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GENERAL INTRODUCTIONS



Hosts and their parasites interactions

Hosts and their parasites share a long history of association in the common habitats where

they endure similar environmental conditions. In the long history, they are interacted each

other and evolved. Among them, the types of associations between hosts and their

parasites are divided into two groups: interaction in which parasite act as pathogen against

insects, and interaction in which parasite form mutualistic associations with insects. In

the former, it was though that hosts and their parasites have each strategy to obtain their

fitness. Various studies reported that parasites change the specificity, virulence and

behaviors against their hosts in their interactions (e.g. Bridge, 1997, Leal et al., 1997, St.

Leger, 1992, Alizon et al., 2009 and Webster, 2007). And also in entomopathogens,

several studies reported that fungal pathogen often alter or manipulate their host’s

behavior. Fungal pathogen, Ophiocordyceps unilateralis sensu lato, could control insect

brains and manipulate their behavior to reach death locations that are optimal for spore

dispersal (Andersen et al., 2009). Unlike normal behavior, infected ants walk alone and

erratically climb to a certain height in the vegetation, and then bite leaf margins in

rainforests and twigs in temperate woods and transition from wandering to biting takes

place synchronously within 11:00-14:00 h possibly in association with a solar cue

(Bekker et al., 2014 and Hughes et al., 2011). Infected pea aphids, Acyrthosiphon pisum,
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were moved to the undersides of leaves by Pandora neoaphidis infection (Jensen et al.,

2001), and Lecanicillium longisporum infection caused an increase in activity at the

beginning of mycosis against green peach aphid, Myzus persicae (Roditakis et al, 2008).

It is thought that these alterations or manipulations for the behavior were strategy of

entomopathogenic fungi for diffuse fungal pathogens. On the other hand, some behavior

alteration contributes as host defense mechanisms from the pathogen attack. In order to

prevent fungal infection, infected hosts (e.g. grasshopper and flies) altered their

thermoregulatory behavior and showed a behavioral fever response to fungal pathogens

(Carruthers et al., 1992, Watson et al., 1993, Blanford et al., 1998 and Ouedraogo et al.,

2004). These phenomena might be occurred by co-evolution between insect hosts and

their fungal pathogens. In insects and pathogens co-evolution, whereas selection pressure

of fungal pathogen is greater exploitation of the host, selection pressure of insect host is

for greater overcoming the pathogen (Roy et al., 2005 and Baverstock et al., 2010).

Regardless of their strategy and/or fitness, it was reported that fungal pathogens alter their

hosts behaviors in several studies. M. anisopliae infection reduced blood feeding and

fecundity against An. gambiae (Scholte et al., 2006), and Beauveria bassiana showed not

only lethal effect but also sub-lethal effects such as reduction of response to the frequency

of glucose and blood feeding against Anopheles stephensi (Blanford et al., 2011).



Probably, behavioral alterations by fungal pathogens might generally exist on each host-

fungus pair in a nature. Although these interactions and mechanisms are interest points in

evolutionary biology, understanding the fundamental behavioral processes that occur

between insect hosts and fungal pathogens is also essential for insect pathology to exploit

entomopathogenic fungi as biological control agents.

History of entomopathogenic fungi

Historically, entomopathogenic fungi especially Beauveria spp. had been recognized as

disease against beneficial insects (e.g. silkworm and honey bee). Rehner (2005) reviewed

that Beauveria spp. was discovered at a time when the existence of fungi and other

microbes and their biological roles, particularly as agents of plant and animal diseases,

were first being discovered. The Italian lawyer and scientist, Agostino Bassi (1773-1856)

first found that the cause of the disease of silkworm in microorganism in 1834, and then

the disease was formally name the muscardine fungus Botrytis bassiana (later named

Beauveria bassiana) in honor of Bassi, facilitating scientific and technical

communications about organism confirming the etiology of the disease. Additionally,

scientific studies by Agostino Bassi demonstrating that Beauveria was the infectious

disease agent that caused the white muscardine disease of silkworm were important



antecedents to the germ theory of disease, arguably one of the most significant theories

in the history of science. In the study of Bassi’s inoculation confirming the etiology of

the disease, it was reported that this disease was not restricted to silkworm but also caused

disease in other insect species by Audoin in 1837. After several decades,

entomopathogenic fungi had begun to be recognized as beneficial agent for controlling

agricultural pests. In second half of the nineteenth century, Metchnikoff in 1879 and

Krassilstschik in 1888 first reported that mass-produced Metarhizium anisopliae was

tested preparations for control of the wheat cockchafer, Anisoplia austriaca, and

sugarbeet curculionid, Cleonuspu punctiventris (Gillespie, 1988). In brief, although

investigation of Beauveria was instigated by the need to protect a beneficial domesticated

insect, Beauveria is also an important natural pathogen of insects, its hosts including

many economically important insect pests. As a result, a great deal of research on

entomopathogenic fungi has been motivated, and then various species of

entomopathogenic fungi such as B. bassiana and M. anisopliae are studied and used for

the control of several agricultural insect pests. However, the discovery and use of

chemical insecticides in the 1940s overshadowed the potential of entomopathogenic fungi.

Thereafter, development of insecticide resistance was a serious problem around the world,

and entomopathogenic fungi have been focused on agriculture again, as an alternative

10



approach to insect pest control.

