCCCCC TCGICTIACTITCAITGGTIARCTCGACCTCCATTCAGS
BLCTCCACCTACTTCGT! CCCRACRACATTCAGRATGCCCTTTGCGCTIGITCCCCC GICTACTTITCATTGGTARCTCGACCTCCATTCAGG

1 ACCTICTITCAAGCGTGTCGGTGRGCAGTTCTCCGCCATGTTICCGTICGCRAGGCTTIC CTIGGTACACTG
ACCICITCAAGCETGTCEET GAGCAGTICTCCECCATGTTCCGTCGCARGECTITICCTICACTIGETACACT
ACCICITCARGCGTGTCEETGRGCAGTTCTCCECCATGTTCCGTCECARGECTTTCCTICACTGETACRCTG
ACCICITCRRGCGTGICEETIGRGCAGTICTCCGCCATGTTCCETCGCARGECTITICCTICACTIGETACRC
ACCTCTTCRAGCGTGTCGGTGAGCAGTTCTCCGCCATGTTICCGTCGCARGGCTTTICCTICACTGGTACRC

ACGATCTIATCICCGAGTACCAGCAGTACCAGGACGCTGETATIGATGACGAGGAACAGGAGIACGAGEAGGAGCTICCCCCTIGAGGCIGAGGAGCCCATGTAR
ACGATCTTATCTCCGAGTACCAGCAGTACCAGGACGCTGGTAT TGAT GACGAGGRAGAGGAGTACGAGBAGGAGCTCCCCCTTIGRGGCTGAGGAGCCCATGTAR
ACGATCTIATCTCCGRGTACCAGCAGTACCAGGACGCTGETATTGAT GACGAGCGARCAGEAGTACGAGEACGAGCTCCCCCTIGAGECTGAGEAGCCCATGTAR
ACGATCTIATCTCCGRGTACCAGCAGTACCAGEACCGCTGETATTGAT GACGAGCGAACAGEAGTACGAGEACGAGCTCCCCCTIGAGGCTGAGEAGCCCATGTAR
ACGATCTTATCTCCGRAGTACCAGCAGTACCAGGACGCTGGTAT TGAT GRCGAGGRAGAGGAGTACGRAGGAGGRGCTCCCCCTIGRAGGCTG! GCCCRTGTRA

3. Sequense of p-tubulin locus of the wild-type and mutant isolates of

1. fumosorosea.
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Figure 4. Effect of temperature on mycelial growth of the wild-type and mutant isolates
of I. fumosorosea on SDA. Bars indicate standard error.
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Table 7. Percent mycosis (mean £+ SD) of the tobacco whitefly larvae inoculated with

the wild-type and mutant isolates of /. fumosorosea.

Isolate Concentration of inoculum (conidia ml ")

1x10° 1x107 1 x10°
PF-3110 (wild-type) 97.1+19a 999+0.2a 100 a
Ib-34 63.4+18.0b 98.0+1.0a 100 a
Grlb-8 51.1+£225b 99.2+03a 99.8+0.3a
GrIb-9 76.7 4.7 ab 984+14a 100 a
Control (water) 0c 0Ob 0b

The data was convert into Arcsin, Tukey HSD test (P = 0.05).

10%: F =40, P=<0.0001
10": F=616, P=<0.0001
10%: F =4304, P=<0.0001

The number in the same coloumn followed by the same letter is not significantly

different.
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Figure 5. The tobacco whitefly, B. tabacci infected by 1. fumosorosea. A, PF-3110
(Wild-type isolate); B, Ib-34; C, Grlb-8; D, Grlb-9.
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CHAPTER 3

ENHANCED FUNGICIDE-RESISTANT IN

BEAUVERIA BASSIANA

3.1. Introduction

Beauveria bassiana is also important as a biological control agent for many kinds of
pest insects belonging to Coleoptera, Hemiptera, Homoptera, Heteroptera, Lepidoptera,
and Thysanoptera (Zimmermann, 2007a). One of the examples is use of this fungus to
control Thrips (Arthurs et al., 2013; Cloyd, 2009; Saito, 1991). As mentioned in Chapter
1 and 2, B. bassiana should also be increasing tolerance to fungicide to a range of

commonly used fungicides from other chemical groups for using in [IPM programs.

3.2. Materials and Methods

3.2.1. Preparation of fungal material

A stock culture of Beauveria bassiana isolate B1026, which is a single-spore strain
collected from an unidentified beetle larva in Shizuoka, Japan, in 1991, was used as the
wild-type isolate and had been positively identified as B. bassiana from the 18S rDNA
gene partial sequence (DDBJ/EMBL/GenBank accession number LC008545). For
experiments, it was subcultured on to Sabouraud’s dextrose agar (SDA, Difco BD

Bioscience, USA) in 90 mm diameter Petri dishes, and incubated at 23 + 1°C for 3 weeks
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in darkness. The SDA medium was composed of 40 g dextrose, 10 g peptone, and 15 g
agar in 1000 ml distilled water (Goettel and Inglis, 1997). Stock conidial suspensions
were prepared by scraping the mycelium from plate cultures into sterile 0.1% Tween 80,
agitating with a vortex mixer and then filtering through sterile cloth (0.2 mm mesh size).
The concentration of conidia in the stock suspension was determined using a Thoma
haemocytometer and adjusted to the concentration required for each experiment by the

addition of sterile 0.1% Tween 80.

3.2.2. Fungicides

Seven commercial fungicides were used: benomyl (50% WP, Sumitomo Chemical,
Japan), thiophanate-methyl (70% WP, Nippon Soda, Japan), diethofencarb (25% WP,
Sumitomo Chemical, Japan), chlorothalonil (40% SC, Kumiai Chemica, Japan),
polycarbamate (75% WP, Dow Chemical, Japan), iprodione (50% WP, Nippon Soda),
myclobutanil (25% EC, Dow Chemical), and triflumizole (15% EC, Ishihara Sangyo
Kaisha, Japan). They are all commonly used fungicides and each came from a different
chemical group, expect for benomyl and thiophanate-methyl, which were both
benzimidazoles. Each was added to autoclaved SDA once it had cooled to below 50°C
and mixed in before pouring into sterile 90 mm diameter Petri dishes (30 ml per dish).
The concentration of each fungicides was represented as the active ingredient throughout

this study.
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3.2.3. Determining effective irradiation doses

Fifty ul of conidial suspension (2 x 10° conidia ml™") from the wild-type isolate was
placed in a Petri dish (60 mm diameter), containing 10 ml of SDA, and spread evenly
across the agar surface. Dishes were covered with sterile polyimide film (Kapton 30EN,
Du Pont-Toray, Japan) and irradiated at different doses (0, 50, 100, 150, 200, 250, 300,
350 and 400 Gy) with carbon ion beams (‘*C°", 121.8 keV um™', approximately 0.1 to 1
Gy s ') accelerated by an azimuthally varying field cyclotron at the Takasaki Ion
Accelerators for Advanced Radiation Application site (Gunma, Japan). Five replicate
dishes were used for each dose. The irradiated dishes, and the conidia they contained,
were incubated at 23 + 1°C in darkness for 3 days. Survival rates were determined by
comparing the numbers of colonies per dish (each assumed to originate from one
conidium) that grew at each dose and used to select the most appropriate doses to produce

mutants.

3.2.4. Selection of benomyl-resistant mutants

Conidia from the wild-type isolate were extracted from 3 ml samples of conidial
suspension (1.0 x 10® conidia mI™") onto sterile cellulose membrane filters (47 mm
diameter, 0.45 pum pore size; Millipore, Merck Millipore, Germany) using filtration
equipment and washed twice with 10 ml of sterile 0.1% Tween 80. The filters were
individually placed in 60 mm Petri dishes and covered with sterile polyimide film.
The Petri dishes were then irradiated at the selected doses (see above). Three replicate
filters were used for each dose. Each filter was then transferred to a vial containing 3 ml
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Sabouraud’s dextrose broth (Difco BD Bioscience, USA) and agitated with a sterile
glass rod to detach the conidia. The conidial suspensions were incubated at 20 + 1°C in
darkness overnight to remove mutations that were unstable through cell division. Then
200 pl of each suspension was spread onto 30 ml SDA containing benomyl (1000 mg
") in a 90 mm Petri dish and incubated at 23 + 1°C in darkness. Six replicate dishes
were made in this way from the contents of each vial. After incubation for 2 weeks,
well-grown colonies were assumed to be benomyl-resistant and were isolated onto fresh
SDA; colonies that differed in shape and colour from the wild-type isolate were

excluded.

3.2.5. Benomyl resistance during vegetative growth

Myecelial plugs (4 mm diameter) from each isolate were excised from the margins
of colonies growing on SDA in 90 mm diameter Petri dishes (45 days old cultures
incubated at 25 + 1°C in darkness), and each plug was placed upside down at the center
of a 90 mm diameter Petri dish containing 30 ml SDA to which benomyl had been
added (0.1, 0.3, 1, 3, 10, 30 or 100 mg I for the wild-type isolate; 10, 30, 100, 300,
1000 or 3000 mg I'' for the mutants). Nine replicate pairs of treatment and control
dishes were prepared for each dose. After incubation at 25 = 1°C in darkness for 10
days, the colony diameter was estimated from two perpendicular measurements across
each colony, excluding 4 mm to account for the diameter of the inoculation plug, and
then the mean colony diameter was determined for each replicate. Percent inhabitation

values for each replicate were calculated using the formula given below.
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Percent inhabitation = (a-b)/a x 100
In this formula, a and b were the colony diameters (mm) of the control and the fungicide
dishes from each pair, respectively. The nine data points on percent inhabitation (one
from each replicate treatment and control pair of dishes) for each dose were used to
estimate the ECso value (50% effective concentration) of each isolate by probit
regression analysis against the logarithmic values of the fungicides doses (SPSS, 2009).
The tolerance ratio (TR) for each mutant was determined by dividing the ECs, value for

each mutant isolate by that for the wild-type isolate.

3.2.6. Benomyl resistance during conidial germination

Three 20 pl aliquots of conidial suspension (1.0 x 10° conidia mI™") from mutant
and the wild-type isolates were each placed individually onto 30 ml of SDA containing
benomyl (1, 2.5, 5, 10, 25, 50 or 100 mg 171) in 90 mm diameter Petri dishes. In addition
aliquots were placed onto control plates that had been produced in the same way but
without fungicide. Each aliquot was covered with a sterile glass coverslip (18 mm x 18
mm). The dishes were incubated at 25 + 1°C in darkness for 16 h. After the addition of
lactophenol cotton blue, the percentage germination of approximately 100 conidia per
aliquot was determined under a microscope (Axio Imager 2, Zeiss, Germany). Three
replicate dishes were prepared for each dose. The mean percentage germination for
three aliquots in each dish was corrected for mean percentage germination in the control
(no fungicide) using Abbott’s formula (Abbott, 1925), and then the ECs of each isolate

was estimated as above, using all data from seven doses.
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3.2.7. Tolerance to other fungicides

Tolerance of mutant and the wild-type isolates to seven selected fungicides was
estimated from colony diameters on SDA to which the fungicides had been added at
recommended field application rates. The methods were as described previously for
vegetative growth on agar containing benomyl; nine replicate pairs of treatment and
control dishes were prepared for each dose. For each replicate colony vegetative growth
ratio (GR) of each isolate was obtained using the following formula.

Colony diameter on fungicide/mean colony diameter on control.
Tolerance to each fungicide was statistically compared using the GRs obtained for each

isolate with ANOVA followed by Tukey’s HSD test (SPSS, 2009).

3.2.8. f-tubulin sequences

Mutant and the wild-type isolates were each cultured on 25 ml SDA at 20°C in
darkness for 3 days, and then a small amount of mycelium and conidia from each dish
were scraped into a sterile tube for extraction of genomic DNA using a FastDNA Spin Kit
(MP Biomedicals, UK). A partial p-tubulin sequence was amplified in a GeneAmp PCR
System 9700 (Life Technologies, USA) using two specific primers:
Beauveria beta-tub-F and Beauveria beta-tub-R (Table 8). PCR conditions were an
initial 98°C for 20 s, 30 cycles of denaturation at 98°C for 10 s, primer annealing at 63°C
for 15 s and extension at 72°C for 2 min followed by a final elongation at 72°C for 5 min.
PCR was done in 50 pl reaction volumes consisting of 10 pul genomic DNA (5 ng ml™), 5
ul 10 x ExTaq buffer, 4 ul ANTP mixture, 0.25 ul ExTaq DNA polymerase (TaKaRa Bio,
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Japan), 0.2 pl of each primer (50 pmol I'") (Sigma Genosys, Japan) and 30.35 pl sterile
distilled water. Using these primers produced an amplicon of 1428 bp. The PCR products
were run in 0.7% agarose gel made with 1 % Tris-acetate EDTA buffer at 100 V, stained
with ethidium bromide (0.5 ug ml™"), and visualized under UV light. The targeted bands
were cut from the gels and the PCR product collected and purified using a MinElute PCR
Purification Kit (Qiagen, Japan). Purified PCR products were sequenced in an ABI Prism
377 DNA Sequencer (Life Technologies). PCR for sequencing was done in 20 ul reaction
volumes containing 2 pl PCR product (20 ng ul™"), 8 pl sterile distilled water, 4 pl 5 x
sequencing buffer, 4 pl of primers for S-tubulin locus (0.8 pmol I'") (Table 8) and 2 pl
BigDye Terminator v 3.1 (Life Technologies). PCR conditions were 25 cycles at 96°C for
10 s, 50°C for 5 s and 60°C for 4 min. The products were purified through Sephadex G-50
Superfine gel filtration medium (GE Healthcare, UK), dried at 75°C for 45 min and
dissolved in sequence-loading buffer (83% formamide, 4.2 mM EDTA, 8.3 mg ml' blue
dextran). The p-tubulin sequences for the mutant isolates were compared with the
wild-type isolate sequence in SeqMan Pro (DNASTAR, WI, USA) and

GENETYX-MAC (GENETYX, Japan) software packages.

3.2.9. Response of mutants to temperature

We measured colony diameters (as described in 3.2.5) of mutant isolates and the
wild-type isolate after 7 days of growth in darkness on SDA in 90 mm diameter Petri
dishes (30 ml per dish) at 15, 20, 25, 30, 33 or 35°C. There were three replicate dishes for

each isolate at each temperature. At each temperature, the mean colony diameter for each
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mutant was compared statistically to the mean colony diameter of the wild-type isolate

using the Mann-Whitney U test (SPSS, 2009).

3.2.10. Pathogenicity of the mutant isolates

Pathogenicity of mutant isolates and the wild-type isolate were compared against
onion thrips, Thrips tabaci Lind. (Thysanoptera: Thripidae), as thrips, in general, are a
key target pest for development of B. bassiana isolate B1026 as a microbial control agent
(Saito, 1991). Thrips were supplied by the Kumiai Chemical Company (Japan) and reared
on garlic bulbs in containers 17 cm x 24 cm x 9 cm at 25 + 1°C and 16L: 8D. Groups of
ten adults (3 to 5 days old) were transferred to individual petioles of broad bean, Vicia
faba L. (Fabales: Fabaceae), which were convenient for small scale maintenance of thrips
(Murai and Loomans, 2001). For each isolate, three infested petioles were sprayed with a
conidial suspension (1.0 x 10® conidia ml™) using a glass sprayer. The sprayed petioles,
and the thrips they harboured, were inserted into glass tubes (18 mm x 50 mm) and
incubated at 25 + 1°C and 16L: 8D. Mortality of adult thrips was recorded daily for 7 days
and all cadavers transferred to 60 mm diameter Petri dishes with wet filter paper. The
dishes of cadavers were incubated at 25 + 1°C in darkness to promote fungal development
and those developing mycosis recorded. The percentage of mortality caused by mycoses
was arcsine square-root transformed and the data for mutant isolates was compared
statistically to the data for the wild-type isolate using the Mann-Whitney U test (SPSS,

2009).
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3.3. Results

3.3.1. Production of benomyl-resistance mutants and tolerance levels

To determine the most appropriate irradiation dose (in Gy, the unit of absorbed
energy of ionizing radiation) for production of mutants, we examined the relationship
between irradiation dose and conidial survival rate. In previous studies, the highest
mutation frequency obtained by ion-beam irradiation was associated with survival rates
of 1 to 10% in Saccharomyces cerevisiae Meyen ex E.C. Hansen (Matuo et al., 2006) and
Aspergillus oryzae (Ahlburg) Cohn (Toyoshima et al., 2012). Based on this premise, we
selected and used doses of 100, 150, 200, 250, 300 and 350 Gy; these doses had resulted
in survival rates of between 0.2 to 36.8% in our wild isolate B. bassiana (Table 9). We
included 100 and 350 Gy even though these doses indicated survival rates outside of the
desired 1 to 10% range, because we considered it was safer to have a wide rane and ensure
some mutants were produced in the experiments, than use a narrow range and,
potentially, produce no mutants (Table 9). Of these doses, 150 Gy provided two large
colonies on media containing benomyl (1000 mg 1'") (Figure 6), which were isolated as
benomyl-resistant mutants and designated as BB22 and BB24. Conidia without
irradiation produced no large colonies on the benomyl-amended media.

In the experiments to determine the ECs for vegetative growth on media amended
with benomyl, the wild-type and mutant isolates achieved colony diameters of 35-40 mm

on the control plates without fungicide (in 90 mm Petri dishes) after 10-days.
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The ECsy value of benomyl for vegetative growth was 0.99 mg I'" for the wild-type
isolate, 564 mg I"' for BB22 and 828 mg I'' for BB24; TR for the mutants was 570 and
836, respectively (Table 10).

In contrast, there was no significant difference in conidial germination between the
wild-type isolate (ECs: 10.2 mg I'") and the mutants isolates (ECsoand TR: 11.6 mg I""

and 1.14 for BB22; and 9.7 mg I"' and 0.95 for BB24) (Table 10).

3.3.2. Tolerance to other fungicides

Tolerance of the wild-type and mutants BB22 and BB24 to seven fungicides at
recommended field application rates were compared using GRs. Overall, all isolates
tested produced smaller colonies on media with fungicides incorporated than on control
media, indicating that the wild-type and the mutant isolates were both negatively affected
by these fungicides (Table 11). However, the extent of the effect was different between
mutant isolates and the wild-type isolate. On media with benomyl, mutants BB22 and
BB24 had significantly larger GRs (0.73 and 0.70, respectively) than the wild-type isolate
(GR: 0.12) (P < 0.05, Tukey’s HSD test) and were, therefore, more tolerant than the
wild-type isolate. Both mutant isolates were also significantly more tolerant to
thiophanate-methyl (GR: 0.98 and 0.87, respectively) than the wild-type isolate (GR:
0.22) (P < 0.05, Tukey’s HSD test). Interestingly, the mutant isolates were also
significantly more tolerant to chlorothalonil, triflumizole (only BB22) and iprodione
(only BB24) than the wild-type isolate (P < 0.05). In contrast, on diethofencarb, both

BB22 and BB24 had significantly smaller GRs (both 0.34 and 0.35, respectively) than the
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wild-type isolate (GR: 0.65) (P < 0.05, Tukey’s HSD test) and were therefore more

sensitive than the wild-type isolate to this chemical.

3.3.3. p-tubulin sequences

The p-tubulin locus of wild-type and mutant isolates were sequenced to identify
mutation sites. A partial genomic DNA sequences of 1428 bp (positions 303 to 1730)
(Figure 7) were characterized for all isolates. Isolates BB22 and BB24 both had a single
mutation at position 924 (A:T—C:G), which caused an amino acid replacement at
position 198 (E—A) (Figure 8). The p-tubulin sequence of the wild-type, BB22 and
BB24 have been assigned in the DDBJ/EMBL/GenBank with accession numbers

AB830334, AB829898 and AB829899, respectively.