Entomopathogenic fungi as biocontrol agent

Several species of entomopathogenic fungi were commercialized worldwide and used for

very wide range insect families, e.g. Aleyrodidae (Ignoffo and Anderson, 1979),

Chrysomelidae (Kreutz et al., 2004, Wraight et al., 2001 Feng et al., 1994, Ferron, 1981

and Ignoffo and Anderson, 1979), Curculionidae (Feng et al., 1994), Crambidae (Wraight

etal., 2001), Scarabaeidae and Noctuidae (Copping et al., 2004), Alyeyrodidae, Thripidae,

Tetranchidae and Aleyrodiae (Shternshis, 2004 and Alves et al., 2003), Tortricidae (Feng

et al., 1994, Ferron, 1981 and Ignoffo and Anderson 1979), Muscidae (Kaufman et al.,

2005), Crambidae (Hajek et al., 2001, Shah and Goettel, 1999), Miridae, Cicadellidae,

Fulgoridae, Aleyrodidae, Aphididae, Pseudococcidae, Psyllidae, Thripidae and

Tettigoniidae (Kabaluk and Gazdik, 2005, Wraight et al., 2001) , Castniidae (Alves et al.,

2003), Cerambycidae (Hajek et al., 2001, 2006 and Wraight et al., 2001), Ericophyidae

(Copping, 2004, Kumar and Singh, 2001, McCoy, 1978 and 1996), Culicidae (Scholte et

al., 2004), Kalotermitidae, Rhinotermitedae and Termopsidae (Wraight and Carruthers,

1999 and Rath, 1995), Battellidae and Blattidae (Evan, 2003, Hajek et al., 2001 and

Gunner et al., 1995), Cercopidae (Alves et al., 2003), and Pyrgomorphidae (Pettit and

11



Jenkins, 2005 and Bateman, 1997), reviewed by (Faria and Wraight, 2007). Moreover,

they are also act as fungal endophyte and plant disease antagonists. Some fungal

endophytes protect host plants against plant pathogens and herbivores (Arnold et al., 2003

and Arnold and Lewis, 2005), and many fungi traditionally known as insect pathogens

have been isolated as endophytes, including Beauveria and Isaria spp. (Vega et al., 2008).

Some entomopathogenic fungi such as B. bassiana and Lecanicillium spp. also are

antagonistic to plant disease, e.g. powdery mildews, green mold and Rhizoctonia solani

(Askary et al., 1998, Benhamou and Brodeur, 2001, Kim et al., 2008, Ownley et al., 2004

and 2008). Moreover, Lecanicillim spp. also have pathogenicity against plant parasitic

nematodes (e.g. cyst nematode) (Shinya et al., 2008a, 2008b and 2008c). It seems likely

that entomopathogenic fungi can be used in multiple roles in protecting plants from pests

and diseases.

Entomopathogenic fungi have two groups, Entomophthorales as specialist and

Hyphomycetes as generalist based on the spectrum of host, and they include more than

700 known fungal species from 100 genera (Hajek, 2004), most of the commercially

produced fungi are species of Beauveria, Metarhizium, Lecanicillium and Isaria spp. that

are relatively easy to mass produce (Vega et al, 2009). Hyphomycetes have numerous

advantage for use as biological control agents. First, they are cosmopolitan fungi,

12



relatively easy to recognition, and frequent appearance in nature. Second, they have the

extremely broad host range. Especially, B. bassiana is known to infect more than 700

species of insects (Goettel et al., 1990), and its wide variation in virulence toward

different insect hosts. Third, they are an extremely tractable organism because it is easily

isolated from insect cadavers or from soil by using simple media, antibiotics, and selective

agents (Beilharz et al., 1982 and Chase et al., 1986), and by baiting soil with insects

(Zimmermann, 1986). Additionally, they flourish in the laboratory on simple media

(Goettel and Inglis, 1997) and can be conserved by storage in glycerol solutions at ultra-

low temperatures or by freeze-drying (Humber, 2001). Hyphomycetes include about 20

genera of entomopathogenic fungi, e.g. Beauveria spp., Metarhizium spp., Lecanicillium

spp., Isaria spp., Aschersonia spp., Nomuraea spp. and Hirsutella spp. which causes of

muscardine disease of insects, and they are used for control of agricultural insect pests

widely around the world. During the last four decades, 171 fungal biocontrol agents have

been commercialized by over 80 companies worldwide. Among them, the 6 fungal

biocontrol agents have been resisted and marketed in Japan (Faria and Wraight, 2007).

Furthermore, entomopathogenic fungi have been used for not only the agricultural pests

but also sanitary insect such as ticks, tsetse flies and assassin bugs (Kirkland et al., 2004,

Maniania et al, 2013 and Vazquez-Martinez et al, 2014).
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Vector borne diseases and insecticide resistance

Vector borne diseases are remaining as a major public health, and the pathogens are

transmitted by the blood feeding of arthropod species, such as mosquitoes, ticks and

assassin bugs. Vector mosquitoes are closely associated with mankind since time

immemorial and play an important role in the transmission of various diseases such as

malaria, Japanese encephalitis, filariasis, dengue and yellow fever. Especially, malaria is

the most serious vector borne disease in the world (WHO, 2015). Malaria remains an

important cause of illness and death in countries in which it is endemic. Malaria control

is mainly conducted by vector control and prompt treatment with effective antimalarial

agents. Chemical insecticides targeting to the vector have been one of the most successful

strategies employed for malaria control (Hemingway and Ranson, 2000). Although DDT

and pyrethroid insecticide have been mainly used for the vector control, the effectiveness

and sustainability of insecticide-based interventions, such as indoor residual sprays (IRS)

and insecticide-treated nets (ITNs), are being undermined by development of insecticide

resistance (Hemingway and Ranson, 2000 and Hargreaves et al., 2000). It was reported

that the evidence of accumulation of malaria vector resistance to commonly used

insecticides in several malaria endemic countries worldwide, including Burkina Faso,

Cote d'Ivoire, South Africa, Ghana, Equatorial Guinea, Angola, Gabon, Benin, Ethiopia

14



and Congo—Brazzaville (WHO, 2012). The development of insecticides resistance might

jeopardize the current vector control efforts. Hence, knowledge of vector resistance is the

basic elements to guide insecticide selection and use in the vector control programs (Van

Bortel et al., 2008). Now establishment of alternative non-chemical approaches were

required, and the World Health Organization (WHO) strongly recommends the

simultaneous use of different vector control tools and this has formulated the basis for

Integrated Vector Management (IVM) strategies (van den Berg et al., 2011).

Alternative approach for vector mosquito control

IVM is defined as a rational decision-making process for the optimal use of resources for

vector control and includes five key elements: 1) evidence-based decision-making, 2)

integrated approaches 3), collaboration within the health sector and with other sectors, 4)

advocacy, social mobilization, and legislation, and 5) capacity-building. In integrated

approach among them, integration of an alternative (non-chemical) and chemical vector

control methods is required (Beier et al., 2008). In an alternative approach, biological

control agents primarily involve the use of Bacillus thuringiensis ( Fillinger and Lindsay,

20006), larvicidal fishes (Chandra et al., 2008), and aquatic fungi (Scholte et al., 2004)

against mosquito larvae. Entomopathogenic fungi are also used for the vector mosquito

15
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control. In control of mosquito larvae stage, entomopathogenic fungus Aspergillus flavus

was reported having pathogenicity against mosquito species Aedes fluviatilis and Culex

quinquefasciatus (Moraes et al., 2001), and Aspergillus clavatus have pathogenicity to Ae.

aegypti, An. gambiae and Culex quinquefasciatus (Seye et al., 2009). Clark et al. (1968)

reported that the conidia of B. bassiana are effective in killing mosquito larvae when

applied as a conidial dust to the water surface of breeding sites. However, mosquitoes

have a variety of habitation places depending on the growth stage. For instance, the larval

habitats include not only hydrosphere of the large quantity of wetlands but also a little

puddle such as an empty can, an old tire and the wheel track (Scholte et al., 2004). It was

difficult to effectively control the larvae stage. On the other hand, in the cause of targeting

to the adult stage, we could restrict control area (e.g. indoor house and shed for animals).

Over the last decade, there has been increasing focus on the use of entomopathogenic

fungi to control adult mosquitoes (Scholte et al., 2003 and Scholte et al., 2004). This

approach uses fungal entomopathogens as novel active ingredients in biopesticides

(Blanford et al., 2005). Unlike other biocontrol agents (such as bacteria, microsporidia

and viruses), these fungi infect and kill insects without needing to be ingested. Tarsal

contact alone is enough to kill the mosquito, which is a characteristic that is shared with

insecticidal chemicals (Farenhorst et al., 2010). This characteristic is expected to be an

16
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important factor for controlling adult mosquitoes. For instance, Scholte et al. (2005)

developed a practical system for the delivery of the fungus Metarhizium anisopliae to

adult Anopheles gambiae by using oil-based conidia-impregnated cotton sheets in the

houses of rural villages in Tanzania and it could infect 23% of female An. gambiae resting

on the cloths, shortening the average mosquito life span by 4 to 6 days compared with

controls (Scholte et al., 2005). In the study of laboratory, 6 fungal isolates were shown to

induce mosquito mortality of more than 80% within 14 days (Blanford et al., 2005).

Furthermore, it was reported that the insecticide-resistant strains of An. gambiae were

more highly susceptible to infection of B. bassiana and M. anisopliae than the insecticide-

susceptible strain of An. gambiae (Farenhorst et al., 2010). This finding is important in

considering the involvement of entomopathogenic fungi in IVM activities in situations

where resistance to synthetic insecticides is evident.

The objects in this doctoral dissertation

Understanding of relationship between vector mosquitoes and entomopathogenic fungi is

beneficial information for vector mosquito control. I have mainly three question between

vector mosquitoes and entomopathogenic fungi. How do the mosquitoes and fungi

interact each other on an ecological system and the natural environment? How do the

17
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fungi invade in the mosquitoes, and then kill them? Do the fungi have some kind of effects

excluding lethal effect against the mosquitoes? Although these elucidations are extremely

interesting in ecology and evolutionary biology, these understanding will also become the

powerful weapon for mosquito control. In previous studies for several decades, numerous

researches of the mosquito control by entomopathogenic fungi have been conducted.

However, there are only few studies that elucidated the relations between vector

mosquitoes and entomopathogenic fungi. These new findings will be applied to

establishment of efficient and practicable control of vector mosquitoes.

In this doctoral dissertation, I would describe novelty aspect for understanding

the relationship between the vector mosquito and entomopathogenic fungi. In order to

obtain the information between mosquitoes and entomopathogenic fungi in a natural state,

entomopathogenic fungi were isolated from wild mosquitoes collected in Japan and

Burkina Faso and the original fungal library which is specialized against vector mosquito

control was established (Chapter I). And to screen useful candidates as microbial control

agent (e.g. high virulence and infectivity), 69 fungal isolates isolated from the wild

mosquitoes were applied to bioassay against An. stephensi (Chapter I). Subsequently, to

understanding of infection dynamics between An. stephensi and B. bassiana sensu lato

60-2 (which showed highest virulence and infectivity in Chapter I) by tarsus inoculation

18



method, fungal adhesion parts to mosquito body and fungal invasion rate to each

mosquito parts were evaluated. Additionally, fungal invasion rates to each mosquito parts

were compared with mortality and infection level to detect lethal factor (Chapter II).

Finally, to elucidate some kind of effects by entomopathogenic fungi infection against the

mosquitoes, the host searching behaviors to each attractant, blood feeding and egg

production were evaluated (Chapter III). These works might be able to elucidate the

relationships between the mosquitoes and entomopathogenic fungi and also the total

performance of entomopathogenic fungi as the vector control agent.
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Chapter I

Evaluation of the pathogenicity and infectivity of entomopathogenic
fungi, isolated from wild mosquitoes in Japan and Burkina Faso,

against female adult Anopheles stephensi mosquitoes

20



I-1. Introduction

Entomopathogenic fungi, including Beauveria spp., Metarhizium spp., Isaria spp., and

Lecanicillium spp., are already being produced commercially for use against a large

number of agricultural insect pests worldwide ( Faria and Wraight, 2007). M. anisopliae

and B. bassiana are effective at killing both chemical insecticide-resistant and insecticide-

susceptible adult mosquitoes (Howard et al., 2010). Currently, vector mosquito control

using entomopathogenic fungi is under intense investigation. However, most published

studies have used entomopathogenic fungi isolated from species other than those

belonging to the mosquito family Culicidae. Therefore, information remains limited about

the relationship between mosquitoes and entomopathogenic fungi in the natural state.