3.3.4. Response to temperature

BB22 grew significantly more slowly than the wild-type isolate at 15, 20 and 33°C
(P < 0.05), and BB24 grew significantly more slowly than the wild-type isolate at all
temperatures except 35°C (P < 0.05) (Figure 9). Nevertheless, both mutant isolates grew
fastest at 25°C, and at that temperature BB22 had a similar growth rate to the wild-type
(P > 0.05) but BB24 grew significantly more slowly than the wild-type isolate (P <

0.05). None of the isolates grew at 35°C.
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3.3.5. Pathogenicity of mutant isolates

Mortality in adult thrips began 4 days after inoculation for both the wild-type and
mutant isolates treatments. BB22 caused 100% mortality, which was not significantly
different from the 89.4% mortality caused by the wild-type isolate (P > 0.05). However,
BB24 caused only 20.8% mortality, which was significantly less than the wild-type

isolate (P < 0.05) (Table 12).

3.4. Discussion

Irradiation with ion beams produced benomyl-resistant mutants, as evidenced by
their mycelial growth. Such resistance has also been found previously for
NaNO,-induced mutants that had a minimal inhibitory concentration (MIC) of > 1000
mg ! for the benzimidazole fungicide, carbendazim (Zou et al., 2006). These levels of
resistance may be sufficient to attenuate for the serious effects of the commercial
application rates (250-500 mg I'") of these fungicides in the field.

The enhanced tolerance may result from cross-resistance between benzimidazole
fungicides, such as benomyl and thiophanate-methyl, as seen in plant-pathogenic fungi
(Keinath and Zitter, 1998). Interestingly, the mutant isolates were also significantly
more tolerant to chlorothalonil, triflumizole (only BB22) and iprodione (only BB24)
than the wild-type isolate (P < 0.05, Tukey’s HSD test), suggesting that the mutant
isolates may have multiple mechanisms conferring tolerance to other fungicides that are
not benzimidazoles.

This confirmed recent observations for ion beam radiation-induced,
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benomyl-tolerant mutants of . fumosorosea in Chapter 2. However, these fungicides
would probably still be harmful to the mutant isolates of B. bassiana if used practically,
because the mutants could only produce very small colonies on media impregnated with
them at field rates.

On the contrary, on diethofencarb, both BB22 and BB24 had significantly smaller
GRs (0.34) than the wild-type isolate (GR: 0.66) (P < 0.05), which meant that these
mutants were more sensitive than the wild-type isolate to this chemical. This increased
sensitivity may result from negative cross-tolerance between benzimidazole fungicides
and N-phenylcarbamate fungicides, such as diethofencarb (Fujimura et al., 1992b; Ziogas
and Girgis, 1993). Overall, fungicides indicating positive or negative cross-resistance in
the present study were similar to fungicides in our recent observations for ion beam
irradiation-induced benomyl-resistant mutants of /. fumosorosea (Chapter 2).

Thus, B. bassiana mutants obtained in this study had resistance during vegetative
growth (hyphal extension) but not during initial conidial germination. However, if the
mutants are applied at least one day before application of benomyl in the field, they
should still successfully control target insect pests, because most conidia germinate
within 20 h at 25-32°C and would be growing vegetatively by the time the fungicide
was applied (James et al. 1998); infection occurs on the host surface by hyphal
extension and penetration of the cuticle (Boucias and Pendland 1998), which would not
be affected by the fungicide.

Previous studies have demonstrated that enhanced tolerance to benzimidazole
fungicides was associated with a reduction in thermotolerance. For example,
carbendazim (a derivative of benzimidazole)-tolerant B. bassiana mutants had a shorter

LTso (lethal time to kill fifty percent) at a high temperature 48°C compared to the
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wild-type isolate (Zou et al, 2006). Such reductions in thermotolerance in
entomopathogenic fungi may reduce their potential for use in microbial control.
Fortunately, the developed mutants maintained similar thermotolerance characteristics
to the wild-type isolate; all had the same optimal temperature (25°C) and upper limit
(35°C) for mycelial growth. Further studies are needed to elucidate the mechanisms of
thermotolerance and the relationship between benzimidazole-tolerance and
thermotolerance in entomopathogenic fungi.

Benzimidazole fungicides bind to f-tubulin in the microtubules, thereby inhibiting
their proliferation and suppressing dynamic instability (Davidse 1986; Koo et al. 2009).
In fact, many mutation sites at the p-tubulin locus have been found in
benzimidazole-resistant plant-pathogenic fungi (e.g. Albertini et al. 1999; Qiu et al.
2011), but most molecular studies have focused on replacement of the amino acid at
position 198 and/or 200 (e.g. Davidson et al. 2006; Fujimura et al. 1992; Hollomon et
al. 1998).

Mutation at position 198 in particular resulted in resistance to benzimidazole
fungicides in the plant-pathogenic fungi Monilinia fructicola (G. Winter) Honey (Ma et
al. 2003) and Venturia inaequalis (Cooke) G. Winter (Koenraadt et al. 1992). In
previous studies on the entomopathogenic fungus B. bassiana, mutation at position 198
also led to resistance to benzimidazoles, when glutamate was replaced with lysine
(E198K), glycine (E198QG), or valine (E198V) (Butters et al. 2003; Zou et al. 2006).

In this study we also found a mutation at position 198 in both mutant isolates,
suggesting that mutations at this position are also very important in B. bassiana.
However, in our study the glutamate was replaced with alanine (E198A). The potential

mechanisms for benomyl-resistance may be different between B. bassiana and I
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fumosorosea, because no mutation at position 198 of the S-fubulin locus was detected in
benomyl-resistant /. fumosorosea mutants produced by ion-beam irradiation.

In conclusion, this study indicates that ion beams are useful tools for enhancing
fungicide resistance in B. bassiana as has previously been shown for 1. fumosorosea.
Fungicide-resistant mutants produced in this way could be useful agents for biological
control within IPM programmes using fungicides, once they have been evaluated for

other important characteristics, particularly virulence to target insects.
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Table 8. Primers used for S-tubulin locus PCR amplification and sequencing of

B. bassiana.
Primer Sequence (5’ to 3') Use
Beauveria beta-tub-F CAGTGCGGTAACCAAATCG PCR and sequencing
Beauveria beta-tub-R CAAAGGCTCCTCGCCCTCAA PCR and sequencing
Beauveria beta-tub-F2 CAGGGTTTCCAGATCACCC Sequencing

Beauveria beta-tub-R2 CTTCATGGCAACCTTACCAC Sequencing
Beauveria_beta-tub-F3 GAGGACCAGATGCGTAATGTG  Sequencing
Beauveria beta-tub-R3 GAACAACGTCGAGGACCTG Sequencing
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Table 9. Relationship between ion-beam irradiation dose and conidial survival rate of
wild-type isolates of B. bassiana.

Dose No. of colonies per Petri dish Survival rate®
(Gy) (mean £ SEM)
0 193.7+9.8 100

50 145.7 £25.0 75.2
100 71.3+15.5 36.8
150 22.0+3.5 11.4
200 7.6+0.3 3.9
250 47+0.3 24
300 0.7+0.3 0.4
350 0.3+0.3 0.2
400 0 0

?Survival rate = (mean number of irradiated colonies/mean number of
control colonies) x 100.
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Figure 6. A benomyl-tolerance colony (arrow) derived from B. bassiana wild-type
isolate conidia irradiated by ion beams (150 Gy) on SDA containing benomy]
(1000 mg I'"). Mutants should be indicated by arrows.

48



6¥

d3e[ 081 9dA)-p[IM JO ANJRA ST JUBINW JO AN[BA 05D = I,

$6°0 ['V1-69 L6 9¢8 LETTE9 878 vycdd
148! 67106 911 0LS L9918V v9¢S ccdd
I 6'¢1-9°L 01 I Y1'1-98°0 66'0 2dA1-prim

ML (18w TD%s6  (18w) %Dy AL (18w T %S6  (135w) %Dg
UOI}BUIULIdZ [BIPIUO)) 1M 013 JA1IRIOTIA 918[0S]

‘TAwouaq yum pajeugardun y S uo »uvissng “g Jo S)e[OSI Jueinuu
pue odA3-prim 9y3 JO UOIIBUIULIAZ [BIPIUOD PUB [IMOIS JAIJRIOZIA AQ PAINSBIW SB OURIJ[0) [AWOUdq ()] J[qel



0s

“UWN[0d YOB I0J PAIBIIPUL dIB SIN[BA ]
"$159) (USH S.A9N], 01 SuUIp10d3€ (GO0 > ) JUSIYIP AJIUBIIJIUSIS QI S19)J9] ISBIIIMO[ JUAIPIP AQ POMO[[O} UWIN[OD B UIYIM SYL) UBIA
"91e01]da1 [oed 10§ (JONU0D 10J I9JOUWRIP AUO[OI UBSW/APIDISUNY 10] 1ojourelp AUO[0D UBIN) = D),

9°09 =" 011 =" 91 ="y L9 =" 018 =" €886 ="ty
(1) q(ooFsco ©(10°0F970) 0 ®(@o0oF0600 a(00Fss0) 2(200FL80) 9q(100FCL0)
TOF9LE LOF6TI 90FL6 0 L'0F8EE 9°0FL0T SOF9TE COFILT vzad
(1) 9q@ooFrco) a(zo'oF9¢0) 0 e(00F¥60) e(c00F 9q(z00F66'0) q(TO0OFELO)
90F9 1Y 9°0F0¥I 9°0F0SI 0 SOF68E €COTIFLEI SOF60F 0 F20€ zzad
(1) e(€00FS90) ©(ZO'OFSTO) (00 e(co00+880) e(co0Fze0o) e(100FCT0) ©(I00OFII0)
I'0F 'S C1F08C 6'0F 80l 0 90F8LE STF8€EI FOFY6 90F 8y odl1-pim
(eprordunyoN) (18w ogz)  (ISwosr)  (I18wgzg)  (ISwooy)  (18weos)  (18wooL) (L 1Swos)  2e[os]
[01U0)D)  qIBOUOYIAL(] J[OZIWN[JIL],  [IUBINQO[IAN [IUO[BYI0IO[Y) duorpoad] [Aypow [Awouag
-oreueydory I,

"91e1 uonedIdde p[oy popUAWIOIAI AYI I8 I8 ‘SIPIOISUNy JUAIPIP SUIUIeIuod V(S Uo vuvissnq g

Jo sajejost juenur pue adA)1-pyim Jo ‘sasayjuated ur (IS F UBSW © YH) SONBI IMOIS UM (S F UBSW W) SIANIWEIP AUO[0)) "[T J[qeL
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Figure 7. PCR amplification of the f-fubulin locus in wild-type and mutant isolates of
B. bassiana. Lane 1, DNA ladder marker; lane 2, wild-type isolate; lane 3,
BB22; lane 4, BB24. Arrow indicates the predicted PCR product size.

51



cs

"S9JB[OSI [[B Ul POAIOSUOD
SPIOB OUIE 9JBJIPUl SYSLIDISY “suonisod oouanbas 9jedrpur I pue Po[ oyl uo soqunN (Fe6]1 e 1 uosdwoyl) m
TVLSNTID Aq pumisspqg “g Jo saje[os! jueinut pue adA)-piim ay) ul snoo| uzyngni-¢g jo yudwudie souonbas proe ourwe oidnny ‘g 213

sk R ke kR Rtk sk ko ks ok sk s sk Rk kR ok

Gt 1d3393d 133343333001 9¥A0ONO0AIS [ TONANGIYILSIHITNETIDLARH TS HH MY SIOIDANNITODISLS LLE tegd
Gt 1d3353AdT333A333300 1 SYAOAD0LIS [ TANANGIYILIIHIANDIDLARH TSV HEH ANV S JOIDAUNSTADISLS L8 At
i 1433534473334333300 1 S¥A0L00AIZ T TONRNS VI L JIHIANDTD LAMH TSV HEE ANV S J03DANYAT00ISLE LLE adA3-p 1M
0Le NETALSSHATDH ddAWITYND T NN TR AAASSNA LOANYNOTIATANY ANDYA TVED L TAMENH ADSYYHNMNADJN00 L TdASAVHASHYEUS L 1dVWADANAIH TH AdANNAYTHY 158 Fidd
oLe NETALESHATEH S AW I TYND T NN [HIASASENN LOANSHOAIATANY AHDH S TYE DL TAHENH IS HNNASTINO0 L TIdASAVHASHYEHS L 1dVADANASH T SAANNAY THY  LGE ccag
aLe NETALSSHATEH AW TYND T NN [HIAIASENN LOANSNOOIATANY AHDHS TYE DL TAHONH ISV HNNADTINOO0 L TIdASAYHASHYEHS L 1dVIDANIJH T A ANNAY TN LGE adA-pp IR
kR kR Rk ok Rk kR kR kR Rk kR ko o s ko o R ks Rk R sk R kb R ks Rk R Rk o
052 TASHI0S HTILLTOSHANSATHNTODASSNS TATLEND [OATVONG [2LYOSNIATOHASTLYNAIAALOSNESSAANS I LYHNEO4IY TS TTILONDVELEOETISHLIDID0 LEL Fegd
052 TASNI0SA4HTILLTDSHANS A THNTODAS ANS T TLEND AL TYONG [O4LVASNIATOHAS TLYNAIAALOSND S AANS I LYHHEO4 43U TS T TILONVELEEETISHLIDIDD 161 At
058 T0SNI0Sd 4472 LLTOSHAASATHN TS ASANETH TLEND [AATYONA T2 L IASHNIATOHAS TLYNADIAA LOSNESSdANS I LVHNEOd4IFU DS T TILONSYSLERDTSHL 1480 LEL adA3-p 1M
gL 100X IVIHHAND TADTATIVEI LAHDHVENNEVESDDAAINT U A T0D A4 DVHAYANL DI TAATAVH AL HNDEYIN AL ANKYI IO TIS LONAADESATOHIDE [ LOMAYYD [OND—- €L Fidd
acl 10079 3VIHHAATTADTATIVEI LAHDHVMNNOYIE0DAAANDd YA T0D 44DVHAYINLDd I TAN TAVUSAAMNDEYIN JAANNAS 0TI LENAADS S0 T1OHIDE [ LOMAYYDIOND - €1 ccag

0el TI0XFIIVIHHAADTADTATIVET LAHDAVENND VI SODAAINDAH A T0D A IVEAY AN L DI TONTAVY AL AND SVIN A ANNAT T0 IS LONAADEEATOHIADE [ LOMAVYDTOND -~ €1 adA3-p| 18



30

— —Wild-type
E 25 . — -BB22
S / ----BB24
8 20+ o T
2
© 15 -
© *
> 104 ¥
E *
o
SHEC
0 . ; :

15 20 25 30 33 35
Temperature ("C)

Figure 9. Effect of temperature on mycelial growth of the wild-type and mutant isolates
of B. bassiana on SDA. Bars indicate standard error. For each temperature,
asterisks indicate a significant difference from the wild-type at P = 0.05 using
the Mann-Whitney U test.
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Table 12. Mortality due to mycosis of 7. tabaci adults treated with 1.0 x 10® conidia ml™*
of the wild-type and mutant isolates of B. bassiana.

Isolate % Mortality (mean = SEM)
Wild-type 89.4+£0.8

BB22 100

BB24 20.8+5.9 *

Control (water) 0*

Asterisks indicate significant difference from the wild-type at P = 0.05 by Mann-Whitney
U test.
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Figure 10. The onion thrips, 7. fabaci infected by wild-type and mutant isolates of
B. bassiana. A, B1026 (Wild-type); B, BB22; C, BB24.
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CHAPTER 4

ENHANCED THERMOTOLERANCE IN

METARHIZIUM ANISOPLIAE s.1

4.1. Introduction

Metarhizium anisopliae has been recorded from a wide range of insect pests
(Zimmermann, 2007b). Especially this fungus is important as pathogens in tropical pest
insects such as locust, grasshopper (Lomer et al., 2001), grubs (Raid and Cherry, 1992;
Manisegaran et al., 2011), termites (Hoe et al., 2009), as well as mosquito (Mnyone et
al., 2009; Bukhari et al., 2011). The same as other entomopathogenic fungi, M.
anisopliae is also highly affected by high temperatures (Zimmermann, 2007b). For
example, Dimbi et al. (2004) reported that more than 80% of conidia germinated at 20,
25 and 30°C, whereas 26-67% of conidia germinated at 35°C. M. anisopliae is a
mesophilic fungus which has growth temperature range between 15 and 35°C, and
optimum temperature for germination and growth range between 25 and 30°C
(Zimmermann, 2007b). Thus, the environment temperature such as more than 35°C
generally causes negative effect on this fungus. Thermotolerance of entomopathogenic
fungi including M. anisopliae become more important since the body temperatures of
some insects rise above its ambient temperature as a response to infection of the pathogen
(Inglis et al., 1997; Elliot et al., 2002; Springate and Thomas, 2005; Blanford et al., 2009)
or when they bask on soil surface under the sunlight (Heinrich and Pantle, 1975; Blanford

and Thomas, 2000; O'Neill and Rolston, 2007; Ortiz-Urquiza and Keyhani, 2013). To
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use the fungus successfully in biological control of pest insects, we need to develop
M. anisopliae mutants tolerant to high temperatures.

Some methods have been performed for development of thermotolorant mutants in
M. anisopliae: automated continuous culture method (de Crecy et al., 2009), artificial
selection (Kim et al., 2011), neutral trehalase gene (N#/) over expression (Leng et al.,
2011), UV-B radiation (Rangel et al., 2006), nutritional stress, heat shock, osmotic stress
(Rangel et al, 2008), and metabolic engineering of dihydroxynaphthalene (DHN)
melanin biosynthetic genes (Tseng et al., 2011). However, there is no use of ion beams

and gamma rays to develop thermotolerant mutants in this fungus.

4.2. Materials and Methods

4.2.1. Fungal preparation

Two isolates of M. anisopliae s.l., reference numbers AcMa5 and PaMa02, that
originated from scarab larvae in Shizuoka, Japan, were used as the wild-type isolates.
They were grown on Sabouraud’s dextrose agar (SDA; Difco BD Bioscience, USA) in
90-mm diameter Petri dishes and incubated at 23 + 1°C for 3 weeks in darkness prior to
experimentation. Conidial suspensions for experiments were prepared by scraping the
mycelium from plate cultures into sterile 0.1% Tween 80 and filtering the resulting
suspension of conidia through a sterile cloth (0.2-mm mesh size) to remove mycelia.
Conidial concentrations were determined using a Thoma haemocytometer and adjusted

as required.
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4.2.2. Induction of mutants

For each wild-type isolate, 3 ml samples from the conidial suspension (1 x 10°
conidia mI™") were each passed through replicate 47-mm cellulose membrane filters (pore
size 0.45 pum; Millipore, Merck Millipore, Germany). The conidia-laden filters (n = 3 per
treatment and irradiation dose) were placed individually in sterile 60-mm plastic Petri
dishes and then irradiated with either carbon-ion beams ('’C°*, 121.8 keV pm™)
accelerated by an azimuthally varying field cyclotron at the Takasaki Ion Accelerators for
Advanced Radiation Application site (Gunma, Japan), or gamma rays (*°Co, 0.2 keV
um ') at the Food Irradiation Facility, Japan Atomic Energy Agency (Gunma, Japan).
Irradiation doses were 0, 100, 200, 300, 400 or 500 Gy for ion beams and 0, 30, 100, 300,
1000 or 3000 Gy for gamma rays as in Chapter 2. Prior to ion-beam irradiation, the Petri
dish lids were replaced with polyimide film (Kapton 30EN, DuPont-Toray, Japan).
Each filter was then transferred to a vial containing 3 ml Sabouraud’s dextrose broth
(Difco BD Bioscience, USA) and agitated with a sterile glass rod to detach the conidia.
The conidial suspensions were incubated at 20 + 1°C in darkness overnight to remove
mutations that were unstable through cell division (germination), and then 200 pl of each
suspension was spread onto 30 ml SDA in a 90-mm Petri dish and incubated at 38 + 1°C
(a high enough temperature to prevent growth of both wild-type isolates) in darkness for 2
weeks to select for thermotolerant mutants. There were three replicate dishes for each
suspension. After this incubation period, any colonies that had grown were assumed to be

thermotolerant mutants and were isolated onto fresh SDA for further experiments.
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4.2.3. Effect of temperature on vegetative growth of mutant and wild-type isolates

Resulting thermotolerant mutants and the two wild-type isolates were subcultured on
SDA in 90-mm Petri dishes and grown for 4-5 days at 25 + 1°C in darkness. Mycelial
plugs (4-mm diameter) from each isolate were then excised from the margins of these
colonies, and each plug placed upside down at the centre of a new 90-mm Petri dish
containing 30 ml SDA. These plates were incubated at 15, 20, 25, 30, 33, 35, 36, 37, 38 or
39 £ 1°C for 7 days in darkness, after which time the mean colony diameter was
determined from two perpendicular measurements of each colony, excluding 4 mm to
account for the diameter of the inoculation plug. There were three replicate dishes per
temperature for each isolate. The mean colony diameter of each mutant, at each
temperature, was compared statistically to that of the wild-type isolate from which it was

derived by Mann—Whitney U test (SPSS, 2009).