Only a few entomopathogenic fungi isolated from wild mosquitoes have been listed in

culture collection institutes worldwide. For instance, only 40 isolates in the United States

Department  of  Agriculture-Agricultural Research  Service  Collection  of

Entomopathogenic Fungi, three isolates in the American Type Culture Collection, and

four isolates in the Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre are

listed as entomopathogenic fungi isolated from mosquitoes. Furthermore, B. bassiana is

not included among these entomopathogenic fungi. Beauveria is one of the most

frequently isolated entomogenous fungal genera because of its cosmopolitan distribution
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(Rehner et al., 2011). Although Beauveria has a very broad host range, the natural

occurrence of Beauveria in or on mosquitoes has only been reported in a limited number

of studies. For instance, B. bassiana was isolated from Culex pipiens larvae (Kal'vish and

Kukharchuk, 1974), while Beauveria tenella was found to be a naturally occurring

pathogen in field populations of Aedes sierrensis larvae (Pinnock et al., 1973). In addition,

Beauveria sp. was isolated from wild adult mosquitoes of the species Cx. tarsalis, Cx.

pipiens, and An. albimanus (Clark et al., 1968). Other fungal species also infect mosquito

larvae in the natural state, including Metarhizium spp., Paecilomyces spp., and

Lecanicillium sp. (Scholte et al., 2004). However, there is a paucity of previous reports

about these species infecting adult mosquitoes. Thus, fundamental and multilateral

understanding about the ecological state of the mosquito—entomopathogenic fungi

relationship may make valuable contributions to the biological control of vector

mosquitoes.

In this study, we aimed to understand the natural state of the relationship between

mosquitoes and entomopathogenic fungi. Specifically, entomopathogenic fungi were

isolated from wild adult mosquitoes collected in a temperate non-malaria endemic

country (Japan) and from a malaria endemic country (Burkina Faso). These specimens

were used to establish a specialized culture library of entomopathogenic fungi obtained
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from mosquitoes. Furthermore, the virulence and infectivity of these fungal isolates
against An. stephensi were evaluated. The results of this study are anticipated to help

identify promising isolates as fungal biopesticides against malaria vector mosquitoes.

Materials and methods

1-2.1. Collection of adult mosquitoes in Japan

Adult mosquitoes were collected between Jun. 2009 and Sept. 2009 in Hokkaido, Japan,
using sweeping techniques and human bait or the Center for Disease Control Light Trap
(CDC-LT) with dry ice. Collected mosquitoes were killed by refrigeration at —30 °C to
maintain the mycobiota located inside the body and on the external body surface of the

insects in a viable condition until fungal isolation.

1-2.2. Collection of adult female An. gambiae sensu lato in Burkina Faso

Adult female An. gambiae were collected during the dry season (Nov. 2008 and 2009) in
the villages of Goden and Koubri, Burkina Faso. Mosquitoes were collected from the
inside of houses built of brick. A cloth was unfurled on the floor, and the house was

sprayed with insecticide (KALTOX®: containing 0.27 % Allethrin, 0.2 % Tetramethrin,

23



0.17 % Permethrin, and 0.68 % Propoxur). After a few minutes, dead mosquitoes fell on
the cloth. Only female An. gambiae were selected and packed in test tubes that were

chilled until fungal isolation (~4 °C).

I-2.3. Fungal isolation and morphological identification

Frozen mosquitoes collected on the same date and from the same location were placed in
the same plastic tube containing 1.0 ml sterile distilled water, and were homogenized
using a pestle. The resulting suspensions, which contained from 1 to 52 individuals, were
plated on selective medium for entomopathogenic fungi. The medium contained 10 g
glucose, 10 g peptone, 15 g Oxygal, 60 mg Rose Bengal, 0.5 g chloramphenicol, 10 mg
dodine, 0.25 g cycloheximide, 60 mg streptomycin, 60 mg penicillin G potassium, and
30 g agar 1! sterile distilled water (Goettel and Inglis, 1997). A 0.2 ml volume of the
suspension was plated on five separate plates. The plates were incubated at 24 °C in the
dark for approximately 12 days. The fungal colonies that grew on the medium were then
transferred to potato dextrose agar (PDA) plates. The fungal isolates detected from
mosquitoes were identified using morphological and molecular-based techniques. All
fungal isolates were stored in 25 % glycerol solution at —80 °C. Morphological

identification to the genus level was conducted by the slide culture method under a light
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microscope (Leica: DMI 3000B) at 200—400x magnification.

Furthermore, frozen mosquitoes from Japan were surface-sterilized by

sequential washes in 70 % ethanol for 1 min, rinsed twice with sterile distilled water for

1 min, and allowed to surface dry under sterile conditions. The specimens were then

transferred to separate plastic tubes containing 0.2 ml of sterile distilled water.

Subsequently, each mosquito was homogenized in the tubes. The same methods described

above were followed for isolation and identification. After the second rinse with sterile

distilled water, the samples were plated on entomopathogenic fungi selective medium,

and then fungal growth was checked to ensure that sterilization had been successful.

1-2.4. Fungal isolation from the puddle water of a Japanese mosquito breeding site

Puddle water was collected from a Japanese mosquito breeding site. A 0.2-ml volume of

water was plated on entomopathogenic fungi selective medium. The same methods

described above were followed for isolation and identification. This experiment was

conducted with 10 replicates, and the fungal colonies on each plate were counted.

1-2.5. Molecular-based identification

For molecular-based identification, genomic DNA was extracted using the method
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described by Saitoh et al. (2006). PCR primers used for the universal fungal amplification
of the internal transcribed spacer (ITS) region were ITS 5 (5'-
TCCGTAGGTGAACCTGCGG-3) and ITS4 (5'-TCCTCCGCTTATTGATATGC-3')
(White et al., 1990). The PCR mixture (20 pl) contained 0.1 U Taq DNA polymerase
(Takara Bio Inc., Japan), 1x PCR buffer, 0.2 mM of each dANTP, 10 uM of each primer,
and 1 pl of the template DNA. PCR was performed in a GeneAmp® PCR System 9700
(Applied Biosystems, Tokyo, Japan). Thermal conditions were as follows: denaturing at
94 °C for 2 min; 40 cycles at 94 °C for 30 s, 57 °C for 30 s, 72 °C for 1 min; and a final
extension at 72 °C for 7 min. Then, the PCR products were purified using Nucleospin®
Extract Il (Takara Bio Inc., Japan), according to the manufacturer's instructions.
Amplified PCR products were run on 2 % agarose gel, stained with ethidium bromide,
and the amplicons were visualised under UV light. Then, the PCR products were
sequenced using a 3730xl DNA Analyzer with a Big Dye Terminator v3.1 (Applied
Biosystems, Tokyo, Japan). Species were identified by database searches using the
BLAST sequence analysis tool (http://blast.ncbi.nlm.nih.gov/blast.cgi). The ITS

sequence was compared using nucleotide BLAST (blastn). Species identification was

determined from the lowest expected value of the BLAST output.
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1-2.6. Mosquito rearing