4.2.4. Characteristic of the mutants

4.2.4.1. Conidial production and size of mutants

Mycelial plugs (4 mm diameter) from each isolate were excised from the margin of
colonies growing on SDA in 90 mm diameter Petri dishes (3—4 days old cultures
incubated at 25 + 1°C), and each plug was placed upside down at the center of a 90 mm

diameter Petri dishes containing 30 ml SDA. The dishes were incubated at 25 + 1°C in
the darkness for 14 days and then conidia were gently scraped in 30 ml of 0.1% Tween

80 using glass rods. Conidial production for each isolate was counted as number of
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conidia containing 20 pl of conidial suspensions using Thoma haemocytometer under a
microscope (Axio Imager 2, Zeiss, Germany). The conidial suspension was also used to
estimate conidial size of each isolate. Conidial size (length and width) of each isolate
was estimated for 100 conidia observed under microscope (Axio Imager 2, Zeiss,

Germany).

4.2.4.2. Germination ability of mutants

Conidial suspension (1.0 x 10° conidia mI™") of the wild-type and mutant isolates was
prepared using the method described in 4.2.1. Twenty pul of conidial suspension was put
on the 30 ml SDA in petri dishes (9 cm diameter) and cover with a sterile cover glass (18
mm X 18 mm). A petri dish contained 3 patch of conidial suspension and three dishes
were used per temperature levels. After incubation at 25, 35 and 38 + 1°C in the darkness
for 18 h, percent germination for about 100 conidia of each inoculum were determined
under a microscope (Axio Imager 2, Zeiss, Germany), after additing lactophenol cotton

blue solution.

4.2.5. Response to benomyl fungicide

Investigation was performed on the mycelial growth of the wild-type and the mutant
isolates on containing benomyl. Benomyl was added into SDA at the 10 ppm (0.02 g 1),
1 ppm (0.002 g I'") and control (0 ppm) after cooling down at about 50°C. Five petri
dishes were used. The petri dishes were inoculated with a mycelial plugs (4 mm

diameter), which were bored from the margin of actively growing colonies on the SDA
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after 3—4 days incubation at 25°C and incubated at 25 + 1°C in the dark condition for 12

days.

4.2.6. Heat shock stress on conidial germination of mutant and wild-type isolates

This experiment was done following the method of Leng et al. (2011) with some
modification as described below. For wet-heat shock test, each mutant and wild-type
isolate, 20 ml samples of conidial suspension (1 x 10’ conidia ml™"), prepared as
described previously, were placed into individual 50 ml flasks and incubated in a stirred
water bath at 45 £ 1°C. For the dry-heat shock test, conidia were dried in a desiccator
containing silica gel until the moisture content was less than 5%. Dried conidia were
maintained in an incubator at 65°C. After 0, 0.5, 1 and 3 h, 50 pl samples were taken
from each flask (for dry heat-shock test, the samples were suspended in sterilized water)
and inoculated at three positions in each of three 90-mm Petri dishes, each containing 30
ml SDA (i.e. nine 50 pl samples taken from each flask at each time). These plates were
incubated at 25 + 1°C for 24 h, after which time the mean germination rate was
determined for approximately 100 conidia from each position (total = approximately 300
per plate) under a microscope (Axio Imager 2, Zeiss, Germany). The mean germination
rates for each treatment, at each incubation time, were statistically analysed using
ANOVA followed by Tukey’s HSD test and Student’s t-test for multiple comparisons of

means and single comparisons of means, respectively (SPSS, 2009).
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4.2.7. Sequences

4.2.7.1. Ntl locus

A Ntl sequence was amplified in a GeneAmp PCR System 9700 (Life Technologies,
USA) using two specific primer sets: Metarhizium Ntl-F1 and Metarhizium NtI-R1
(Table 13). PCR conditions were an initial 98°C for 20 s, 30 cycles of denaturation at
98°C for 10 s, primer annealing at 55°C for 15 s and extension at 72°C for 2.5 min
followed by a final elongation at 72°C for 7 min. PCR was done in 50 pl reaction volumes
consisting of 5 pul genomic DNA (10 ng mI™"), 5 pl 10 x ExTaq buffer, 4 ul dNTP
mixture, 0.25 ul ExTaqg DNA polymerase (TaKaRa Bio, Japan), 0.2 ul of each primer (50
uM) (Operon Biotechnologies, Japan) and 35.35 ul sterile distilled water. Using these
primers produced an amplicon of 2355 bp. The PCR product was purified using a
MinElute PCR Purification Kit (Qiagen, Japan). Purified PCR products were sequenced
in an ABI Prism 377 DNA Sequencer (Life Technologies). PCR for sequencing was done
in 20 pl reaction volumes containing 3 ul PCR product (20 ng pl™"), 7 ul sterile distilled
water, 4 ul 5 x buffer, 4 pl of primers for N#/ locus (0.8 uM) (Table 13) and 2 pl BigDye
Terminator v 3.1 (Life Technologies). PCR conditions were 25 cycles at 96°C for 10 s,
50°C for 5 s and 60°C for 4 min. The products were purified through Sephadex G-50
Superfine gel filtration medium (GE Healthcare, UK), dried at 75°C for 45 min and
dissolved in sequence-loading buffer (83% formamide, 4.2 mM EDTA, 8.3 mg ml ' blue

dextran).
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4.2.7.2. p-tubulin locus

A p-tubulin sequence was amplified in a GeneAmp PCR System 9700 (Life
Technologies, USA) using two specific primers: Metarhizium beta-tub-F1 and
Metarhizium_beta-tub-R1 (Table 14). PCR conditions were an initial 98°C for 20 s, 30
cycles of denaturation at 98°C for 10 s, primer annealing at 63°C for 15 s and extension at
68°C for 2 min followed by a final elongation at 68°C for 5 min. PCR was done in 50 pl
reaction volumes consisting of 5 ul genomic DNA (10 ng mI™"), 10 ul 5 x PrimeSTAR
GXL buffer, 4 ul ANTP mixture, 1 ul PrimeSTAR GXL DNA polymerase (TaKaRa Bio,
Japan), 0.3 pl of each primer (50 pM) (Operon Biotechnologies, Japan) and 29.4 ul sterile
distilled water. Using these primers produced an amplicon of 1901 bp. The PCR product
was purified using a MinElute PCR Purification Kit (Qiagen, Japan). Purified PCR
products were sequenced in an ABI Prism 377 DNA Sequencer (Life Technologies).
PCR for sequencing was done in 20 pl reaction volumes containing 2 ul PCR product (20
ng ul™), 8 ul sterile distilled water, 4 pl 5  buffer, 4 ul of primers for f-tubulin locus (0.8
uM) (Table 14) and 2 pl BigDye Terminator v 3.1 (Life Technologies). PCR conditions
were 25 cycles at 96°C for 10 s, 50°C for 5 s and 60°C for 4 min. The products were
purified through Sephadex G-50 Superfine gel filtration medium (GE Healthcare, UK),
dried at 75°C for 45 min and dissolved in sequence-loading buffer (83% formamide, 4.2

mM EDTA, 8.3 mg ml"' blue dextran).
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4.2.7.3. ifT1 locus

A ifT1 sequence was amplified in a GeneAmp PCR System 9700 (Life Technologies,
USA) using two specific primer sets: Metarhizium ifT1-F1 and Metarhizium ifT1-R8
and Metarhizium_ifT1-F9 and Metarhizium ifT1-R1 (Table 15). PCR conditions were
an initial 98°C for 20 s, 30 cycles of denaturation at 98°C for 10 s, primer annealing at
60°C for 15 s and extension at 72°C for 4.5 min followed by a final elongation at 72°C for
7 min. PCR was done in 50 pl reaction volumes consisting of 5 pl genomic DNA (10 ng
ml™), 5 ul 10 x ExTaq buffer, 4 pl NTP mixture, 0.25 pl ExTaqg DNA polymerase
(TaKaRa Bio, Japan), 0.2 ul of each primer (50 uM) (Operon Biotechnologies, Japan)
and 35.35 pl sterile distilled water. Using these primer sets produced amplicons of 4211
and 3493 bp, respectively. The PCR product was purified using a MinElute PCR
Purification Kit (Qiagen, Japan). Purified PCR products were sequenced in an ABI Prism
377 DNA Sequencer (Life Technologies). PCR for sequencing was done in 20 pl reaction
volumes containing 3 pl PCR product (20 ng pl™"), 7 pl sterile distilled water, 4 pl 5 x
buffer, 4 ul of primers for if7/ locus (0.8 uM) (Table 15) and 2 pl BigDye Terminator v
3.1 (Life Technologies). PCR conditions were 25 cycles at 96°C for 10 s, 50°C for 5 s and
60°C for 4 min. The products were purified through Sephadex G-50 Superfine gel
filtration medium (GE Healthcare, UK), dried at 75°C for 45 min and dissolved in

sequence-loading buffer (83% formamide, 4.2 mM EDTA, 8.3 mg ml ' blue dextran).
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4.2.8. Virulence of mutant and wild-type isolates

Virulence of mutant and wild-type isolates was compared against maize weevils,
Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae), that had been reared on
rice grains at 25 £ 1°C and a photoperiod 16L: 8D. Groups of 10 adults (3—7 days old)
were placed in glass tubes (20-mm diameter, 30 mm high) from which the bottom had
been removed and replaced with gauze. Each group was dipped into a conidial suspension
(1 x 107 conidia mI™"), prepared as described previously, through the gauze for 10 s and
then incubated on rice grains in a Petri dish (60 mm) with a moist filter paper (to maintain
a high humidity) at 25, 30 or 35 + 1°C with a photoperiod 16L: 8D. Five replicate groups
of weevils were used for each isolate with an additional five control groups that were
treated in the same way but only with 0.1% Tween 80 and no inoculum. Mortality was
recorded daily for 10 days. Dead adults were transferred to Petri dishes lined with moist
filter paper and incubated at 25 + 1°C in darkness for 5 days to allow fungal outgrowth to
occur if it had been the cause of mortality. The percentage mortality due to fungal
infection was arcsine square-root transformed and then the mean mortalities, at each day
after inoculation, were statistically analysed using ANOVA followed by Tukey’s HSD
test and Student’s t-test for multiple comparisons and single comparisons, respectively

(SPSS, 2009).
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4.3. Results

4.3.1. Production of thermotolerant mutants

Thermotolerant mutants were successfully isolated by screening at 38°C which
completely inhibited vegetative growth of the wild-type isolates (Table 16; Figure 11).
Four mutants were isolated from the wild-type isolate, AcMa5; one mutant (AcMa5-ib)
was from ion-beam irradiation and three mutants (AcMaS-gr-1, AcMa5-gr-2 and
AcMa5-gr-3) were from gamma-ray irradiation. From another wild-type isolate, PaMa02,
one mutant (PaMa02-ib) was isolated as a result of ion-beam irradiation and no mutants

were obtained from gamma-ray irradiation.

4.3.2. Response to some temperatures

Vegetative growth of the mutant isolates at different temperatures was compared to
that of the wild-type isolates (Table 17). All the mutant isolates derived from wild-type
isolate AcMa5 had an upper thermal limit of 38°C which was higher than that (36°C) of
the wild-type isolate by 2°C. Of the mutants, at each temperature from 25°C to 36°C,
three mutants (AcMaS5-ib, AcMa5-gr-2 and AcMa5-gr-3) also grew significantly faster
than the wild-type isolate (P < 0.05, Mann—Whitney U test). In contrast, mutant isolate
PaMa02-ib derived from wild-type isolate PaMa02 had an upper thermal limit of 39°C
which was higher than that (36°C) of the wild-type isolate by 3°C, although this mutant
grew significantly slower than the wild-type isolate at 25°C which was the optimal

temperature for vegetative growth of both mutant and wild-type isolates (P < 0.05,
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Mann—Whitney U test). From observations of the colonies growing at each temperature it
was notable that, at 35°C, neither the wild-type isolates nor the mutant isolate PaMa02-ib

produced any conidia.

4.3.3. Characteristic of the mutants

Both of the wild-type isolates showed yellow colony color at 35 and 36°C, however,
all of the mutants showed green and pale green colony at 35 and 36°C, respectively. In
contrast, all of the mutants had yellow colony at 37 and 38°C. The conidia were still found
in the green, but none in the yellow colony (Table 18). All the mutants of AcMa5
produced much more conidia than the wild-type isolate but not for the mutant of PaMa02,
that was the same as the wild-type isolate (Table 18). The size of the conidia (length and
width) of the entire mutants of both PaMa02 and AcMa5 were similar as the wild-type
isolates (Table 18).

The conidia produced by all of mutants and the wild-type isolates germinated at 25°C
(71.05-92.14%) and 35°C (51.43-86.34%) but none of the wild-type isolates and the
mutants germinated at 38°C, with one exception. The conidia produced by one mutant of

AcMa-5 (AcMa5-gr-1) germinated at 38°C even only 20.14% (Figure 12).

4.3.4. Response to benomyl fungicide

All the mutants were able to grow at 1 ppm of benomyl, however only AcMa5-gr-3,

PaMa02-ib and AcMa5 (wild-type isolate) were able to grow at 10 ppm but none for the
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other mutants. The colony diameter of AcMa5-gr-3 was significantly wider than its

wild-type isolate (AcMa5) and PaMa02-ib (Figure 13).

4.3.5. Heat shock treatment

The results of wet-heat shock treatment are shown in Table 19. Conidia of the
wild-type isolate (AcMa5) were unable to germinate after 1 h exposure, whereas all the
mutants derived from it germinated (5.6-19.3%). Of these mutants, AcMa5-ib had
significantly greater germination rates than other mutants after both 0.5 h (F' = 34.9; df =
4,10; P < 0.05, Tukey’s HSD test) and 1 h exposure (F = 50.0; df = 4,10; P < 0.05,
Tukey’s HSD test). Thus, mutant isolates derived from AcMa5 had enhanced
thermotolerance in respect to conidial germination, though no mutant isolates survived
the longest exposure period (3 h). By contrast, the mutant PaMa02-ib derived from
wild-type isolate PaMa02 was, like the wild-type isolate, unable to germinate after 1 h
exposure, and also, its germination rate was not significantly different to the wild-type
isolate after 0.5 h exposure (P > 0.05, Student’s t-test).

No germination was found on both of the wild-type and all mutants isolates when
incubated at 60°C (dry heat) for 1 h. At 0.5 h, the wild-type isolate (AcMa5) and
AcMa5-gr-1, showed no germination. The other mutants showed germination

29.88-81.25% (Table 20).
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4.3.6. Sequence analysis of Ntl, f-tubulin and ifT1 locus

The mechanisms for enhanced thermotolerance in the mutants are unknown although
initial studies (Figure 14; Figure 15 and Figure 16) suggest that there were no mutations
in the neutral trehalase gene (N#/), f-tubulin gene or the ABC transporter gene (if71)
previously associated with thermotolerance and fungicide tolerance in entomopathogenic
fungi (Leng et al., 2011; Song et al., 2011; Zou et al., 2006). This requires further

research.

4.3.7. Pathogenicity of mutants

In this study, each mutant isolate was also evaluated for virulence to weevil adults at
a standard temperature (25°C) and at higher temperatures (30 and 35°C). At 25°C, all the
mutants derived from wild-type isolate AcMa5 caused high mortalities (86—100%) at Day
10, which were not significantly different from the mortality (90%) caused by the
wild-type isolate (F = 1.5; df = 4,20; P > 0.05, Tukey’s HSD test; Figure 17A). By
contrast, the mutant PaMa02-ib derived from wild-type isolate PaMa02 caused
significantly less mortality (4%) at Day 10 than the wild-type isolate (94%; P < 0.05,
Student’s t-test; Figure 17B). At 30°C, there was no significant difference in mortality at
Day 10 amongst wild-type isolate AcMa5 and the four mutants derived from it (7' = 2.1;
df=4,20; P> 0.05, Tukey’s HSD test), though there was a trend for AcMa5-ib to cause
higher mortality compared to the wild-type isolate throughout the experiment (e.g. 84%
mortality compared with 58%, respectively; Figure 18A). Mutant isolate PaMa02-ib

derived from wild- type isolate PaMa02 caused significantly less mortality (6%) at Day
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10 than the wild type (30%; P < 0.05, Student’s t-test; Figure 18B). Throughout the
bioassays at 25°C and 30°C, no mortality was observed in control weevils. At 35°C, all
mutants and wild-type isolates caused some fungal-induced mortality, however, the
weevils lost their appetite and a number died without obvious signs of fungal infection in
both the treatments (18-32%) and control (24%). Since such high temperatures were
harmful to the weevils, we did not used data from the 35°C treatment in the analysis.
The virulence tests showed that most mutant isolates retained high levels of virulence at
the standard temperature (25°C), and one mutant (AcMa5-ib) generated by ion beams

was apparently more virulent than the wild type at a higher temperature (30°C).

4.4. Discussion

Ion-beam and gamma-ray irradiations have been reported as useful method to
improve traits of organism through mutagenesis (Matuo et al.,, 2006; Tanaka et al.,
2010; Toyoshima et al., 2012). For example, using ion-beam irradiation, Das et al.
(2008, 2010) successfully developed mutant of Cordyceps militaris which capable of
enhanced production of cordycepin, a medicinal adenosine analogue. However, there
are limited reports on the use of ion-beam and gamma-ray irradiations for mutant
development in entomopathogenic fungi.

Using ion-beam or gamma-ray irradiations, we have developed 5 mutants derived
from two wild-type isolates i.e. AcMa5 and PaMa(02. One mutant AcMa5-ib was
generated from ion-beam irradiation and three mutants i.e. AcMa5-gr-1, AcMa5-gr-2 and
AcMa5-gr-3 were generated from of gamma-ray irradiation (Table 16) and one mutant

PaMa02-ib was also derived from ion-beam irradiation (Table 16). All the mutants
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resulted different traits in responds to temperature, even the mutants derived from the
same wild-type isolate and or the same irradiation.

Three mutants (AcMa5-ib, AcMaS5-gr-2 and AcMa5-gr-3) derived from wild-type
isolate (AcMa5) grew significantly faster than the wild-type isolate and another mutant
AcMaS5-gr-1 (P <0.05, F410=219.8, Tukey HSD test, Table 17). In contrast, a mutant
PaMa02-ib generated from wild-type isolate (PaMa02) grew significantly slower than the
wild-type isolate (P = 0.016, F = 16.0, Student #-test, Table 17). This means that we
cannot predict traits resulted by mutagenesis derived from the same irradiation method.
In line with the statement of Shapiro-Ilan et al. (2011), we agree that resulting mutants
should be carefully evaluated for unpredictable negative effects.

Thermotolerant mutants of M. anisopliae were also developed by de Crecy et al.
(1999) using continous culture method. They produced thermotolerance mutant with
upper thermal limit at 38°C. The mutant developed in this study showed 1°C higher of
upper thermal limit than of the mutant developed by de Crecy et al. (1999).

Both of the wild-type isolates showed yellow colony color at 35 and 36°C, however,
All the mutants generated from AcMa5 (AcMa5-ib, AcMa5-gr-2 and AcMa5-gr-3)
produced characteristic green conidia at temperatures of 35°C and produced much more
conidia than the wild-type isolate, suggesting that these mutants were better adapted to
high temperatures in respect of their sporulation capacity than the wild-type isolate. On
the contrary, the mutant generated from PaMa02 (PaMa02-ib) produced characteristic
yellow conidia at temperature 35°C and produced the same amount of conidia as the
wild-type isolate, suggesting that this mutant was in the same tolerance to high
temperature as the wild-type isolate. However, all of the mutants showed yellow colony

at 37 and 38°C. The conidia were still found in the green, but none in the yellow colony
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(Table 18). It is showed that the mutants improved their tolerance to produce conidia in
high temperature stress condition.

The size of the conidia (length and width) of the entire mutants of both PaMa02 and
AcMa5 were same as the wild-type isolate. It showed that ion-beam and gamma-ray
irradiations did not change the conidial size of the mutants but significantly enhanced
conidial production of the mutants of AcMa$5, however not for PaMa02. However, after
mutation, conidial production of thermotolerance mutants will not always enhanced.
For example, thermotolerance mutants developed by de Crecy et al. (1999) have lower
(EVGO017) and same (EVGO017g) ability to produce conidia as the wild-type isolate.

Thermotolerance in conidia of the mutants may represent a considerable advantage
for their practical use in biological control because conidial germination is the first step in
the infection process of host insects (Boucias and Pendland, 1998; Castrillo et al., 2005).
Thus, we also checked germination of the conidia produced by all of the mutants in
different temperature conditions. de Crecy et al. (2009) reported that M. anisopliae
variant generated by natural selection—adaptation was able to germinate and grow well at
37°C; in contrast, while the wild-type isolate from which it was derived was able to
germinate at 37°C, it failed to subsequently grow. Their findings are similar to the results
for vegetative growth in mutant and wild-type isolates. The mutants and the wild-type
were able to germinate at 25°C (71.05-92.14%) and 35°C (51.43-86.34%), however
none of the wild-type isolates and the mutants germinated at 38°C, except AcMa-5-gr-1.
This mutant was germinated at 38°C even only 20.14% (Figure 12).

In a study by Leng et al. (2011), mutant isolates of M. acridum (Driver and Milner)
Bischoff, Rehner and Humber (Hypocreales: Clavicipitaceae) generated by neutral

trehalase gene RNA interference transformations, were significantly more tolerant to
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wet—heat stress at 45°C for 1, 1.5, 2, 2.5 and 3 h exposure than the wild-type isolate from
which they were derived. The mutant isolates of M. acridum remained able to germinate
at low levels (< 20%) after 3 h. There is no mutant isolates survived in the longest
exposure period (3 h). Using their method, similar results were obtained in this study.
When each conidia suspension was incubated at 45°C for 1 h followed by observation for
germination rate on SDA at 25°C, wild-type isolate AcMa5 revealed no germination
whereas the mutants exhibited a range of 7.5-19.3% for germination, although another
wild-type isolate PaMa02 and the mutant PaMa02-ib showed no germination (Table 19).
These findings suggest that most mutants also enhanced thermotolerance in conidial
production and persistence which are important factors for infection on target insects
(Castrillo et al., 2005). Thus both ion-beam and gamma-ray irradiations successfully
developed mutants more tolerant to heat stress in not only vegetative growth but also
conidial germination of M. anisopliae.

Previous studies have reported that decrease on thermotolerance was correlated with
the enhanced tolerance to benzimidazole fungicide. As reported by Zou et al. (2006),
carbendazim-tolerant B. bassiana mutants had a shorter LTso (lethal time to kill fifty
percent) at a high temperature 48°C compared to the wild-type isolate (Zou et al., 2006).
Thus such correlation may have occurred in the developed thermotolerance mutants.
Unfortunately, the developed thermotolerance mutants did not show either positive or
negative correlation with their tolerance to benzimidazole fungicide. Each of the mutant
gave varied result on the tolerance to benzimidazole fungicide (Figure 13). It need
further study on the correlation between thermotolerance and benzimidazole tolerance

of entomopathogenic fungi.
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Even all the mutant developed in this study showed different traits from their
wild-type isolate, they had identical sequence of nucleic acid of several genes. The
mutants had no mutations in the neutral trehalase locus (N#/) (Leng et al., 2011), S-tubulin
locus (Zou et al., 2006; Song et al., 2011) and the ABC transporter locus (if7/1) (Song et
al., 2011), respectively. Further studies are needed for the mechanisms resulting in
enhanced thermotolerance in the developed mutants.

Most mutants retained original virulence of wild-type isolate, though one mutant
greatly declined virulence. All the mutants from wild-type isolate AcMa5 exhibited final
mortalities which was not significantly different from the wild-type isolate (Figure 17) at
4 d and 10 d. Here, a negative effect of mutagenesis on the resulting mutant was
revealed. The mutant PaMa02-ib derived from another wild-type isolate PaMa02 resulted
a final mortality which was significantly less than caused from the wild-type isolate.
Unpredictable negative effect of mutagenesis was also reported by Shapiro-Ilan et al.
(2011).

As mentioned above, some mutants of M. anisopliae have enhanced tolerance to heat
stress in vegetative growth, sporulation and germination. The results suggest that ion
beams and gamma rays are a useful tools for improving thermotolerance in M. anisopliae
and thereby increasing the potential for application of entomopathogenic fungi as
microbial control agents. This is the first report of enhanced thermotolerance induced by
ion beams or gamma rays in entomopathogenic fungi. However, we also found that some
thermotolerant mutants generated by ion beams, included mutant isolate AcMa5-ib,
almost lost their virulence entirely. This finding suggests that thermotolerance does not

always promise higher virulence at a high temperature range. The resulting mutant
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isolates should be carefully evaluated for unpredictable negative effects before practical

use is possible (Shapiro-Ilan et al., 2011).
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Table 13. Primers used for Nt/ locus PCR amplification and sequencing of M. anisopliae.

Primer

Sequence (5’ to 3')

Use

Metarhizium Ntl F1
Metarhizium Ntl F2
Metarhizium Ntl F3
Metarhizium Ntl F4
Metarhizium Ntl F5
Metarhizium Ntl F6
Metarhizium Ntl R1
Metarhizium Ntl R2
Metarhizium Ntl R3
Metarhizium Ntl R4
Metarhizium Ntl R5
Metarhizium Ntl R6

ATGGCGGGAACGACAAAC
GAAGACACCGATGGCAATATGC
GTCTAGATGTCCAGCAGCTC
CTTAGACGGTCGATACTAGCTG
ACGACAAGCTTGTGATCCC
GGTATAGCTTCACAGAAGAGGC
CTCTGTTCAATCGCCTTGATAAAC
CAAGCATCTGCTGAGGAGC
GCGCAATGTCGGTTTCG
GGCATCCGGTTCATGCTT
CTCCTCGGCAACTTGCTT
CTTTCGAGAGTAGGGTCGAC

PCR and sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
PCR and sequencing
Sequencing
Sequencing
Sequencing
Sequencing
Sequencing
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Table 14. Primers used for S-tubulin locus PCR amplification and sequencing of

M. anisopliae.

Primer

Sequence (5' to 3')

Use

Metarhizium_beta-tub-F1
Metarhizium_beta-tub-F2
Metarhizium_beta-tub-F3
Metarhizium_beta-tub-F4
Metarhizium_beta-tub-F5
Metarhizium_beta-tub-R1
Metarhizium_beta-tub-R2
Metarhizium_beta-tub-R3
Metarhizium_beta-tub-R4
Metarhizium_beta-tub-R5

TGAAGCTCTGCCTAGCTATC
CCAAATTGGTGCTGCTTTCTGG
GTCCTTGATGTTGTCCGTCG
GATCTGCGTAAGCTGGCTGTC
GGCCTCAAGATGTCTTCTAC
CAAGTCGGACATTCTAGCTG
TGCACGTTACGCATCTGGTC
GTTAGACAGCTTGAGAGTGC
GAAAAGCTGACCGAAAGGAC
GTTTACTTACGCACTGGCC

PCR and sequencing
Sequencing
Sequencing
Sequencing
Sequencing
PCR and sequencing
Sequencing
Sequencing
Sequencing
Sequencing
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Table 15. Primers used for ifT1 locus PCR amplification and sequencing of M. anisopliae.

Primer Sequence (5’ to 3') Use
Metarhizium_ ifT1 F1 GGCCTAGGAAGCACGAA PCR and sequencing
Metarhizium ifT1 F2 ~ CAGAGTGCCCACAGCTG Sequencing
Metarhizium ifT1 F3 ~ CATGCGCTTGGGTACGCT Sequencing
Metarhizium_ifT1 F4  ACCATCAGCGCTAATACGGAC Sequencing
Metarhizium_ifT1 F5  GTTGGTTGGTGTCCAACATCG Sequencing
Metarhizium_ifT1 F6 ~ CAACCCACGAGGATGAAGG Sequencing
Metarhizium ifT1 F7  CTTGGTTCGCAAGGGAGAGA Sequencing
Metarhizium_ifT1 F8  GCAATCTACACCGCAGAAGTTG Sequencing
Metarhizium_ifT1 F9  GAATGTCCTGCTCGTCAGA PCR and sequencing
Metarhizium ifT1 F10 GCATCTGCTCTTGAGGTCAGA Sequencing
Metarhizium_ifT1 F11 CAACGAATTCCATGATCGCGAG Sequencing
Metarhizium_ifT1 F12 GTCAAGATCAAGAGCGAGACTCG Sequencing
Metarhizium_ifT1 F13 CCATTCTTGATCTTCTGGAGAAGC Sequencing
Metarhizium_ifT1 F14 CAAGACTGCTCTTTGCACTCTC Sequencing
Metarhizium ifT1 F15 GCTCATGTTCATGCTCTTCACTG Sequencing
Metarhizium ifT1 F16 CTGGCAGTACATGGAGGACTA Sequencing
Metarhizium ifT1 R1  CGAGCGTGTAATTTACTCCT PCR and sequencing
Metarhizium ifT1 R2 CACATGAAGATCCAGAATCGTGG Sequencing
Metarhizium ifT1 R3  CTTGAAGAAGATGAAGCCGATGAAC  Sequencing
Metarhizium ifT1 R4  GATGGTGCAAAGAACAGCTTGAC Sequencing
Metarhizium ifT1 RS CCATAAGCGCGGTTAGAGTAC Sequencing
Metarhizium ifT1 R6 ~ CTCACATTGGCGTATTTGGTGAG Sequencing
Metarhizium ifT1 R7  CAATTGGCCGTTGTGCGTAAAG Sequencing
Metarhizium ifT1 R8  GTTCTTCCAGGCAGTAGCAAAC PCR and sequencing
Metarhizium_ifT1 R9  CATAGCCATAACAACATCGCGTAG Sequencing
Metarhizium ifT1 R10 TGCAAGGCCAATTGGCTTTTC Sequencing
Metarhizium ifT1 R11 CTGCAGAGGTTCGCGAGTAG Sequencing
Metarhizium ifT1 R12 CTCAAGCGGACAAGGCGAT Sequencing
Metarhizium_ifT1 R13 CATTTTGCTCAAGGCCCCTT Sequencing
Metarhizium_ifT1 R14 GACTGCGCATCGCTTCAAGAT Sequencing
Metarhizium_ifT1 R15 CATTCGTCCTTCTCCTCTCATCC Sequencing

Metarhizium_ifT1 R16

GTACCAGCATTCGCCAAACTG

Sequencing
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Figure 11. Thermotolerant derived from M. anisopliae wild-type conidia irradiated by
ion beams (300 Gy) on SDA incubated at 38°C. Mutants should be indicated
by arrows.
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Table 16. Origin of thermotolerant mutants developed by ion-beam or gamma-ray

irradiation.
Wild-type Mutant Irradiation (dose, Gy)
AcMa5-ib Ion-beam (300)
AcMa5-gr-1 Gamma-ray (100
AcMas 8 y (100)
AcMa5-gr-2 Gamma-ray (100)
AcMa5-gr-3 Gamma-ray (1000)
PaMa02 PaMa02-ib Ion-beam (100)
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Figure 12. Germination of wild-type and the mutants isolates of M. anisopliae.
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Figure 13. Response of wild-type and mutants isolates of M. anisopliae to benomyl.

Error bars represent standard errors of five replicates.
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Table 19. Percent germination (mean = SD) of wild-type isolates of M. anisopliae and the
mutants derived from them after exposure to wet-heat stress of 45°C.

Hours of exposure to wet-heat stress

Isolate 0 0.5 1 3
AcMa5 (wild type) 923+04a 18.7+35a O0a 0
AcMa5-ib 93.0+1.8a 66.1£6.9d 193+1.8¢ 0
AcMa5-gr-1 943+23a 229+32ab 7.5+32Db 0
AcMa5-gr-2 96.0+13a 459+ 74 ¢ 56+14b 0
AcMa5-gr-3 924+19a 350+£55bc  88+2.7b 0
PaMa02 (wild type) 91.6 £3.0 16.0 £2.3 0 0
PaMa02-ib 91.0+£0.5 12.2£2.0 0 0

In AcMa5 and the mutants derived from it, means followed by different letters in each
column are significantly different from each other (P < 0.05, Tukey HSD test). There was
no significant difference between PaMa02 and the mutant derived from it (P > 0.05,

Student z-test).
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Table 20. Percent germination (mean + SD) of wild-type isolates of M. anisopliae and the
mutants derived from them after exposure to dry-heat stress of 60°C.

Isolate Hours of exposure to wet-heat stress

0 0.5 1 3
AcMa5 (wild type) 91.18 a 0c 0 0
AcMa5-ib 90.44 a 81.25a 0 0
AcMa5-gr-1 91.04 a Oc 0 0
AcMa5-gr-2 92.00 a 74.97 2 0 0
AcMa5-gr-3 90.73 a 29.88 b 0 0
PaMa02 (wild type) 90.40 a 80.67 a 0 0
PaMa02-ib 90.38 a Oc 0 0

Tukey HSD test (P = 0.05)
The number in the same coloumn followed by the same letter is not significantly
different.
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PaMad02-ib 1

J

TATRATGIGITT
TATRATGIGTITTG TATGCTITCCGRAGRG!
TATRATGIGTTICGL TGCTTCCGRAGAG

TATRATGIGTTIGACCACGCARAGACATACTATECITCCERAGE

PaMa002 1 TATAATGIGITIGA TRTGCITCCCARGAGCERACATCARRACCEATTIGEETCCCGTRCACGET
RcMas 1 TATRATGIGTTTIGE TRTGCTITCCGRAGRGCGRCATCRARRACCGATTIGGGTCCCGTRCALE
TATRATGIGTTICE TATGCITCCGRAGRGCRE CCCETACRCE

CCGATTTIGEGETCCCGTRACACGT
GTCCCGTRCACGT

LCRTCRRRACCCATTIGECTCCCETACACE

CRRRACCGATTIGS

CATCRRRLCCGATTIGEET

i

LCRTCRRRACCGRATTIGEETCCCETACACGET

FaHa002 = 21 ACATACTCCCAGgtattgotcgacttgtctgcgacgocgtggatacaaatttgactgtgcataghACAGCTTCGATGAAGCAGTTTGAACGAAACGECCTGCGTGAR el
ZcMas 21 ACATACTCCCAGgtattgctcgacttgtctgcgacgocgtggatacaaatttgactgtogcataghACAGCTTGATGARGCAGT C GCETE e}
FaMa002 21 ACATACICCCAGQTATTEOTCgacttytCTgCgacEeCEtggatacaaatttyactgrgcataghhCAGCTTGATGARGCAGT Ci GCGTG! G
AcHaS-gr-1 21 ACATACTCCCAGgtattgotcogacttgtoctgocgacgocgtiggatacaaatttgactgtgocataghACAGCTTGATGARGCAGT Ci GCGTGRA G
AcHas- 21 ACATACTCCCAGgtattgotcgacttgtotgogacgccotggatacaaatttyactotgcataghACAGCTTGATGARAGCAGT C GCGTGRR G
_345”35’ B 21 ACATACTCCCAGgtattgctcoacttotctgcgacgocgtoggatacaaatttgactotocataghACAGCTTGATGAAGCAGT C GCGTGAA! c}

21 ACATACTCCCAGgtattgotcgacttgtotycgacgecgtggatacaaatttgactgtocatagRRCAGCTTIGATGRAGCAG C GCGTGRA( G

PaMa002 41 CAGCCACggtaagaattctiggcttttottoctgtogagegotatggatatatctaattetggaaataGACGRGAGTICACTGCCCCAGGGCCGCCGATTCCTCATCCAGGTCGACCCTA
RcMas 41 CAGCCACggtaagaattcottggettttottoctgtogagogotatggatatatctaattotggaaatathCGhGAGTTCACTGCCCCAGGECCGCCEATTCCTCATCCAGETCGACCCTA
FaMa002-1ib 41 CAGCCACggtaagaattcttggocttttcttcoctgtcgagogotatggatatatctaattoctggaaataGACGAGAGTITCACTGCCCCAGGGCCGCCGATTCCTCATCCAGGTCGACCCTIA

41 CAGCCACggtaagaattcttggcttttcttcctgtcgagocgotatggatatatctaattctggaaataGACGAGAGTTCACTGCCCCAGGGCCGCCEATTCCTCATCCAGGTCGRCCCTIA

41 CAGCCACggtaagaattctiggcttttottoctgtogagegotatggatatatctaattetggaaataGACGRGAGTICACTGCCCCAGGGCCGCCGATTCCTCATCCAGGTCGACCCTA
AcMa5-ib 41 CAGCCACggtaagaattcttggocttttcttcoctgtcgagogotatggatatatctaattoctggaaataGACGAGAGTITCACTGCCCCAGGGCCGCCGATTCCTCATCCAGGTCGACCCTIA
RcMas-g 41 CRECCRC AGTTCACTGCCCCAGGECCGCCEATTICCTCRAICCAGETCGRACCCTR

ggtaagaattcttggcttttcttoctgtcgagocgetatggatatatctaattctggaaptaGACGA!

PaMa002 &1 CTCICGRAAGCCTIGCAREGCCCARGARGACACCEATGECARTATECRRATTACCATCGRGERD GCCCCARAGTACTCTCCCTACGRACCEC
AcMab 81 CTCICGRRAGCCTIGCARRECCCRL CRCCGRTIGECARTATGCRRATTACCRICGRAGERD CCCRRRGTACTCTCCCTACERACCED
_PaMaJJ2*: &1 CTCTCGRRAGCCTGCRRGCCCRLGRRGACACCGRTGGCARTATGCRARTTRACCATCGAGERD GCCCCRRARGTACTCTCCCTACGRACCGC
AcMaS-gr-1 &1 CTCICGRAAGCCIGCARGCCCARGARGACACCERT GECARTATGCARATTACCATCGAGEACCAREECCCCARRAGTACTCTCCCTACRRACCED
81 CTCICGRRAGCCIGCARGCCCRARGARGACACCGRI GECARTATGCARATTACCATCGAGEACCARGECCOCARRGTACTCTICCCTAL CCGC!
&1 CTCTCGRRAGCCTGCRRGCCCRL ALCACCGRTGGCRRTATGCARATTACCATCGRGGACGRLY C CCGC!
&1 CTCTCGRRAGCCTGCRRGCCC LCCGRTIGGCRRTATGCRAATTRCCRATCGAGGRL CCCRRRGTRCTCTCCCTAC CCGC!