The larvae of An. stephensi were reared for approximately 12 days in plastic cups (8 cm
in diameter and 4.5 cm in height or 10.5 cm in diameter and 6 cm in height) that were
filled with tap water. Subsequently, the larvae were transferred to plastic trays
(20.5 x 26.5 x 4.5 cm). The larvae were fed daily with Hikari Economy® fish food. The
pupae were collected daily and transferred to mesh cages (27 x 27 x 27 cm). Adults that
emerged were fed a 10 % (w/v) sucrose/water solution ad libitum. At all developmental
stages, mosquitoes were kept in an incubator (27 £ 0.4 °C and a 12-h light:dark [L:D]
photoperiod). For the bioassay, 4-6-days-old female adult mosquitoes were transferred
from the adult cage to a glass bottle (2.7 cm in diameter and 12 cm in height) using a

mouth aspirator.

I-2.7. Fungal preparation

The fungal isolates from wild mosquitoes were cultured on a 90 mm PDA plate at 24 °C
in the dark for 10-15 days. The spore concentration was adjusted to 1.3 x 107 conidia
ml ™! in 0.05 % Tween 20 solution. One milliliter of this suspension was pipetted evenly
over a 90 mm diam filter paper, resulting in conidial densities of 2.0 x 10'° conidia/m?.

This filter paper was then placed in the lid of a 90-mm-diameter Petri dish. After
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inoculation, the viability of the conidia was assessed by placing the conidial suspension

on a 1.5 % water agar (WA) plate and incubating it at 24 °C in the dark for 48 h.

Subsequently, the plate was observed under a light microscope at 200x magnification to

determine the proportion of germinated conidia. Three hundred conidia were evaluated

from each replicate. The germination rate of all fungal isolates used in this study was

more than 93.6 %.

1-2.8. Preliminary bioassay for evaluating the virulence and infectivity of

entomopathogenic fungi against An. stephensi

A bioassay was conducted to evaluate the virulence and infectivity of 36 fungal isolates

from Japan without surface sterilization, 10 fungal isolates from Burkina Faso without

surface sterilization, and 23 fungal isolates from surface-sterilized mosquitoes from Japan

against laboratory-reared adult female An. stephensi (Table 1-1). Thirty mosquitoes were

transferred from the adult cage to an acrylic bottle and were anesthetized with carbon

dioxide gas. The mosquitoes were transferred to a Petri dish that was prepared as

described in the previous section and were placed in direct contact with the fungal

inoculum on the filter paper. After recovering from the anesthesia, the mosquitoes were

allowed to walk on the inoculum for 30 min. After exposure, the mosquitoes were
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transferred to bottom-meshed assay tubes (8.5 cm in diameter and 9.5 cm in height),

which were sealed with nylon socks with the toe part cut off (Farenhorst and Knols, 2010).

The mosquitoes were keptat 27 + 0.4 °C, 72 + 1 % relative humidity and a 12 h light:dark

photoperiod. They were fed with 10 % (w/v) sucrose/water solution ad libitum. Mortality

was monitored daily, until all mosquitoes were dead. Cadavers were then frozen at =30 °C.

This experiment was conducted using two separate replicates.

Thirty frozen mosquitoes from the virulence assay were immersed in 70 %

ethanol for 1 min, rinsed twice in sterilized water for 1 min, and incubated ona 1.5 % WA

(water agar) plate at 24 °C in the dark. After 10 days, the mosquitoes were assessed for

hyphal growth using an inverted microscope. The sporulation rate of the 30 mosquitoes

was also assessed. This experiment was conducted after each virulence assay.

1-2.9. Bioassay for selected isolates that showed higher virulence and/or infectivity

against female adult An. stephensi

After the bioassay for virulence and/or infectivity, the isolates that showed higher

virulence and/or infectivity were selected to conduct three additional replicate

experiments using the same technique as that used to estimate the survival rate of

mosquitoes. Eleven isolates from Japan without surface sterilization, three fungal isolates

29


http://www.sciencedirect.com/science/article/pii/S1754504815000094#bib12

from Burkina Faso without surface sterilization, and 12 isolates from surface-sterilized

mosquitoes from Japan were selected. In total, 26 isolates were used in the bioassay

(Table 1-2).

1-2.10. Statistical analysis

For all treatments, median survival time (MST) and survival rates were determined using

Kaplan—Meier survival analyses, with significant differences between treatments and

controls estimated using a log rank test. Abbott's formula was used to correct for natural

mortality in all bioassays. The mortality rate of adult female mosquitoes between

treatment and control groups was analyzed using ANOVA. When the F test was

significant at P <0.01, the treatment means were compared using Tukey's honestly

significant difference test. Arcsine transformation was used for all percentage datasets.

I-3. Results

1-3.1. Japan: Isolation of entomopathogenic fungi from wild mosquitoes without

surface sterilization

A total of 1026 individuals of Aedes spp. and 12 individuals of Culex spp. from Japan
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were used to isolate entomopathogenic fungi. In total, 5366 fungal colonies were isolated

on selective medium, including Cladosporium spp., Aspergillus spp., Geomyces spp.,

Microascus spp., Pseudocercospora spp., Trametes spp., Peniophora spp., Acremonium

spp., Penicillium spp., Stachybotrys spp., Neonectria spp., and Fusarium spp. Of these

colonies, 237 isolates of entomopathogenic fungi were identified as 81 isolates of B.

bassiana s.1., four isolates of B. brongniartii, 29 isolates of Isaria farinosa, one isolate of

Isaria sp., 14 isolates of Lecanicillium araneicola, 95 isolates of Lecanicillium spp., four

isolates of Paecilomyces carneus, eight isolates of Simplicillium lamellicola, and one

isolate of S. lanosoniveum (Table 1-3).