_Pal{a-)-)z 21 RAGTCCGRGGCRCATATRTGCTCTCCRATCIGT GCGGRARACRRATCGTCCICE GRGRRTCCRGTCGRICGTIC
Iclas 21 RRGTCCGRGECACATATATECTICTCCRATCIGT GERRACRRATCETCCIC AATCCAGTCGATCGIC
PaMz002-ib 21 RARGICCGRGGCACATATARTGCICTCCRATCIGCT GERRACRRARTCEICCIC RRTCCRETCGRICEIC
_I-;El{a.Sfc"’*L 81 RARGTCCGRGGCACATATARTGCTCTCCRATCIGCT GGRAACRRATCGETCCIC RRTCCRGTCGRTCGIC
_BEME.S—_ 2 CGRGGCRCATATATGCTICTCCRATCTIGCT GGRAACRRATCGETCCIC RRTCCRGTCGRTCGIC
RAcMa5-ib CCRGECACATATATGCTICTCCRATCICGT GERRACRRATCETCCIC AATCCAGTCGATCGIC
_I-;El{a.ng‘:fE CGAGGCACATATATGCICTCCRATCIGCT GERRACRRARTCEICCIC RRTCCRETCGRICEIC

J

1]

3
1
1
51
3]
]

FaMa002 601 TGTCCCGT!

CTGATCCGTGI GCCTGAC CGTATCGATGC. CG: GCCGCGC CGGATG, CGACCAC!
601 TGTCCCGTCTGATCCGTG GCCTGACTAGACGTATCGATGC. CGABATAGCCGCGC CGGATGATCCTCGACCAC
601 TGTCCCGTCIGATCCGTG GCCTGACTAGACGTATCGATGC. CG: AECCGCGCE GGACGGATGATCCTCGACCACGAATCT
601 TGTCCCGTCIGATCCGTG GCCTGACTAGACGTATCGATGC. CG: AECCGCGCE GGACGGATGATCCTCGACCACGAATCT
601 TGICCCEICIGATCCGIG GCCTGRACTAGACGTATCGATGC. CGARATAGCCGCGCE GGACGGATGATICCTCGACCACGARIC
601 TGICCCEICIGATCCGIG GCCTGRCTAGACGTATCGRIGL. CGARATAGCCGCGCE GGACGGAIGATICCTCGACCACGARIC
AcMaS-gr-3 601 TGICCCETCIGATCCGIG GCCTGRCTAGACGTATCGATIGL. CGARATAGCCGCGCE] GGACGGATGATCCTCGACCACEARIC

Falla0f2 TCCCTGCCGEAGTACCGEAGE CRRGCRRGTT GG AGCTC GATCACGC GE
TCCCTGCCGEAGTACCGEAGE TACAAGCAAGTT e AGC GATCCGE
TCCCTGCCGEAGTACCGEAGE TACAAGCAAGTT e AGC ARAAGATCA GATCCGE
TCCCTGCCGEAGTACCGEAGE CTACRAGCARGTT e AGCTCCCCGAARRGATCT! GATCCGE
TCCCTGCCGEAGTACCGEAGT CTACARGCARGTT et AGCTCCCCGARRRGATCT GATCCGEE
TCCCTGCCGEAGTACCAEARE CTACAAGCAAETT tele! AGCTCCCCEARARGATCT! GATCCEE
TCCCTGCCGEAGTACCGEAGCAGTATGARTACTACARGCARGTT e AGCAGCTCCCCGARRRGATCT! GATCCGE

GAGARAGCCCGGCTTGC GGTCG CC CRAGTCGT CCCTGI CGGGTAG! TCCCCTTTGTAGTGCCTG

GRAGAAGCCCGGCTTGC GGTCG CC CRAGTCGT CCCTGI CGGGTAG! TCCCCTTTGTAGTGCCTG

GRAGAAGCCCGGCTTGC GETCERRACCEARCRAGTCET CCCTGARACGGGTRGAAARACACTACAGGGCCTCCCCTTTGTAGTGCCTG

GAGAARGCCCGGECITGC GETCG CCEAACRAAGTICGTGEACCCTG CGGETRG GCCTCCCCTITIGTAGIGCCIG

GRGARGCCCGGECITGC ST CGRRRCCERACRRGTICETCEACCCTGRRRCGEETRAGRRRRRCACTRACAGEECCTCCCCITICTAGIGOCTGE

GAGAAGCCCGGCTITGC GETCGARACCGAACRAGICGTGGACCCTGARACGGGT) GGGCCTCCCCTITIGTAGIGCCTGGAGGARAGATTCARCGAAT
ACATGRACGAGAAGCCCGGCITGCIGGCGEICGARACCGARCAAGT CEGTGEACCCTGARACGGETRGAAARACACTACAGGGCCTCCCCTITIGTAGIGCCIGGAGGAAGATTCARCGRAT

GGGACAGCTACATGGAGTCACTIGGCCTGTTGGTCARCGACAGGETTGA GTCAATGETGCTGAATTTITGTITCTGCATTGAGH

GGGACAGCTACATGGAGTCACTIGGCCTGTTGGTCARCGACAGGETTGA GTCRAET GCTGRATTTITGTITITCTIGCATTGAGH

GGGACAGCTACRTG TCACTIGGCCTGITGEGTICARCGACAGGGTTGA GTCARTGGTGCIGAATTTITGITTICIGCATTGAG ATACICR

GEGACAGCTACRTG TCACTIGGECCTGITGEICARCGACAGGETTCA GTCRRTGGTGCIGRRTTTITGITICIGCATITGRG LIRCICR

CEGACAGCTACATGGAGTCACTIGECCTGTITGGICARCGACAGEETTGA CTCARTGCTGCTIGAATTTITGTITCIGCATTGAG LIACICR

GGGACAGCTACATGGAGTCACTIGGCCTGITGGTICARCGACAGGETTIGAC GTCAATGGTGCTIGAATTTITGITTCIGCATTGAG GRRRCGARTRCTICR
AcMaS-gr-3 GGGACAGCTACATGGAGTCACTIGGCCTGITGETICARCGACAGGETTGACTIGGCARAGTCARTGETGCTGARTITTITGITTCIGCATTGAGL, GARRGATACTCA

PaMadoz ATGCTACCCGCTCGTACTATCTCGECCGATCACAGCCCCCATTCCTAAC CATGGCGTTGCGCGTGTACGAG CCGGATGCCAA GGTCGA
ZcMas ATGCTACCCGCTCGTACTATCTCGECCGATCACAGCCCCCATTCCTAAC CATGGCGTTIGCGCETGTACGA CCGGATGCC GGTCGA
ATGCTRCCCGCTCETACTATCTCGECCGATCRCAGCCCCCATICCIRRC CRTGGCGTITIGCGCETETACGR CCGERTGECC GGICGA
ATGCTRCCCGCTCETACTATCTCGGCCGATCRCAGCCCCCATICCTARCCGACATGECGTITIGCGCETETACGA CCGGATGCC GGICGA
ATGCTACCCGCTCGTACTATCTCGGCCGATCACAGCCCCCATTICCTARCCGACATGGCGTIGCGCGTGTACGA CCG GCCAA GGTCGA
ATGCTACCCGCTCGTACTATCTCGGCCGATCACAGCCCCCATTICCTARCCGACATGGCGTIGCGCGTGTACGA CCG GCC. GGTCGA
ATGCTRACCCGCTCGTACTATCTCGGCCGATCACAGCCCCCATTCCTAACCGACATGGCGTTGCGCGTGTACGA CCGGATGCC. GGTCGA

Figure 14. Sequence of Nt/ locus of the wild-type and mutants isolates of M. anisopliae.
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GCRC CC GCTIGTGRTCCCGGEGECGAGTTCTGCGATAGGRACGLCE GECEAAGTGCTIGGCE
GCRC, CE GCITGTGATCCCGGECEAGTTCTGCGATAGGACGCCE GIGCIGGCE,
GCRC, CE GCITGTGATCCCGGECEAGTTCTGCGATAGGACGCCE GIGCIGGCE,
GCAC, CE GCITGTGATCCCGGECEAGTTCTGCGATAGGACGCCHE GIGCIGGCE,
GCAC, AACGT CGACAAGCTIGTGATCCCGEECEAGTTCTGCGATAGGACGCCE GIGCIGGCE,
GCRCRATCCGCRACETTTITARCGACRRECT T”—IATUCCGGG AGTTCTGCGATAGGACECCE GTGCTGGLE
GCACRRTCCGCRAACGTTTTTAACGACRAGCTTGTGATCCCGGGCGAGTTCTGCGATAGGACGCCE GTGCTIGGCG

CEEECATCGCGACGCCEGAAGCAGECIGCCGACATGETTAGGRAG GCCGCGA GCEIACGETGEICTGTIGECTGECACTGAG
CGGGCATCGCGRCGCCGRRAGCAGGCTGCCGACATGGTTAGGRAG GCCGCGA CGTACGGTGGICTGTTGGCTGGCACTGAG
CGEECATCGECEACGCCERAAGCAGGCTECCEACATGETTAGEAAG! GCCGCEA AAGCETACGETGGTCTGTIGECTGECACTGAGRAGT
CEEECATCGCGACGCCEGAAGCAGECIGCCGACATGETTAGGRAG GCCGCGA CEIACGGTGEICTGTIGECTGECACTGAG
CGGGCATCGCGRCGCCGRRAGCAGGCTGCCGACATGGTTAGGRAG GCCGCGA CGTACGGTGGICTGTTGGCTGGCACTGAG

1 CGGECATCGCEACGCCEAAGCAGECTECCCACATEETTAGEAAS! GCCGCEA AAGCETACGETGGTCTGTIGECTGECACTGAGRAGT
CEEECATCGCEACGLCEAAGCAGECIGCCEACATGETTAGGRAGGEEETTGCCECEATTIGAAGCEIACGGETGEICTGTIGECT GECACT GAGARGT!

GCCCCRRCCGACRARTGGGRCTACCCGTACGGC

i
Y
5
o
r;n

GCCC CAGCRGATGCT GCTTCAC GAGGCTG
1 GCCCCRRCCGACRRTGEGACTACCCETACGEEC CICRGCRERATGC GCITCRCRGRAGRGECTE
21 GCCCCRRCCGRCRRT ACTACCCGTACGGEC CRECRGATGC GCITCACRGRAGAGGCTIG
21 GCCCCRRCCGRCRR ACCCGTACGGC CRGCRGATGCTIGCCTGGACTGGT CIGCTCCGETATAGCTTCACAGRAGRGGCTG
21 GCCCCRRCCERCRATEEERCTACCCETIRCERC CCICAGCAGATGCTIGCCTGGACTGRT CIGCTCCEETATACCTTCACAGARGAGECTE
21 GCCCCRRCCGRCRRT ACTACCCGTACGGEC AGCAGATGCTIGCCTGEACTGET CIGCTCCEETATAGCTICACAGRAGRAGECTG
21 GCCCCRRCCERCRATEEERCTACCCETIRCERC CAGCAGATGCTTIGCCTGGACTGRTCIGCTCCEETATAGCITCACAGRAGAGGCTE

1 TTATGRITACCRAGGCETITIETCGATITCARCCETGTCCTIGTGEARARGTACGE CEC LIC

1 TTATGRITACCAAGGCGTIITIGTICGATITIICARCGGTGTCGTITIGTGGARA STRCER CGCH RTCCTICR
TTATGRTTACCRRGGCGTITGTCGRTIITCARCGETGTCGTIIGT GGRRRAGTRACGR CGCH LTCCTCR

1 TTATGRITACCRAGGCETITIETCGATITCARCCETGTCCTIGTGEARARGTACGE CEC ATCCTCRICE
TTATGATTACCRRGGCGTTIIGICGAITTCARCGEIGICGIIR TRCER CGCH RTCC

1 TTATGRITACCARGGCGTITGICGATIITCARCGETGICGIIG TRCGR CGC ATCCTCRICG!
TTATGAITACCRRGECGTITGTICGATTTCARCGETGICEITE TRCER CGCH CR

BAGE GTaggttttatctcgtcgtgatggotttgctgcgacggtcgacgotgacaagagtctaggt TTGECIGEETTARTGT
LLGE ETag gttttatctcogtegtgatggetitgotgogacggtegacgotgacaagagtetagetTTIGGCTIGEGTTARTGT
LAGE GTaggttttatctocgtogtgatggctttgotgogacggtcgacgctgacaagagtctaggt ITGGCTGEETTAATGE
LAGE GTaggttttatctcgtcgtgatggetttgoctgcgacggtcgacgectgacaagagtctaggt TTGEGCTGEETTARAT GC!
LLGE GTaggttttatctegtocgtgatggectttgotgoyacggtocgacgetgacaagagtetaggtITGGCTGGGTTARATGC!
LAGE GTaggttttatctcgtcgtgatggetttgoctgcgacggtcgacgectgacaagagtctaggt TTGEGCTGEETTARAT GC!
LAGE GTal GGGTTARTIGC

2ggrTtTatctcgtegtgatggotttgetgcgacggtegacgetgacaagagtetaggtITGECT

TGTRRATGCACRTATGCGTCGTGCCTITIGGGTACCT

TTGEETACCCTGACACCETATCCEGACGTTTATCAR

GRCRCCGTATCCGRCGTTTATCREA

TETARRTGCACRTRTGCEICETECC

GTARRTGCACATATGCGICETGCCTIT CCGACGITTAICRR
TGTARRTGCACRTATGCGTCGTGCCTIGG CCGACGTITTATCRAGGCGATIGRacagag
TGTARRTGCACATATGCGICETGCCITGRETACCCTGACACCETATCCGACGTITTATCARGECGATTGAacagay
TGTARRTGCACRTATGCGTCGTGCCTIIGGGTACCCTGACRCCGTATCCGACGTTTATCRAAGGCGATTGRAacagad
TGTARATGCACATATGCGICETRCCITGRGETACCCTGACACCETATCCGACGTITTATCARGECEATTGAacagay

14. Continued

GERGTACCACAGTGICTGEACTIGTGAGCCCCEECTIGEACCCEEICACT GETIITGTCGAGRTATCEECCCEAGEECCIGEETIGTGCCTCCEGRRACGEREECTG
GEAGTACCACAGTGICTGGACTIGTGAGCCCCEECTGEACCCEEICACTGETITTGTICGAGRTATCGECCCEAAGECCIGEETIGTGCCTCCEGARACGEAGGECTIG
GEAGTACCACAGTGICTGGACTIGTGAGCCCCEECTGEACCCEEICACTGETITGTICGAGRTATCGECCCRAGEECCIGEETIGTGCCTCCEGARACGEAGGCTIG
GEAGTACCACAGTGICTGGACTIGTGAGCCCCEECTGEACCCEEICACTGGETITGICGAGATATCGECCCEAAGECCIGEETIGTGCCTCCEEARACGEAGGCIG
GGAGTACCACAGTGICTGEACTIGTGAGCCCCERCTGRACCCEETCACT AT TTRTCGAGATATCGECCCERAAGGCCTREEIGTECCTCCERARACGEAGECTE
GEAGTACCACAGTGICTGGACTIGTGAGCCCCEECTGEACCCEETCACT GETTTETCEAGATATCGECCCERAAGECCTGEETETGCCTCCEGRRARCGEAGECTE
GGAGTACCACAGTGICTGGACTIGTGAGCCCCGGCTGGACCCGETCACTGGTTTGTCGAGATATCGGCCCGRAGGCCTGGGTGTGCCTCCGGRRACGEAGGCTE

ACGATCGRGCRGTGCE] EEECATGACACTRACGTIATCGATTCG GRCCTIGCCAC TGARTCICRRC CCERCRITGCGEC
RCERTCGERG TGCGI GEECATGACACTACGTATCGATTCG GRCCTTECCACTATIGATCICRRC CCEACRITGCEC
RCERTCGERG GCGi GEECATGACACTACGTATCGATTCG GRCCTTECCACTATIGATCICRRC CCEACRITGCEC
ACGATCGAG TGCGI GEECATGACACTACGTATCGATTCG GCCGACCTIGCCACTATIGATCICAACTCGCTTTIGTITCARATACGARACCGACATTGCGEL
ACGRTCGAGCAGTGCE GEGCATGE CACTACGTATCG'TTCE ATTIGTCCCGRCCTIGCCACTATIGATCICARCTCECTTTIGTTCARATACGRRACCEACRTTECEL
ACGRTCGAGCAGTGCE GEECATERCACTACGIATCEATTCCARGECATIIGTGCCRACCTTECCACTATIGATCTICARCTCECTITIGTTCARATACGRARACCERCATTGCGED
LCGATCELG TGCG GGGCATGRCACTACGTATCGATTCGRA ATTTGTGCCGACCTTGCCACTATTGATCTCARCTCGCTTTTGTTCARATACGRRACCGRACATTGCGE

GCRAGCTCACTGTIGACARGCTGAT GT GEGACGARGARCAGGGACTCITITITGAT TACGRCACGECARAGCEGEAGCEAT GCARCTATGARAGCTCRARCCACGTITTIGEECTICIATGES
GCAAGCTCACTGTIGACARGCTGAT GT GEGACGARGARCAGGEAGTCITITITGAT TACGRACACGECARAGCEEEAGCEAT GCARCTAT GARAGCTCAACCACGTITTGGECICIATGES
GCRAGCTCACTGTIGACAAGCTGATGTGEGACE CAGGGEAGTCITITITGAT TACGRCACEECARAGCEEEAGCEAT GCARCTATGARAGCTCARCCACGTITTGGECTICIATGES
GCAAGCTCACTGTIGACAAGCTGAT GT GEGACGAAGAACAGGGAGTCITTITITGAT TACGACACEGECARAGCEEEAGCGAT GCARCTATGARAGCTCAACCACGTITTGGECICIATGEG
GCAAGCTCACTGTIGACAAGCTGAT GT GGGACGAAGARCAGGEAGTCITTITITGAT TACGACACGECARAGCEGEEAGCEAT GCARCTATGARRGCTCAACCACGTITTGGECICIATGEG
GCRAGCTCACTETIGACARGCT AT T GECACEAR AR CAGECAGTCITITITGAT TACCACACGECARLGCEECACCEAT GCAACTATGARAECTCRAACCACETIITGEECTCIATCER
GCRAGCTCACTET I CAC AL GO T AT T CECAC R A C A GEEAGTCTTTT I TGAT TACGRACACEECARAGCEEEAGCEAT CCRRCTAT GAARCCTCRALCCACETITTEEECTCTAT RS

GCCATITTGIGCACRTITCIGERGCCETIATGICRRRLD GCRCARTATGCAGTITARGEAGIITGIICGCGCETACARITACGECGRAGAT CARGERAGCCCERRTTGGRATGACTATITTATIGC
GCCATTTTGIGCACRTITCIGGAGCCE, AGCACAATATGCAGTITARGEAGIITGIICGCGCETACARTTACGECGAGAT CARGEAGCCCERRTTGEATGACTATITTATIGC
GCCATTTTGIGCACRTITCIGGAGCCE, AGCACAATATGCAGTITARGEAGIITGIICGCGCETACARTTACGECGAGAT CARGEAGCCCERRTTGEATGACTATITTATIGC
GCCATTTTGIGCACATTCTIGGAGCCGTATGICAAALL, GCACAATATGCAGTITAAGEAGITTGITCGCGCETACAATTACGECGAGAT CAAGCAGCCCEARTTGGATGACTATITTAT