1-3.2. Burkina Faso: Isolation of entomopathogenic fungi from wild mosquitoes

without surface sterilization

A total of 1685 female adults of An. gambiae were collected in Burkina Faso and used for

fungal isolation. In total, 13080 fungal colonies were detected on the selective medium

for entomopathogenic fungi, including Cladosporium spp., Aspergillus spp., and

Pseudocercospora spp. Of these colonies, 94 isolates of entomopathogenic fungi were

identified as three isolates of B. bassiana s.1., one isolate of 1. farinosa, 77 isolates of L.

araneicola, and 13 isolates of S. lanosoniveum ( Table 1-4).
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1-3.3. Japan: Isolation of entomopathogenic fungi from surface-sterilized wild
mosquitoes

A total of 447 individuals of Aedes spp. and 5 individuals of Culex spp. from Japan were
used for the isolation of entomopathogenic fungi. In total, 731 fungal colonies were
detected on the selective medium for entomopathogenic fungi. Of these colonies, 64
isolates of entomopathogenic fungi were identified as 40 B. bassiana s.l. isolates, one
isolate of I. farinosa, one isolate of I. fumosorosea, and 22 isolates of Lecanicillium spp.
( Table 1-5). The latent infection rate among active mosquitoes (which were captured live
using a hand net) was 4.7 %. Moreover, two co-infection cases were observed, in which

both B. bassiana s.l. and Lecanicillium sp. were isolated from one individual.

1-3.4. Fungal isolation from the puddle water of a Japanese mosquito breeding site
B. bassiana s.1., Lecanicillium spp., and Isaria spp. were obtained from the puddle water
at a Japanese mosquito breeding site at a density of 1.5 CFUml !, 8.0 CFUml !, and

3.0 CFU ml ™, respectively.

1-3.5. Preliminary bioassay to evaluate the virulence and infectivity of

entomopathogenic fungi against female adult An. stephensi
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In the preliminary bioassay for virulence of 36 fungal isolates from Japan without surface

sterilization, nine isolates of B. bassiana s.l., two isolates of B. brongniartii, six isolates

of Lecanicillium spp., four isolates of /. farinosa, and two isolates of P. carneus showed

significantly higher mortality against An. stephensi compared with the control (P < 0.001).

Of these isolates, B. bassiana s.l. isolates 26-8, 31-37, 58-11, 59-45, and 60-2 and

Lecanicillium sp. isolates 27-15 and 63-15 killed more than 90 % of An. stephensi within

14 days of exposure. B. bassiana s.l. isolate 60-2 showed the highest virulence of all

isolates. The MST ranged from 6.2 to 18.3 days for adults treated with fungi and was

19.5 days for the control (Table 1-1).

In the preliminary bioassay of 10 fungal isolates from Burkina Faso without

surface sterilization, two isolates of B. bassiana s.l. and three isolates of S. lanosoniveum

significantly reduced the survival rates of An. stephensi compared with the control

(P <0.001). B. bassiana s.I. 99-1 showed the highest virulence of all isolates from

Burkina Faso without surface sterilization. The MST ranged from 8.6 to 12.1 days for

adults treated with fungi and was 17.0 days for the control (Table 1-1).

In the preliminary bioassay of 23 fungal isolates from the surface-sterilized

mosquitoes from Japan, 10 isolates of B. bassiana s.1., four isolates of Lecanicillium spp.,

and one isolate of 1. fumosorosea resulted in significantly reduced survival rates of An.
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stephensi compared with the control (P < 0.001). Of these isolates, only B. bassiana s.1.

A-9-3-3 killed more than 90 % of An. stephensi within 14 days of exposure. B. bassiana

s.l. A-9-3-3 showed the highest virulence of all isolates from surface-sterilized

mosquitoes from Japan. The MST values ranged from 6.3 to 16.2 days for the adults

treated with fungi, with the MST value for the control being 18.1 days (Table 1-1).

In the infectivity assay of 36 fungal isolates from Japan without surface

sterilization, only 27 showed infectivity against female An. stephensi, namely, 11 B.

bassiana s.1., five I. farinosa, one P. carneus, and 10 Lecanicillium spp. isolates. Hyphal

growth and conidiation of these isolates were observed on the dead mosquitoes.

Furthermore, B. bassiana s.l. 31-37, 58-11, 59-45, 60-2, and 63-22 and Lecanicillium sp.

56-1 showed higher sporulation rates (>50 %). B. bassiana s.l. 60-2 showed both the

lowest survival rates and highest infectivity (80 %) of all isolates tested against An.

stephensi (Fig 1-1).

In the infectivity assay of 10 fungal isolates from Burkina Faso without surface

sterilization, nine isolates showed infectivity against female An. stephensi; namely, three

B. bassiana s.1., two S. lanosoniveum, one 1. farinosa, and three L. araneicola isolates. B.

bassiana s.l. 99-1 showed the highest infectivity (50 %) of all Burkina Faso isolates

against An. stephensi (Fig 1-1).
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In the infectivity assay of 23 fungal isolates from surface-sterilized mosquitoes from

Japan, all dead mosquitoes exhibited hyphal growth. Of these isolates, B. bassiana s.l. A-

9-1-11, A-9-2-1, A-9-3-3, A-9-6-2, A-9-15-1, and A-9-14-2 showed higher sporulation

rates (>50 %). B. bassiana s.l. A-9-3-3 showed the highest infectivity (66.7 %) of all

isolates against An. stephensi (Fig 1-1).

1-3.6. Bioassay of selected isolates that showed higher virulence and/or infectivity

against female adult An. stephensi

Compared to the control, all the isolates showed significantly higher mortality against An.

stephensi (P <0.001). The MST values ranged from 5.8 to 12.5 days for the isolates from

Japan without surface sterilization (Table 1-2, Fig 1-2), 9.0 to 14.3 days for the isolates

from Burkina Faso without surface sterilization (Table 2 & Fig 3), and 6.7 to 14.9 days

for the isolates from surface sterilized mosquitoes from Japan (Table 1-2, Fig 1-4). In

comparison, the MST value of the control was 17.0 days. In particular, B. bassiana s.1.

60-2 showed the highest virulence of all isolates against An. stephensi (Table 1-2).

I-4. Discussion
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This study confirmed that it is possible to isolate various entomopathogenic fungi from

adult mosquitoes collected under natural conditions (Table 1-3-5). Scholte et al. (2004)

stated that various entomopathogenic fungi infect the larval stage of mosquitoes

belonging to the Culicidae family in the field. However, only a few studies have reported

the natural occurrence of major species of entomopathogenic fungi in or on adult

mosquitoes that could be used as biocontrol agents. For instance, Pinnock et al. (1973)

reported the natural occurrence of B. bassiana on adult Cx. tarsalis, Cx. pipiens, and An.

albimanus collected from the field. Our results indicated that many of the fungal isolates

obtained from wild mosquitoes exhibit both pathogenicity and infectivity against An.

stephensi, particularly B. bassiana s.1., Lecanicillium spp., I. farinosa, and I. fumosorosea

(Table 1-2, Fig 1-1). Furthermore, the latent infection rate of active mosquitoes (captured

live with hand nets) collected in Japan was 4.7 %. Thus, the present study demonstrated

that at least some species of entomopathogenic fungi adhered to or infected adult

mosquitoes under natural conditions.

In addition, a number of minor species of entomopathogenic fungi were isolated

in the present study, including S. lamellicola, S. lanosoniveum, L. araneicola, and P.

carneus (Table 3). S. lamellicola is known to be a candidate entomopathogenic fungus

for the biological control of ticks and scale insects (Zare and Gams, 2001), while S.
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lanosoniveum has been isolated from Proctolaelaps sp. (Batazy etal., 2008). L.

araneicola has been isolated from species belonging to the order Araneae in Indonesia

(Sukarno et al., 2009). Furthermore, P. carneus has potential ovicidal activity against Ae.

aegypti (Luz et al., 2007). Our results provide new information showing that these fungal

species also have the potential to infect adults of species from the Culicidae family.

The fungal isolates from Burkina Faso without surface sterilization tended to

have lower abundance and species diversity than the isolates from Japan without surface

sterilization (Table 1-3, 4). Wild mosquitoes that were collected at the same time and from

the same region in Burkina Faso were mixed in the same tube. Consequently, 66

suspensions were made. Seventy-seven isolates of L. araneicola were obtained from a

single suspension that contained 28 individual mosquitoes (a total of 1 685 mosquitoes

collected in Burkina Faso were used in this experiment). It is likely that all 77 isolates

originated from just one or a few individuals. Therefore, although it appears that L.

araneicola occupancy might be common among all fungal isolates from Burkina Faso

based on this overall result, L. araneicola may not, in fact, be a dominant species in this

region, considering the small number of individuals that this species has actually infected.

In addition, all isolates of L. araneicola showed relatively low virulence, although they

did show some infectivity against An. stephensi based on the results shown in (Fig 1-1).
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One reason for this difference might be the geographical location and extreme climatic
conditions of Burkina Faso. For instance, the region has a mean maximum temperature
of 35.9 °C and a mean total rainfall range of 0.1—1.2 mm month™' during the dry season
(World Weather Information Service, World Meteorological Organization
<http://worldweather.wmo.int/143/c01532.htm>). Such dry weather conditions are
considered unfavorable for generating an abundance and richness of fungi (Talley et al.,
2002). Under such extreme environmental conditions, fungal survival and/or
reproduction becomes difficult, thus reducing their chance of infecting insects. Another
reason for this difference between the two locations is the sampling method that was
implemented at Burkina Faso. The sampling method was conducted as part of the routine
work of the Centre National de Recherche et de Formation sur le Paludisme, Burkina
Faso. It is well known that some chemical insecticides drastically reduce conidial
germination. For instance, some insecticides cannot be applied together with
entomopathogenic fungi (e.g., Rashid et al., 2010). Hence, the spray catch method might
have a negative impact on the isolation of fungi.

The fungal isolates from Japan and Burkina Faso without surface sterilization
exhibited different levels of virulence (Fig 1-2, 3). Futuyma (1973) argued that species

diversity, niche adaptation, and the specialization generated by the co-evolution of certain
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species occur to a lesser extent in tropical than in temperate environments. In general,

Metarhizium spp. exhibit high host specificity in tropical-subtropical regions (Bridge,

1997, Leal et al,, 1997 and St. Leger, 1992). While information about entomopathogenic

fungi remains scarce for Burkina Faso, the environmental conditions of this region might

have led to an evolutionarily stable intermediate level of virulence (Alizon et al., 2009).

Some entomopathogenic fungi were isolated from puddle water at one of the

mosquito breeding sites in Japan. The conidia of B. bassiana are hydrophobic, thus, they

float on the water surface and come in to contact with mosquito larvae that feed just below

the surface, mainly at the tip of the siphon and head (Miranpuri and Khachatourians,

1991). In addition, the bodies of emerging adult An. stephensi mosquitoes come in contact

with the water surface. These results show that it is highly likely that entomopathogenic

fungi commonly occur under natural conditions and have the opportunity to adhere to

and/or infect mosquitoes at breeding sites.

In this study, B. bassiana s.1. 60-2 showed the highest virulence (MST: 5.8 days).

Fungal isolates showing MST values of 5—-8 days against mosquitoes have been classified

as high-virulence isolates in previous studies (Achonduh and Tondje, 2008, Howard et al.,

2010 and Scholte et al., 2006). In the present study, several isolates of Beauveria spp.

killed most of the An. stephensi individuals within 2 weeks, which is shorter than the
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extrinsic incubation period (EIP) of the malaria parasite. This period represents the time

from the infection of an arthropod insect vector to the time of infection of the next

vertebrate host by the vector. It is important to incapacitate mosquitoes within this period

to decrease the risk of transmitting malaria (Billingsley, 2010). Furthermore, B. bassiana

has both lethal and pre-lethal effects on An. stephensi mosquitoes, such as reducing

malaria transmission rates (Blanford et al., 2011). Furthermore, Beauveria spp. are

accessible organisms, because they are easily isolated from various insect bodies or the

soil by using simple media, antibiotics, or selective agents (Beilharz etal.,

1982 and Chase et al., 1986). In addition, this group of species exhibits wide variation in

their virulence towards difterent insect hosts. Therefore, Beauveria spp. have the potential

to serve as practical entomopathogens for the biological control of vector mosquitoes.