ECCATITITGIGCACATTCIGRACCCETAT I CAR R A AR AT AT GeACTITARGEAGT TTETI I CGCECETACART TACCECEACATCALGERECCCERARTTEGEATGACTIATITTATES
GCCATTITET ECAC AT TCT GEAGCC T AT CT AL ML GO R A A T AT AT T T AR AT ITET TCGCECETAC A AT TACCECGRACAT CALGERAGCCCERATTEEATGACTATITTATES
GCCATTITTGT GCACRTTCT GGRAGCC T AT T CARR AL GO R AR TATGCAGT T TARCEAGT ITGTTCGCACGTACRRTTACCECGRGAT CARGERAGCCCEGRATTGEATGACTATITTATGEE
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ctgattttggtac

ctgattttggtacce

CTOATTLTOCTACCCC
cctgattttc‘ctaccc

ctgattttggtac
ctgattttggtac
tgattttogta

atcataatgaacattggctgacgatttatttoctattgatocttacacagGT CCIT CGGCCAGTGCgtaagtaaacaaattogocgotattttogaatgaatogttacggagy
atcataatgaacattggctgacgatttatttoctattgatecttacacagfTTCACCTITCAGACCEHECCAGTGE
atcartaatgaacattggclgacyatttatticctattyatcttacacay
atcataatgaacattggctgacgatttatttcctattgatcttacacag!
aTCaraatgaacattggclgacyatttattlicctattyatcttacacay

atcataatgaacattggctgacgatttatttooctattgatcttacacag

gtaagtaaacaaattcgcocgotattticgaatgaatcgttacggagy

gtaagt.aaacaaat.t,cc_::cgctattttcgaatgaat:gtta: gagy
gtaagtaaacaaattcgecgetatiticgaatgaatogitacggagy

PaMa002 tocgggagcttacaatatttogacagggThA

tocgggagottacaatatttogacagggTAACCARAT TCTGECAGRCCAT

tocgggagocttacaatatttogacagg

EcMas
Pakal
EcHaS-
.Iacl-IaE—g:—z 27
BcHa5-ib
ZcMai-g

tcgggagottacaatatticgacagy
TCOggagoettacaatatttiogacagy
tocgggagcttacaatatttogacagggTRAACCRRATT

BLLCLCEECCTCELCAGCAATEET ETCTACLACEETACCTCTEAGCTCCAGET

LLCR AGCRATGETGTCTACARCGRTACCTCT GRGCTCCAGC

tcgggagocttacaatatttcgacagggTRACCARAT

CeRCAGCRATGETIGTCTACARCGETACCTCT GRECTCCAGC
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w0
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Tgtaagtcocgtocaatgatgtgoatactatacgaggtoattg
CRTCTTgtaagtccocgtoaatgatgtgoatactatacgaggtcatigt

LAGRRCATGERT

Figure 15. Sequence of f-tubulin locus of the wild-type and mutants isolates of
M. anisopliae.
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‘PaMa0a2

GCAGATGTTCGACCCTAAGRRCATGATGGCCGCTTCTGACTTCCGRARCGGCCGCTACCTGACCTGCTICTGCCATCTIgTaa0tCCCOECaatyatgtgcatactatacgaggcattgt 1357
RcMas GCAGRIGTTCGACCCTRAAGRRCATGATGECCECTTCTGACTTCCGRAL CCGCTACCTGRCCTGCICTIGCCATCTIgtaagroccogucaatgatgrgoatactatacgaggtcattat 1357
PaMa0d2 GCAGATGITCGACCCTIRAGARCATGATGGCCGCTTCTGACTTCCGRARL CCGCTACCTGRCCTECICTGCCATCTIgT 880t cCCOtCaatgatgtgcatactatacgaggtcattgt 1357
GCAGATIGTTCGACCCTAAGAACATGATGECCGCTTCTGACTTCCGRRAL CCGCIACCTGACCTECICTGCCATCTIgtaagtccogtcaatgatgtgoatactatacgaggtcattgt 1357
GCAGATGTTCGACCCTAAGAACATGATGGCCGCTTCTGACTTCCGARA CCGCIACCTEACCTECICTECCATCTIgtaaghcooghcaatgatgtgcatactatacyagotcattot 1387
GCAGATGTTCGACCCTAAGARCATGATGGCCGCTTCTGACTTCCGRARAACGECCGCTACCTGACCTECICTGCCATCTIgtaagtcococgtcaatgatgtgecatactatacgaggtcattgt 1357
GCAGATGTTCEACCCTAAGRACATGATGGCCGCTTCTGACTTCCGRARACGECCGCTACCTGACCTECTCTECCATCTTgtaagtcccgtcaatgatgtgcatactatacgaggtcattgt 1357
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actaatttocgttetagCCGTGGCARGGTTGCTATGARGGAGGTTGAGGACCAGATGCG GTGC C RLCTCCTCCTRCTTCGTCGRRTGGATCCCCRACRRTATCCL
actaatttocgttotagCCEIGECARGETTCCTATGARGGAGETTGAGGACC] GCG: GTEC C. RRCTC ACTITCCEICGRRTEEATCCCCRACRRTATCCR
actaatttcocgttctagCCGIGECARGET GETTGRGEACC GCGT. GTEC C RRCTCCTICCTRCTITCETCGRRTGERTICCCCRACRRTATCCR
actaatttcocgttctagCCEIG GGT GGETTGAGGACC GCGT. GIEC C. ARCTCCTCCTACTITCGTCGARTGGATCCCCAAL
BCTARATLTCoogttotagCOGIGECAAGET GGETTGAGGACC, GCGTAACGTECAGRACAAGAACTCCTCCTACTITCGTCGAATGGATCCCCARCAATATCCA
BCLAALLLCCgLiotagCOEIGECARGET GGETTGAGGACC, GCGT. GIECAGAACAAGAACTCCTCCTACTTCGTCGARTGGATCCCCAACARTATCCAGA
actaatttocogttctagCCETG! GGT' GETTGREGACC GCGT: GTECRGARCRAGRACTCC CITCETCGRRTEGATCCCCARCAATATCCRERCT

GCCCTCTGCGCCATCCCCCCCCGTGGCCTCRARGATGTCTTCTACTITTATIGGTARCTCCRACCTCCATCCAGGAGCTITTCARGCGTGTITGGTGAGCAGTTCACTGCCATGTTICCGTCGE 1597
GCCCTCTGCGCCATCCCCCCCCGTGGCCTCRARGATGTCTTCTACTITTATIGGTARCTCCRACCTCCATCCAGGAGCTITTCARGCGTGTITGGTGAGCAGTTCACTGCCATGTTICCGTCGE 1597
GCCCTCTGCGCCATCCCCCCCCETGECCTCRRGATGTICTTCTACTITIATIGETARCTCCACCTCCATCCAGERAGCTITICARGCETIGTTGETIGAGCAGTICACTGCCATGTICCGTICGT 1587
GCCCTCTGCGCCATCCCCCCCCETGECC GATGICTTCTACTITIATIGE CTICCACCTCCRICCARG AGCETGTITEEIGAGCAGTICACTGCCATGTICCGTICGL 1587
: GCCCTCTGCGCCATCCCCCCCCETGECCTCARGATGTCTTCTACTITIATIGETARCTCCACCTCCATCCAGEAGCTITICARGCETGTTEGETGAGCAGTICACTGCCATGTICCGETICGL 1587
AcMas- GCCCTCTGCGCCATCCCCCCCCETGECCTCARGATETCTTCTACTITIATIGETARCT CCACCTCLAT CCAGEAGCTITICARGCETGTTGETGAGCAGTICACTGCCATGTIICCGTICGC 1587
AcMa5-gr-31478 GCCCTCTGCGCCATCCCCCCCCETGECCTCARGATETCTTCTACTITTATIGETAACTCCACCTCCATCCAGEAGCTITTCARGCETSTTGETGAGCAGT TCACTGCCATGTTCCETCGE 1597

‘PaMa002 1598 RRAGCTTTCTIGCATIGGTACACTGGTGAGGGTATGGARCG GGRGTTCACTGAGGCTGAGTCTARTATGRACGATCTIGTCTCTGAATAL ATGCTGGTGTTGAT

; ARAGCTTTCTIGCATIGGTACACTGGTGAGGGTATGGRCG! GGRGTTCACTGAGGCTGAGTCTARTATGRACGATCTIGTCTCTGAATAL GCTGGTGTTGAT
ARARCGCITICTIGCATIGETACACTGETGAGECTATGEACGE GEAGTTCACTGAGGCTGAGTCIARTATGRRCCGATCTIGICTCTGRAATAS GC
ARAGCITICTIGCATIGGETACACTGET GAGEGTATGGACE e CGAICTIGICIC GC
ARAGCITICTIGCATIGGETACACTGET GAGEGTATGGACE e CTGREICIARTATGRRCGATICTIGICTCTERATA GC (e
ARAGCITICTIGCATIGETACACTGET GAGEGTATGGACGA GEAGTTCACTGAGGCTGAGTCTAATATGARCGATCTIGICTCTGAATAC GC (&)
AARRAGCTTTCTIGCATIGETACACTGETGAGECETATGEACEE GERETTCACTGAGECTGACTCTAATATGARCCATCTIGTCTCTGRAATACCAGCRAATACCAGEATGCTGETETTGAT

GAGGAGGRAGAGGAGTACGATGAAGRAGCTCCIGTIGRAGRACCTITGGAGTARgagactctacgacaagoctatttgtattcagectagaatgtccgactty

CLGGLGGALGLGEAGTACCATGALGLELCCTCCTETTGARGRAACCTT TGRS

ACG GGAGTARgagactctacgacaagctatttgtattocagcoctagaatgtccgacttg

CLGGAGGALGLGGAGTACCATGR

ACGCTCCIGTIGAAGRACCTITGGACGTARgagactctacgacaagectatttgtattcagetagaatgtecgactty
AGCTCCIGIIGA ACCTITGGAGTAAgagactctacgacaagctatttgtattcagctagaatgtccgacttg

GLGGAGGALGLAGEAGTACGATGAAGRAGCTCCTGTTGRAGRACCTITE

CLGELGEALELEEAGTACEATE

GAGTAAgagactctacgacaagctatttgtattcagctagaatgtccgacttg
CAGGAGGAAGAGGAGTACGATGAAGAACGCTCCIGTIGAAGAACCTITGGACGTAAgagactctacgacaagctatttgtattcagctagaatgtcogacttg

CAGGAGEALCAGEAGTACEAT CARGRAGCTCCTGTTGARGARCCTTTEEA

ACG GGAGTAAgagactctacgacaagctatttgtattcagetagaatgtccgactty

Figure 15. Continued.

90



PaMa002

AcMas

icHaS—gr—
RcMas-gr-2
AcHai-ib

hcMaS-gr-3

PaMa002
RAcMas

PaMa0
AcMas-gr-

AcMaS-gr-—
ib
AcMaS-g

BcMas—

12

‘PaMag
AcMaS-gr-1
ZcMasS-

AcMas5-

‘PaMa002-i

;cHaS—g:—
AcMaS5-gr-
AcMa5-ib

AcMaS—-gr-3

PaMa00z
LcMas
PaMa002-

AcMaS-gr-—
AcMaS-gr—.
AcMas-ib
AcMaS-or-3

PaMadn2
AcMas

‘PaMa002-ib
AcMas-gr-1

AcMaS5-gr-2
ib
AcMaS5-gr-3

AcMas

PaMa0d02
chaE
PaMa002
AcMaS-g
AcMaS-gr-.
AcMa5-ib
AcMas—

02

PaMal
AcMas

PaMa002

AcMas
PaMafgz-1i

AcMaS5-gr-1
AcMaS-gr-
AcMa5-ib
AcMaS-gr

PaMa002
ﬁcHas

Ry Ry B3RS
W e 0

5
Ir:

CCCICICICIACTCCARRGRCCRRCCCRLGR

[
I

cco CICTRCTCCARGACCRRACCCRCGRGERTIGRAG

CELC! CRRCRARCGATCCGARCCRRGACC

5
Ir:

149 288
148 288
149 288
148 GCARCGATCCTACTC! 288
149 GCACGATCCTACTC 268
148 GCTCTIGCACGATCCTACTC 288
1 GCARCGATCCTACTCE 268

CRRATTCRCCCRRRTTCR

o
o

ARARTCCARRTTCACCCRRRTTCRGCE

s
Ir:

o
o

[T
Mo oo om o
W oo

o
o

389 TTCCAGARCCTT
389
389
389 TCCRGRRCCT

508 GTGCTGCTCGCCAGCTA ACCCCCRGERICT

TGCTCGECCAGCT

GAT TRRGEERGREAT

CRATTATCAAGgtaagCcaaagCaa—gCaaa0CaaagCCaagCaaaaCaRaaCEaE]T
TCTTATTTCRATTATCRAGgTaagcaaagcaaagcaaagcadagccaagcaaaacaaaacaaag

5
I

TATTTCRATTATCARGOt2a0Ca2a0Caa-0CaaA0CaEA0CCAAUCARRACARAACARAT

[*)
0

CGGGTCTTATTTCRATTATCRAGgTaagcaaagcaaagcaaagcaaagccaagcaaaacaaaacaaag

AATTATCAAGYTa20Ca8A0CAAA0CARA0CARACCCAAJCARAACAAAACAAAYT

]
I

TATCRRGOtaAQCAEA0CEAaA0CAAA0CARA0CCAE0CAREACARAECARAT

CAAGgtaagcaaagcaaagCcadagcaaagccaagcasaacaaaacasay

%
w0

o ov oo oo o
)
I

cagaaaagccaattggccttgcacggcaatgtacaaatatacaaatcy
caatgTacaaatatacaaatcy

9 cagaaaagccaaTTggCCTTgCacy

g cagaaaagccaattggoctigcacggcaatgtacaaatatacaaatc

oo

9 cagaaaagccaattggoctigocacggcaatgtacaaatatacaaatcg

4
4
4

749 cagaaaagccaatTggceTtgCcacggcaatgtacaaatatacaaatc
4
43 cagazaagccaattggocttgcacggcaatgtacaaatatacaaate
4

9 cagaaaagccaatiggccttgcacy aatctaﬁaaatataﬂaaatcg

cagazataacytygy cataacccttccaa
cgcataacccttocaa

cataacccttccaa
cgcataacccttocaa

cataacccttccaa
cgcataacccttocaa
tcgcataaccottccaa

cagaaataacyTygy CatatgTgoRacatggcatcgyaagatgccgTete

cagaaataacytygy catatgtggRacatggcatcggaagatgccgtotc
TCTH

cagaaataacytygy

catatgtggRacatggcatcggaagatgccgtotc
catatgtggRacatggcatcggaagatgccgtote
catatgtggRacatggcatcggaagatgccgtotc

tgttc
TQTTC
Tgtto
TQTTCCATAaTtgTggReacatggcatcggaagatgccy
Tgtto

cagazataacytygy tgttc

Tgtto

gaaagacttattgty
ga2aagactTatTtyTy
gaaagacttattgty

CARGERARTECACACCAGACAETC

CACLCCLGACATC

CACACCARGAC

TGCACRCCAGRCAT

CERGEEACTCARCARGAATCATTTCECCRACCATCTACGLGRTIGTTE 1227

CCCG SRCTCRRCRRGRATCATT CATCTACC 1228

CARCCTCEACATCTACCT CTCAACRRGRATCAT 1227
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CERGEEACTCRRCARGRATCATTTCECCARCCATCTRD 1z22s
GAGGGACTCRACRAGRATCATTT 1228

Figure 16. Sequence of if7/ locus of the wild-type and mutants isolates of M.

anisopliae.
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Falaooz 28 TTATGGCCATGITTGGCATATCGCA GAGTITATCCGIGGIRTA
1223 TIATGGCCATGITTGGCATATCGCR GAGTITATCCG
28 TIATGGCCATGITIGECATATCG GAGTITATCCGTGGIGTA
29 TIATGGCCATGITTGECATATCGCAC GAGTITATCCGTGGIGTA
1223 TIATGGCCATGTITTGGCATATCECAC GAGTITATCCGTGCIGTATCIGEGEE
29 TIATGGCCATGITTGECATATCGCAC AGTTTATCCGTGGIGTATCIGEGEE
29 TIATGGCCATGITTGGCATATCGCACACCATGARCACTCGTGTCGETARCGAGTITATCCETGEIGTATCIGEGEE

PaMa002 1348 CTCCTCTGCAATGCTGGGACAATTCGACTCGAGGTCTTGACTCCGCCAATGCTATTGAGTTCTGTCGCACCCTCCGTCTGCARACTGAGCTGTTTAATAGCACAGCTTIGTGTCTCCATCT 1487
_AcI‘iaS 1348 CTCCTCTGCAATGCTGGGACAATTCGACTCGAGETCTTGACTCCGCCAATGCTATTGAGTTCTGTCGCACCCTCCGTCTGCARACTGAGCTGITTAATAGCACAGCTTGTGTCTCCATCT 1468
PaMa002-ib 1348 CTCCTCTGCAATGCTGGGACAATTCGACTCGAGETCTTGACTCCGCCAATGCTATTGAGTTCTGTCGCACCCTCCGTCTGCARACTGAGCTGTITTAATAGCACAGCTTGTGTCTCCATCT 1487
AcMaS-gr-1 1340 CTCCTCTGCAATGCTGEGACAATTCGACTCGAGETCTITGACTCCGCCARTGCTATTGAGTTCTGTICGCACCCTCCRTCTGCARACTGAGCTETTTAATAGCACAGCTIGTGTCTCCATCT 1468
ReMaS-gr-2 1349 CICCTCTGCAATGCIGGGACAATTCGACTCGAGETCTTGACTCCGCCARTGCTATTGAGTICTGICECACCCTCCETCTGCARACTGAGCTGTITTARTAGCACAGCTIGTGTCTICCATCT 1468
RhcMas CTCCTCTGCAATGCTGEEACAATICGACTCEAGETCTTGACTCCGCCARTGCTATTGAGTICTGICGCACCCTCCRICTGCARACTGAGCTGITTARATAGCACAGCTTGTGICICCATCT 1468
hcMaS-gr-3 1348 CTCCICTGCAATGCTGEGACAATICGACTCGAGGICITGACTCCGCCARTGCTATTGAGTICTGICGCACCCTCCEICTGCARACTGAGCTGITTARTAGCACAGCTTGTGTCTCCATCT 1468

PaMal02 ARGECTGITGICTIATATGAGE TGAGGCAARACARTACTTTATCRACTTGGECTITCE
AcMas AEGECTEITEICTTATATGE TGAGECARARCARTACTTTATCRACTTGGECITCE
FaMa002-: CEC ACTTTTTTGACAAGGCTGITGICTTATAT TEAGEC CAATACTTTATCAACTTGGGCITCG
AcMaS-gr CEC ACTTTTTTGACRAGGCTEITGICTTATATGAG TGAGGCARARCAATACTTTATCAACTTGGECTTCE
ZcMas-gr CEC ATGACTTTTTTGACARGGCTGITGICTTATATGA ATGAGGCARRACAATACTTTATCAACTTGGECTTCG
LcMas CEC ATGACTTTTTTGACARGECTEITGICTIATATGAGEGTCGACAGATCTICTTIE LIGAGEC CRATACTTTATCRACTTGEGECTITCG
AcMas-gr-3 CEC ATGACTTTTTTGACARGECTEITGICTTATATGAGEETCEACAGATCITCTTIEEECEE ATGAGGCAARACRATACTTTATCAACTTGEECTTCE

PaMado2 ARTGICCIGCTCGICAGACTACTCCCGACTTCCICACCTCCTIGACCTCATCTCTAGRAS ARGECAAGECACCTICGCACTCCGEATGRAGTITIGC
AcHas ARTGICCIGCTCGICAGACTACTCCCGACTTCCICACCTCCTIGACCTCATCTCTAGRAS ARGECAAGECACCTICGCACTCCGEATGRAGTITIGC
PaMa002-ib ARTGICCIGCTCGICAGACTACTCCCGACTTCCICACCTCCTIGACCTCATCTCTAGRAS ARGECAAGECACCTICGCACTCCGEATGRAGTITIGC
AcHasS-gr ARTGICCIGCTCGICAGRCTACTCCCGRACTTCCTICACCTCCTIGACCTCATCTCTAGRA GECAAGECACCTICGCACTCCGEATGRETITIGC
ARTGICCIGCTCGICAGRCTACTCCCGRACTTCCTICACCTCCTIGACCTCATCTCTAGRA GECAAGECACCTICGCACTCCGEATGRETITIGC
ARTGICCIGCTCGTICAGRCTRACTCCCGRACTTCCTICACCTCCTIGACCTCATCTCTAGRA GECAAGGCACCTICGCACTCCGEATGRGTITIGT
ARTGTCCTGCTCGTCAGRCTRACTCCCGACTTCCTCACCTCCTTIGACCTCATCTCTAGRA! ATTGTCCGICCTGGRTTTGARGGCARGGCACCTCGCACTCCGGATGAGITTGT

Falaloz CECC CCCCGTGGGRGGCCCT
LcMas CGCC CCCCETEGERGECCCT
PaMa002-1b clolcielet CCCCETEGERGECCCT
ZeMas-c CGCCGH CCACCCCGTEEGAGECCET
LcMas-g CCCCGRATACAGAGCTCTACK GCCCACCCCGTEGERGECCET
ZcMas-ib CCTGEARGARCAGCECCGRATACRGAGCTCTACA ALATCEARGAGTACARGERAGCCCACCCCATERRAGECCCT
ZcMaS-cr-3 CCTGEARGARCAGCECCERATACRGAGCTCTACAGETGEARATCEARGAGTACAAGEARGCCCACCCCATERGABGCOCTER

FaMaloz CCARRGETICAGCGCARGAACTCACCCTTTACTCTCICITATACCCAGCAGATCEAGCTCTGTITEI GECETGETIGEARGCECCTTRTITGECGATCCAAGTTTARCTGTIGEIGCICTIA
CCARRGETICAGCGCARGAACTCACCCTTTACTCTCICITATACCCAGCAGATCEAGCTCTGTITEI GECETGETIGEARGCECCTTRTITGECGATCCAAGTTTARCTGTIGEIGCICTIA
CCARRGEICAGCGCARGRAAGTCACCCTTTACTCTCICTTATACCCAGCAGATCCAGCTCIGITTGI GGCETGET I GEARGCEGCCITGTITGGCGATCCARGTTIARCTGITGGIGCICTIA

GEICAGC GTCACCCTTIACTCICICTIATACCCAGCAGATCCAGCTCIGTITEIGECETGETIGEAAGCGCCTITGITGECGATCCAAGTTTAACTGITGGIGCICTTA
GEICAGC CACCCTTIACICICICITATACCCAGCAGATCCAGCTCTIGTITGIGECETGETIGEARGCECCITGTITGGCGATCCARGTTIAACTGITGGIGCICTITA
GEICAGT CACCCTTIACICTICICITATACCCAGCAGATCGAGCTCTIGTITGIGECETGET I GEARGCECCITEITGGCEATCCARGTTTAACTGITGGEIGCICTIA
GEICAGT ACCCTTIACTCTICICTITATACCCAGCAGRTCGAGCTCIGTITGIGECETGETIGEARGCECCITETITGGECGA AAGTTIRACTGITIGGIGCICTIIA

_P?AM?AJJZ 8 TIGERRATTTCATCATGGECICTCATTATIGGCAGTGTIITCTIACRACCTGGATGATACCTICGICCAGTIICTICCARCGTGECGCCTIGCICTICTITGCATGEICT GAATGCITTIG
AcMas TIGERRATTTCATCATGECICICATTATIGGECAGIGT T ITCIACRACCTGEATGATACCTCGICCRGTIICTICCARCGTGECGCCTIGCICTICTITGCATGICTGA IGCITTIG
_PaMaDDQ—Lb TIGGRRRTTTCATCATGECTICTICATIATIGGECAGTIGTTITCIACRRCCTG ATRCCICGICCRGTITICTICCRRCETGECGCCTIGCTICTICTITGCATGICTE IGCITTIG
.I.;[:Mas—cv—; TIGGRRRTTTCATCATGECTICTCATTATIGGCAGIGT T ITCIACRRCCTGEATGATACCTICGICCRETIICTICCARCETGECECCTIGCICTICTITGCATGICTGATGRRATIGCITTIC
TIGGRRRTTTCATCATGGCTICTCATTATIGGCAGIGI TITCIACRRCCTGEATGATACCTICGICCRETIICTICCARCETGECECCTIGCICTICTITGCATGICTGATGARIGCITTIC
: TIGGRAARTTTCATCATGGC ATTATIGGCAGTGTTITCTACRACCTGGATGATACCTCGTCCRGTTTICTICCARCGTGGCGCCTTIGCTCTICTITGCATGTICTGAT
RcMas-gr-3 TIGGRAATTTCATCATGGCTCTCATTATIGGCAGTGTTITCTACRACCTGGATGATACCTCGTCCRGTTICTICCARCGTGGCGCCTTIGCICTICTITGCATGICTGATGRATGCTTTIG

PaMa0o2 2088 CATCTGCICTIGAGOTCagaaAaAAR23800a0TAECC0TOC00TATEAA0CCA2A8T02A000aRATCA0a2ACT0ACTTIORA2ATETaTagATCCTTACACTTTACCGCACRACGECCE 2
_RCHéS 2063 CATCIGCICTIGAGgtcagaaaaaaaaaaccattaaccctcogotatgaacccaaaatgaagtgaaatgagaaactgacttigaaaatgrataghTCCTTACACTTTACGCACRACGGCCA 2
PaMadi2-ib 2068 CRICTGCICTIGAGgTcagaaaaaaaaaaccattaaccctocgoratgaacocaaaatgaagtgagatgagaaactgacttgaaaatgrataghTCCTTACACTTTACGCACRACGECCR 2
AcMas-gr-1 2069 CATCTIGCTCTIGACgtcagaaaaaaaaaaccattaaccoctccocgotatgaacccaaaatgaagtgapatgagaaactgacttgaaaatgtataghTCCTTACACTTTRACGCACRACGGECCR 2

2089 CATCTIGCTCTIGAGgtcagaaaaaaaaaaccattaaccctcocgctatgaacccaaaatgaagtgaratgagaaactgacttgaaaatgtataghTCCTTACACTTTACGCACRRCGGCCA 2

2088 CATCTGCTCTTIGAGgtcagaaaaaaaaaaccattaaccctcocgcotatgaacccaaaatgaagtgaratgagaaactgacttgaaaatgtataghTCCTTACACTTTACGCACRRACGGECCR 2
:Acl{asfgrfs 2069 CATCIGCICTIGAGgtcagaaaaaaaaaaccattaaccctcocgctatgaacccaaaatgaagtgasatgagaaactgacttgaaaatgtatagATCCTTACACTTTACGCACRACGECCA 2

Fala0iz ATTGETCEARRAACACECTCETTATGCECTCTATCACCCCTCRECCGARGCAATCECTTCCATGCTI TRCGATATGCCATACRAGRT TGCARRCTCARTC, Arrrrr""Ar“"Hur ru., 23
Rclas ATTETCEARRAACACECTCETTATGCECTCTATCACCCCTCRECCGARGCAATCECTTCCATGCT I TRCEATATGCCATACRAGAT TECAARCTCARTCATTTTTARCATARCACTCTA 23
FalMa002-1b ATTGTCGRGARACACGCTCGTTATGCECT CTATCACCCCTCEECCERARGCART CECTTCCATGCTI TGCGATATGCCGTACARGATTGCARRCTCARTCATTTTTARCATARCACTCTAC 23
9 ATTGICGR CACGCTCGITATGCECTCTATCACCCCTCEECCE TCGCTTCCATGCTITGCGATATEC 23
; 2 ATTGIC CACECTCETTATGCECICTATCACCCCTCEECT CECITCCATGCTITEC GC CTCAR: 23
RcMaS-ib 9 ATTGTCEABRARCACGCTCGITATGCECTCTATCACCCCT! CECITCCATGCTITECEATATEC 230
AcMa5-gr-3 9 ATTGTCEABRARCACGCTCGITATGCECTCTATCACCCCT! ATCECTTCCATGCTITGCGATATGC 230
FaMa002 CEECEAGRACCTGECCCCTTCTITTTCTTCTTGCTARTAAGCTICTCARCGGETCATGETCATGTCTATGATATTCCGARCEATTGCTICTGCC G 24
Aclal CEECEAGRACCTGECCCCTTCTITTTCTTCTTGCTARTAAGCTICTCARCGGETCATGETCATGTCTATGATATTCCGARCEATTGCTICTGCC G 24z
PaMa002-ib CEECEAGRACCTGECCCCTTCTITTTCTTCTTGCTARTAAGCTICTCARCGGETCATGETCATGTCTATGATATTCCGARCEATTGCTICTGCC G 2427
AcHas CEECEAGRACCTEGECCCCTICTITTTCTTCTTGCTARTAAGCT TCTCARCEGETCATGETCATGTCTATGATATTCCGARCEATTGCTICTGCC 24z
AcMaS-gr-2 CEGECEAGRACCTGGCCCCTICTITTTCTTCTTGCTAATARGCT TCTCARCEGTCATGETCATGTCTATEATATTCCGARCGATTGCTICTGCC G 24z
AcMa5-1 CEGCEAGAACCTGGECCCCTICTIITTCTTCTIGCTAATARGCT TCTCARCEGTCATGETCATGTCTATEATATTCCEARCEATTGCTICTGCCTICC G 24z
AcMas-gr TTCATGACCRATCTACGGECGAGRACCTGGCCCCTICTITTTCTTCTTGCTAATARGCTTCTCAACGGTCATGETCATGTCTATGATATTCCGARCGATTGCTICTGCC G 24z

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
g
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

Figure 16. Continued.
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TCGTTGGIGTTCCAGGC! GGTCTCRACGTCGAACAGCGTARAGCGICTTAC TGGC
STTGEIGTTCCAGGCGRAGETCTCARCGTCEARCAGCETARGCGICTTACCATTGEC
SITGGTGTTCCRAGGCGRAGGTCTCARCGTCGRARCAGCGTRRGCGTCTTACCATTGGE
GTGTTCCRGECCRARGETCTCAACGTCGAACRAGCGTARGCGTCTTACCATTGEE

GICGRACTTGCIGCCARGCCICCICIGTTACTCTICGTCGRCGRACCTACTIC
GICGARCTTGCTIGCCARGCCICCICIGTTACTCTICGTCGACGARCCTACTIC

GTCEARACTTGCTGCCARGCCTCCTCIGTTACTCTICEGTCGACGAACCTACTTC
GICGARCTTGCTGCCRRGCCTCCTCTIGTTACTCTICGTCGACGRRCCTACTTC

GTCGAACTTGCTGCCARGCCTICC GTCERCERACCTR

CERAC GCCRRGCC TCIGTTACTCTIC CTTC
CIGTTRCTCTTCGTCGRCGAACCTACTTC

TCIGTTACTCTICGTCGACGRACCTACTTC

ZTCGROGRRCC

GTCGRRCTTG

GTCGRACTTGEC

CIGCCRRGCCTCC

GCCRAGCCICC

Figure 16. Continued.
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GEATTICCCARACCTCATGEGCCATICTTGATCTICTGEAGARGCTGACCRAAGGCTGGETICRA
GEATTICCCARRCCTCATEEECCATICTTCGATCTICTGEAGRAGCTGACCRRGECTRETCAR

GATTCCCARRCCTCATGGGCCATICTTGATCTICTGGRAGAAGCTGACCRAGGCTGGTCAR
GEATTCCCRARCCTCATEEECCR GATCTICTGEREARGCTIGACCARGECIGETCAR
GGATTICCCARRCCTCRTGGGCCATICTTGATCTICTGGAGRAGCTGACCRARAGGCTGGTCRR

ATTCCCRRRCCTCRTGEGCCATICTTGRTCTICTGCAGARGCTGACCRRAGECTEETCAR
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GCTGTTCTTTGCACTATCCATCAGCCTTCAGCCAIGTTGET AGCGATTTGACCGACTICICITCTIGECCARGEETGCARAGACAGTGTACTITGECGATAICGECGRRARCTCCARG
GCTGTTCTTIGCACTAT CCATCAGCCTTCAGCCATGITETICCAGCGATTTGACCCACTICICIICTTGECCARGEET GEARAGACACTGTACTITGGCGATATCEGCGRARACTCCARG
GCTGTTCTTIGCACTATCCATCAGCCTTCAGCCATGITETTCCAGCGATTTGACCCGACTTCICTICTTGECCARGEET GERARRGACAGTGTACTITGGCEATATCEGCGRARACTCCAAG
GCTGTTCTTIGCACTATCCATCAGCCTTCAGCCATGITETICCAGCGATTTGACCEACTICICIICTIGECCARGEET GGARAGACACTGTACTITGECGATATCEGGCGRARACTCCARG
GCTGTTCTTIGCACTATCCATCAGCCTTCAGCCATGITETICCAGCGATTTGACCEACTICICIICTIGECCARGEET GGARAGACACTGTACTITGECGATATCEGGCGRARACTCCARG
GCTGTTCITIGCACTAICCATCAGCCTICAGCCATGITGIICCAGCGATTTGACCGACTICICIICTIGECCARGEETGEARAGRACACTGTACTITGGCGATATCGECE

GCTGTTCITIGCACTAICCATCAGCCTICAGCCAIGITGIICCAGCGATTIGACCGACTICICIICTIGGCCARGGGTGGARRGACAGTGTACTITGGCGATATCGGCGRARRCTCCAAG

ACAATGACGAGC CGGC CACC TG GTTGGAAGTCATTGGCGCCGCTCCTGGATCARCTACG! GACTGG
ACAATGACGAGC CGGEC CACC G TG GTTGGAAGTCATTGGCGCCGCTCCTGGATCARCTRACGGRCATTGACTGE
ACRATGRCGREC CGECEEACACC G TG GTTGEARAGTICATTIGECECCEC GEATCRACTRCGEACATTIGACTGE
LCARTGRCERECTR CGECEGACACC Gt TG GTTGEAAGTCATTEGCECCECTCCTGRATCAACTACGEACATIGACTEE
LCARTGRCERGCTIACTTITGRRCGCARCEECEERCRCC ZARG CCCTG GTTGEAAGTCATTEECECCECTCCTGRATCRACTACGEACATIGACTEE
LCARTGRCERGCIACTITIGARCGCARCGECEEACACCCITECCCCRRAGEARGCRARACCCIC GTTGEAAGTCATTEECECCECTCCTGRATCRACTACGEACATIGACTEE
ACARTGARCERGCIACTTIIGARCGCARCEECEEACACCCITECCCCRRGEARGCARACCCIG GTTGEAAGTCATTEGCGCCECTCCTGRATCAACTACGEACATIGACTEE

TGGCGGGRCAGCCCCGAG GCAGGGCAGTAGCCCGEETC RGGRICCRGGCAGCTAC
TTTCRRRCGTGGCGGGRCAGCCCCG GCAGGGCAGTAGCCCGGTC LGGRTCCRGGCRGCTARC
TTTCARACGTGGCGGGACAGCCCCGAG GCAGGGCAGTAGCCCGGTC GGATCCAGGCAGCTAC
TTTCARACGTGGCGGGACAGCCCCGAG STTCRRRATGRAC L GCAGGGCAGTAGCCCGGTC LGGATCCAGGCAGCTAC
TTTCRRACGTGGCGGGACRGCCCCGAG STTCRRRATGERACTCE L GCAGGGCAGTAGCCCGGTC LGEATCCRAGGCAGCTAC
TTTCARACGTGGCGEEACAGCCCCGAG LTGRARC z GCAGGEECAGTAGCCCEETC ACGERTCCRGECAGCTRC
TTTCARACGTGGCGGEACAGCCCCRAL ACTTCRRRATGERAC 1 GCAGEGECAGTAGCCCEETC LREERTCCREGCAGCTRC

CECGARTTTGCCGCCCCTITCATGRTCCAGCTCARGGAGRATATCTATCGGATCTTTCARCAGTACTGECGARCACCTGTATACATCTATGCCARGACTGCICTTTGCACTCTCETCGCC
AATTTGCCGCCCCTITICATGGTCCAGCTCARGEAGARTATCTATCGEGTCTITCARCAGTE CACCTGIATACATICTIATGCCARGACTGCTCTITIGCACTICTCGTICGECC

TTTGCCGCCCCITICATGGTCCAGCTCR ATRTCTATCGEEETCTITCRRCAGTIRD CACCTGIRIACAICIRTGCCRR TGCTICTITIGCACICTCGTCGCC

TTTGCCGCCCCTITICATGGTCCAGCTC GRRTATCTATCGGETCTIICARCACTACTGECGRACACCTIGIATACRICTIATGCCAR TGCTICITIGCACICTCGICGCC
TTTGCCGCCCCTTTCATGGTCCAGCTC CRRECRG GGCGRACRCCTGIATRACATCTATGCCRR TCTTTGCACTCTCGTCGCC
TTTGCCGCCCCTTTCATGGTCCAGCTC RRTATCTATCGGGTCTTTCRARACAGTACTGGCGRACACCTGTATACATCTATGCCAR TCTTTGCACTCTCGTCGCC
TTTGCCGCCCCTTTCATGGTCCAGCTC GRATRATCTATCGGEGETCTITCRRCAGTRACTGECGRACACCTGTATACATCTATGCCAR TTTGCACTCT! CGCC

TITGCCATTTTCCAGCICCTCACCETATTTGETCARATAGT TCTATGCCC
TITGCCATTTTCCAGCICCTCACCETATTTGETCARATAGT
TITGCCATTTTCCAGCICCTCACCETATTTGETCARATAGT

GC. AETCTATGCCC
TITGCCATTTTCCAGCICCTCACCETATTTGRTCARATAGT GCA

CTATGECCC

CTATTCATCGECTITIATCITCTTICARGECCCCTARCAGTARRCARGECCTTCAGRAD ECRE
GCAGTCTATGCCC

CTATTCATCGEECTITIATCTTICTICARGECCCCTARCAGTRRRCARGECCTTCRAGRACT,
CTATTCATCGEECTIITAICTICTICARGECCCCTARCACTARRCARGRCCTTCAGRACCE
CTATTCATCGEECTIITAICTICTICARGECCCCTARCACTARRCARGRCCTTCAGRACCE

C. AETCTATGCCC
C. AGTCTATGCCC

TCTATGCCC

CTATTCATCGECTITIIAICTICTICARGECCCCTARCACTARRCARGECCTTCAGRACCAGRATGITTGCCATTTTCCAGCICCICACCETATTTGETCARATACT
CTARTTCATCGGCITIAICTICTICARGGCCCCTARCAGTRRACARGGCCTICAGRR ITGCCATTTICCAGCTCCICACCGTATTTGGTCARATAGT
CTATTCATCGGCTTTATCTTCTTCARGGCCCCTRARCAGTRARRCAAGGCCTTCAGRACCAGATGTTIGCCATTTTCCAGCTCCTICACCGTATTTGGTCARATA
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GTGAACCTCCATCCARGETCTACTCTTGCARGGTCTTTATGCTITCTCARATCATTGTCGRAACTICCTIGERACTCEGTTGATGECC
GTGAACCTCCATCCARGETCTACTCTTGCARGGTCTTTATGCTITCTCARATCATTGTCGRAACTICCTIGERACTCEGTTGATGECC

AAGEICIACTCTTGGANGGTCTITATGCTITCICARATCATTGTCGRACTICCTIGGRACTCGTTGATGECC
GICTIACICTIGGARGETCTITIAIGCTITICIC TCATTGTCGARCTICCITGEARCTCGTIGATGGCC
AGGTCITIAIGCTIIICICARATCATTGICGRACTICCTIIGEARCTCGTIGATGGCC

CRETTITATCATTCRRCGATCITICGIAC
CRETTITATCATTCRRCGATCITICGIAC
CRGITTATCATTCRACGRICITICIAC
CRGITTATCATTCRACGRICITICIAC

GTGAACGTCCATCCRRGGICTIACTCT

GTGRACGTCCATCCRAGGTCTACTCT

CRGITTATCATTCRACGRICITICGIA

TGGRA
CRGTTTATCATTCRRCGRTCTITIGTA G TGGRAGGTCTTTATGCTITCTCARATCATTGTCGRACTTCCTIGGRACTCGTTGATGGCC
CAGTTTATCATTCARCGATCTITIGTRCGRG TGAACGTCCATCCARGGTCTACTCTTGGAAGGTCTTTATGCTITCTCARATCATTGTCGAACTTCCTTGGRAACTCGTTGATGGCC

GICAICATGTACTICIGCIG CGCCATTICCGACGGEATGCCGTGGCCERAGCETIGEIGCCCTCATGTITICCTITITITIICTIGCICATGTIICATGCICTIIC

GTCAICATGTACTICTGCTG CGCCATICCGACGEATGCCETEECCGAGCETIEETGCCCTCATGTTCCTITTITICTGCICATETTCATGCTCTTIC

GTCRICATGTACTICTGCTG CGCCATICCGACGEATGCCETEECCGRAGCETIEETGCCCTCATGTTCCTITTITICTGCICATETTCATGCTCTTIC

GTCAICATGTACTICTGCTGETATTACCCTATTGETCTTTACCGCARACGCCATTICCGACGEATGCCETGECCEAGCEIEGTIGCCCTCATGTTCCITTITICTGCICATETTCATGCTCTTIC

GTCAICATGTACTICTGCTGETATTACCCTATTGETCTTTACCGCARACGCCATTICCGACGEATGCCETGECCEAGCEIEGTIGCCCTCATGTTCCITTITICTGCICATETTCATGCTCTTIC

GICAICATGTACTICTGCIGGTIATIACCCIATTGETCTITACCGCARACGCCATICCGACGEATGCCETGGCCEAGCEIGEIGCCCTCATGTTCCITTIIICTIGCICATEITCATGCICTIC
CGRAGCGTG!

GICAICATGTACTICIGCTIGGIATIACCCIATTGEICTITACCGCARCGCCATICCGRCGEATGCCETGET GIGCCCTCATGTTICCTITITCIGCTICATGTITCATGCICTIC

GTACCTTTTCGACCTTTATTIGTIGCCGGATTTG: GAGGCTGG GGCCAATTTGCTCTTTACGCTTTGCTTGATTTTICTGC CCTC
TACCTTTTCGACCTTTATTGTTGCCGGATTTG GAGGCTGE G TTGCTCTTTACGCTTTGCTTGATTTTCTGC CCTC
ACCTTTTCGACCTTIATIGITGCCEEATTTG GAGGCIGE G AATTTGCICTITTACGCTTTGCTTGATTTICTGC CCTC
TACCTTTTCGACCTTTATIGTITGCCGRATTTE GAGGCTEE, GECCAATTTGCTCTITACGCTITGCTTGATTTTCTGCGETGICCTC
TACCTTTTCGACCTTTATIGTITGCCGRATTTE GAGGCTEE, GECCAATTTGCTCTITACGCTTTGCTTGATTTTCTGCGETGT C
TACCTTTTCGACCTITATIGTIGCCGRATTTGA! GAGGCTEE, GECCAATTTGCICTITACGCTTTGCTTGATITTCTGCGETETCCTCRCCACTCCGRAR
TACCTTTTCGACCTITATIGTIGCCGRATTTGAGACGGECCEAGECIGE GECCAATTTGCICTITACECTTTGCTTGATTTTCIGCGETGICCTCGCCACTCCGRAR

ATCITCRAIGIgtaagtcgcccatcattatgoccatgtetecactcaatactatctacagacacgetaactotcagggataghl TIICACCGITTACATAC

RCCCIGCCRCGARTICIGG CCGIG
ACCCTIGCCACGATTCTIGGATICTIICAT {ctaact,cccccat,cat,ca:c:cca:ctctcact.caat.act,at,ct.acacacaccctaaccctcaggga:agk::EIEIIICBCCCTTT' CATAC
RCCCIGCCACGATTCTGGATCTITICATGIgTaagtcgeccatcattatgoccatgtetcactcaatartatoracagacacgetaactetcaggyataghCCGIGTTICACCGTITACATAC
ACCCTGCCACG ATCTTCATGTIgtaagtcgecccatcattatgeccatgteteactecaatactatetacagacacgetaactotecad CCGIGTTITCACCGTTTACATAC
RCCCIGCCRCGA GGRTCITCATGIgtaagtcgcccatcattatgocatgtctcactcaatactatoctacagacacgetaactctcaggyataghCCGIGTTICACCGTTTACATA
ACCCIGCCACGATTCTGGATCITCAIG Ictaac‘tcc‘cccatcattatc::atctctcactcaatactatcta:aca:accctaactctcac‘c‘c‘atac‘ACCC—IC—IIICRCCC—TTTA..ATAC
RCCCIGCCACE] CCEIGITICACCGTTTACATAC

CTCEIGTCEGERCATETTATCTACAGGCETAGCCARCACCARAGTARTCTGCECAGCCARACGARCTECTCAGTTTCEAGCCTCCCTCCARCCAGACCTE AC
CTCEIGTCEEECATCTTATCTACAGGCGTAGCCAACACCARRGTARTCTGCGCAGLC GARCTGECTCAGTTTCEGAGCCICCCTCCARCCAGRACCTGE AC
CICEIG LCREECETIRGD CIGCGCAGCC ARCTECTCAGITICGRAGCCICCCTICCARCCAGACCTGT AC
CICGIGT CGIAGCC CIGCGCAGCC CTGCTCAGITICGAGCCICCCTCCARCCAGRCCTGE AC
CICGIGT GGCGTIAGCCA CIGCGCAGCC CTGCTCAGITICGAGCCICCC CCTIGC AC
CTCGTGT! BGGCGTAGCCA CTGCGCRGCC CTGCTCAGTTTCGAGCCTCCC CCTGC RC
CTICGTIGT! ATGTTATCTACRAGGCGTAGCCARCACCARAGTRATCTGCGCAGED TGCTCAGTTTCGAGCCTCCCTCCARCCAGACCTGC TAC

Figure 16. Continued.
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Figure 16. Continued.
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Figure 17. Virulence of wild-type and mutant isolates of M. anisopliae against rice weevil

adults at 25°C. A. Wild-type isolate AcMa5 and the mutants derived from it.

B. Wild-type isolate PaMa02 and the mutant derived from it.
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Figure 18. Virulence of wild-type and mutant isolates of M. anisopliae against rice weevil
adults at 30°C. A. Wild-type isolate AcMa5 and the mutants derived from it.
B. Wild-type isolate PaMa02 and the mutant derived from it.

97



#A
-
-
* G

Figure 19. The rice weevil, S. zeamais, infected by M. anisopliae. A, AcMa5;
B, AcMa5-gr-1; C, AcMa5-gr-2; D, AcMa5-gr-3; E, AcMa5-ib; F, PaMa(2;
G, PaMa02-1b.
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CHAPTER 5

GENERAL DISCUSSION

Entomopathogenic fungi, Beauveria bassiana, Metarhizium anisopliae and Isaria
fumosorosea, have been widely used as biological control agents which are also
frequently used in IPM programs combined with other control methods such as
chemicals (Shah and Pell, 2003). However, they are susceptible to fungicides applied for
control of plant diseases (Butt et al., 2001; Clark et al., 1982; D’Alessandro et al., 2011;
Loria et al., 1983; Pell et al., 2010; Saito, 1984). Generally, the risk of fungicides on
entomopathogenic fungi are commonly avoided by making intervals between the
applications of each agent (Gardner et al., 1984; Bruck, 2009), however, these intervals is
impractical because time consuming reduces the effectiveness of both agents in the field.
Heat stress is another problem faced by entomopathogenic fungi (Castrillo et al., 2005;
Zimmermann, 2007a, b, 2008). For example, in the temperatures more than 35°C cause
severe negative effect on some traits of entomopathogenic fungi, such as conidial
germination and persistence, mycelial growth, sporulation, and/or infection to the host
insect (Arthurs and Thomas, 2001; Cabanillas and Jones, 2009; Darbro et al., 2011;
Dimbi et al., 2004; Fargues et al., 1997; Inglis et al., 1997; Li and Feng, 2009; Thomas
and Jenkins, 1997; Vidal et al., 1997), which reduces their efficacies in the field.

In tropical countries, pesticides for controlling pest insects and diseases have been
frequently applied where entomopathogenic fungi may be negatively affected. For

example, in Indonesia, insecticides and fungicides were highly used mainly in the central
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of vegetable production areas, such as in Giham, Sumatera, Indonesia (Barral et al.,
2012). In the ornamental production areas, they are also highly used. Chemical residue
on crops and in environment has caused serious problems in Indonesia. The high
temperatures, which reach 35°C or above in tropical areas, also negatively affect to
entomopathogenic fungi (Yasukawa et al., 2009), which may decrease effectiveness of
entomopathogenic fungi. Also elevated temperatures in glasshouses possibly result in
decreased effectiveness of entomopathogenic fungi.

In order to overcome problems from fungicides and heat stress, many scientist have
tried to develop mutants tolerant to fungicides or high temperatures in
entomopathogenic fungi. Fungicide-tolerant mutants have been developed by several
ways, such as selection on chemically amended media (Shapiro-Ilan et al., 2002, 2011;
Butters et al., 2003), by transformation (Pfeifer and Khachatourians, 1992; Inglis et al.,
1999; Bernier et al., 1989; Valadares-Inglis and Inglis, 1997), UV (Kim et al., 2005) or
by exposure to mutagenic agents such as NaNO, (Zou et al., 2006; Song et al., 2011).
Thermotolerant mutants have also been developed; thermotolerant M. anisopliae
mutants were developed using UV-B irradiation (Rangel et al., 2006) and continuous
culture method (de Crecy at al., 1999).

In this study, six benomyl-tolerance mutants of /. fumosorosea (1b-34, 1b-421, Gr-5,
Gr-22, Grlb-8, and GrIb-9), two benomyl-tolerant mutants of B. bassiana (BB22 and
BB24) and five thermotolerant mutants of M. anisopliae (AcMa5-ib, AcMa5-gr-1,
AcMa5-gr-2, AcMa5-gr-3, and PaMa02-ib) were obtained using ion-beam and/or
gamma-ray radiations. Ion-beam and gamma-ray radiations are applied for breeding of
crops and microorganisms (Zengliang, 2006; Anuntalabhocai et al., 2011; Piri et al.,

2011). In this study, ion beams and gamma rays were used to improve the traits of
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entomopathogenic fungi. This study demonstrated that the methods were potentially
useful tools for inducing beneficial mutations in entomopathogenic fungi as biological
control agents.

Five benomyl-tolerance mutants (Ib-34, Ib-421, Gr-5, Gr-22, and Grlb-8) of L
fumosorosea enhanced their tolerance which were more than 2000-fold than those
observed in the wild-type isolate. The tolerance levels were higher than that of ones
previously reported. For example, carbendazim-resistant mutants reported by Song et al.
(2011) exhibited 830-fold more resistance than the wild-type isolate, which were still
less than the five mutants obtained in this study. Meanwhile, two benomyl-tolerance
mutants of B. bassiana enhanced their tolerance which were more than 500-fold
compare to the wild-type isolate. Enhanced benomyl-tolerance in the mutants developed
in this study may be sufficient to avoid the negative effects of benomyl applications in
the field (500 mg I"" is the recommended application rate).

Benzimidazole fungicides, such as benomyl, are negatively cross-resistant to
N-phenylcarbamate fungicides, such as diethofencarb (Fujimura et al., 1992a; Ziogas &
Girgis, 1993; Leroux et al, 1999). In this study, the benomyl-tolerant isolates of
1. fumosorosea showed similar or little more sensitivity to diethofencarb than the
wild-type isolate. On the other hand, the mutants enhanced tolerance to
thiophanate-methyl, another benzimidazole chemical, which may be resulted from
cross-tolerance among benzimidazoles (Davidson et al., 2006; Keinath and Zitter, 1998).
The mutants also showed enhanced tolerance to to chlorothalonil, triflumizole (only
BB22) and iprodione (only BB24) compared with the wild-type isolate. This exhibits
multiple mechanisms conferring tolerance to several different fungicides including

benzimidazoles. All mutants should be screened for undesirable mutations that may
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have occurred alongside the desirable mutation conferring benomyl tolerance.

Mutation sites in the f-tfubulin locus of benzimidazole-tolerant plant pathogenic
fungi have been reported (e.g. Albertini et al., 1999; Baraldi et al., 2003; Chen et al.,
2009; Koenraadt et al., 1992; McKay and Cooke, 1997; Q1u et al., 2011), however, many
studies have stressed on the replacement of the amino acid at position 198 and/or 200
(e.g. Davidson et al., 2006; Fujimura et al., 1992b; Hollomon et al., 1998; Koenraadt
and Jones, 1993; Kongtragoul et al., 2011; Ma et al., 2003; Schmidt et al., 2006; Yarden
and Katan, 1993). Replacement of amino acid at position 198 resulted in high tolerance
to benzimidazole fungicides in the phytopathogenic fungi as reported by Ma et al.
(2003) and Koenraadt et al. (1992). In entomopathogenic fungus B. bassiana, enhanced
tolerance to benzimidazole chemicals was obtained when mutation was occurred at
position 198 with replacement of glutamate with lysine (E198K), glycine (E198G), or
valine (E198V) (Butters et al., 2003; Zou et al., 2006). In this study, replacement of
glutamate with alanin at position 198 (E198A) was observed in the mutants derived
from B. bassiana, confirming that mutation at this position is very important. In contrast,
no mutation in the f-tubulin locus was observed in mutants derived from /. fumosorosea.
The benomyl-tolerance mutants developed by Song et al. (2011) also did not possess
any mutations at the f-tubulin locus. These findings indicate that there are different
mechanisms in mutation of benomyl-tolerance between B. bassiana and I. fumosorosea.

All the thermotolerant mutants resulted different responses to temperatures. Three
mutants (AcMa5-ib, AcMa5-gr-2 and AcMa5-gr-3) derived from wild-type isolate
AcMa5 grew significantly faster than the wild-type isolate and another mutant
AcMa5-gr-1 (Table 17). In contrast, a mutant PaMa02-ib generated from wild-type

isolate PaMa02 grew significantly slower than the wild-type isolate (Table 17). Thus, the
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traits resulted by mutagenesis derived from the same irradiation method could not be
predicted. Different traits of the mutants were also observed in their upper thermal limit.
The wild-type isolate AcMa5 and all its mutants exhibited 37 and 39°C, respectively,
indicating that these mutants enhanced thermotolerance by 2°C (Table 17). Similarly, a
mutant PaMa02-ib exhibited upper thermal limit of 39°C which was higher than that of
the wild-type isolate PaMa02 by 3°C (Table 17). Thermotolerant mutants of M.
anisopliae were also developed by Crecy et al. (1999). Using continuous culture method,
they produced thermotolerant mutants with upper thermal limit at 38°C. The mutants
developed in this study showed 1°C higher in the upper thermal limit than the mutant
developed by Crecy et al. (1999).

This study found no mutation in the sequence of three genes, neutral trehalase locus
(Ntl) (Song et al., 2011), p-tubulin locus (Zou et al., 2006), and the ABC transporter
locus (ifT1) (Leng et al., 2011), which are possibly responsible for thermotolerance of
entomopathogenic fungi. This finding shows that these three genes have no association
with thermotolerance in M. anisopliae.

Ion beams are one of high—Liner Energy Transfer (LET) radiation which shows
higher relative biological effectiveness of lethality, cell inactivation, and higher rate of
DNA double-strand breaks compared to the low LET irradiation such as gamma rays
and X rays (Blakely, 1992; Lett, 1992; Tanaka et al., 2010; Murai et al., 2013;
Yamaguchi, 2013). Among the three mentioned ionizing irradiations, ion beams
produce the highest mutation frequency followed by gamma rays and X rays (Tanaka et
al., 2010; Ahloowali et al., 2004). However, there were little reports on use of ionizing
radiations to develop mutants of entomopathogenic fungi, though exposure of the

entomopathogenic fungus Cordyceps militalis to ion beams successfully generated a
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mutant isolate capable of enhanced production of cordycepin, a medical adenosine
analogue (Das et al., 2008, 2010).

In this study, ion-beam and gamma-ray irradiations are showed as useful tools for
improving traits, such as enhancement of fungicide-resistance in /. fumosorosea or
fungicide-tolerance in B. bassiana, and thermotolerance in M. anisopliae. These methods
potentially produce novel characteristics in entomopathogenic fungi because they cause
a high mutation frequency and a broad mutation spectrum and create point mutations in
genes (Matuo et al.,, 2006; Zengliang, 2006; Tanaka et al., 2010; Toyoshima et al.,
2012). Point mutation is useful to analyse the genes associating with individual traits in
entomopathogenic fungi. For example, we clarified that mutation at codon 198 in
[-tubulin gene associated with benomyltolerance in B. bassiana. By understanding point
mutation of the genes within entomopathogenic fungi, the genes associating with other
traits, such as sporulation ability and virulence, may be specified, including the gene
associated with benomyl-tolerance in I fumosorosea and thermotolerance in M.
anisopliae.

In this study, three kinds of insects, the tobacco whitefly (Bemisia tabaci), the onion
thrips (Thrips tabaci) and the rice weevil (Sitophilus zeamais), were used in virulence
tests for the mutants. Both the tobacco whitefly and the onion thrips are important pests
because of their wide host-range and chemical resistance (Oliveira et al., 2001; Perring,
2001; Reitz et al., 2011; Sakimura, 1947; Cortés et al., 1998; Hsu et al., 2010; Wijkamp
et al.,, 1995). Therefore, in this study, the two insect species were used for virulence
tests in 1. fumosorosea and B. bassiana mutants, respectively. Meanwhile, the rice
weevil was not a target of M. anisopliae mutants because the insect is in stored grain

pests (Tefera et al, 2011; Caneppela et al., 2003). However, a wild-type of M.
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anisopliae was originally isolated from a scarab (Coleoptera), so that the rice weevil
was used for virulence tests in M. anisopliae mutants. Further studies are needed to
examine virulence of each fungal mutant using other important pests belonging to order
Lepidoptera, Coleoptera, Homoptera, Thysanoptera, etc.

As described in each chapter, undesirable mutations were observed for conidial
production, germination ability, and virulence in the mutants generated by ion beams or
gamma rays. Therefore, the resulting mutants should be carefully evaluated for

unpredictable negative effects (Shapiro-Ilan et al., 2011) before field application.
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CONCLUSION

Ion-beam radiation is a useful tool for improving traits, such as enhancement of
fungicide resistant in I fumosorosea or fungicide tolerance, in B. bassiana and
thermotolerance on M. anisopliae. This radiation method potentially produced novel
characteristics in entomopathogenic fungi. However, because mutant entomopathogenic
fungi can show unpredictable negative trait changes, the resulting mutants should be

carefully evaluated for other traits.
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