The results of the present study indicate that wild adult mosquitoes host various

entomopathogenic fungi, which have applied potential for controlling mosquitoes acting

as vectors of disease transmission.

The pathogenicity of fungal entomopathogens involves four steps: adhesion,

germination, differentiation, and penetration. Although successful infection primarily

depends on the adherence and penetration ability of a fungus to the host integuments,

entomopathogenic fungi vary considerably in their mode of action and virulence (Shahid
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et al., 2012). Furthermore, Ment et al. (2012) demonstrated that different fungus—host

pairs are contributory factors to the level of host resistance and insecticidal mechanisms.

Therefore, we intend to focus future studies on the insecticidal mechanisms and infection

dynamics between Beauveria spp. and anopheline mosquitoes. These findings are

expected to be important for the establishment of effective and convenient methods for

vector control by using entomopathogenic fungi.
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Fig. 1-1 - Sporulation rate of 69 fungal isolates in the preliminary examination.
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Fig. 1-2 - Survival rate of An. stephensi exposed to different isolates of
entomopathogenic fungi from Japan without surface sterilization. Mosquitoes were
exposed to isolates of B. bassiana sensu lato and Lecanicillium spp., and their survival

was checked until all individuals were dead.
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Fig. 1-3 - Survival rate of An. stephensi exposed to different isolates of
entomopathogenic fungi from Burkina Faso without surface sterilization.
Mosquitoes were exposed to isolates of B. bassiana sensu lato and Isaria farinosa, and

their survival was checked until all individuals were dead.
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Fig. 1-4 - Survival rate of An. stephensi exposed to different isolates of
entomopathogenic fungi obtained from surface-sterilized mosquitoes from Japan.
Mosquitoes were exposed to isolates of B. bassiana sensu lato, Isaria fumosorosea, and

Lecanicillium sp., and their survival was checked until all individuals were dead.
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Table 1-1

Table 1- List of entomopathogenic hypocrealean fungi isolated from wild mosquitoes without surface sterilization collected in Hokkaido, Jap

Fungal species Number of isolates Host Collection method Date (month)

Beauveria bassiana sensu lat 2 Aedes spp. CDC-LT* June

B. bassiana s.I. 3 Aedes spp. Netting June

B. bassiana s.. 15 Aedes spp. Netting July

B. bassiana s.I. 35 Aedes spp. Netting August
B. bassiana s.I. 30 Aedes spp. Netting September
Isaria farinosa 4 Culex spp. CDC-LT June

I. farinosa 19 Aedes spp. Netting July

1. farinosa 6 Aedes spp. Netting September
Isaria sp. 1 Aedes spp. Netting August
Lecanicillium araneicola 5 Aedes spp. Netting July

L. araneicola 8] Aedes spp. CDC-LT August
L. araneicola 2 Aedes spp. Netting August
L. araneicola 4 Aedes spp. Netting September
Lecanicillium sp. 1 Aedes spp. CDC-LT June
Lecanicillium spp. 16 Aedes spp. Netting July
Lecanicillium spp. 3 Aedes spp. CDC-LT August
Lecanicillium spp. 26 Aedes spp. Netting August
Lecanicillium spp. 49 Aedes spp. Netting September
Paecilomyces carneus 2 Aedes spp. Netting July

P. carneus 1 Aedes spp. CDC-LT August
P. carneus 1 Aedes spp. Netting September
Simplicillium lamellicola 1 Aedes spp. Netting July

S. lamellicola 5 Aedes spp. Netting August
S. lamellicola 2 Aedes spp. Netting September
S. lanosoniveum 1 Aedes spp. Netting August

*Centre for Disease Control Light Trap
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Table 1-2

Table 2 - List of entomopathogenic hypocrealean fungi isolated from wild mosquitoes without surface sterilization in Goden, Burkina Faso

Fungal species Number of isolates Host Collection method Date (month)
Beauveria bassiana sensu lat 1 Anopheles gambiae Spray catch November. 2008
B. bassiana s.. 2 A. gambiae Spray catch November. 2009
Isaria farinosa 1 A. gambiae Spray catch November. 2009
Lecanicillium araneicola 7 A. gambiae Spray catch November. 2009
Simplicillium lamellicola 13 A. gambiae Spray catch November. 2009
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Table 1-3

Table 3 - List of entomopathogenic hypocrealean fungi isolated from surface sterilized mosquitoes collected in Hokkaido, Japan, 2009

Fungal species Number of isolates Host Collection method Date (month)
Beauveria bassiana sensu lat 8 Aedes spp. Netting August
B. bassiana s.l. 32 Aedes spp. Netting August
Isaria farinosa 1 Aedes spp. Netting August
1. fumosorosea 1 Aedes spp. Netting August
Lecanicillium spp. 20 Aedes spp. Netting August
Lecanicillium spp. 2 Aedes spp. Netting August
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Table 1-4

- MST and mortality of th
Median survival time Log rank statistic (significance Mortality within 14 days

Isotates W compared to controls) mortality = SE (%) Host Collection method
Japan isolates without surface sterilization
Beauveria spp.
B. bassiana s.l. 60-2 6.2 5.99 - 6.49 101.33 ™ 100.0 + 0.0 Aedes spp. Netting
B. bassianas.|. 58-11 7.3 7.03 - 7.66 90.70 ™ 95.7 + 4.7 Aedes spp. Netting
B. bassianas.|. 26-8 7.4 7.14-7.75 35.05 ™ 97.4 + 28 Aedes spp. CDC-LT
B. bassiana s.l. 63-5 75 7.13/-7.91 4353 ™ 89.4 + 11.8 Aedes spp. Netting
B. bassianas.l. 20-5 7.8 7.36 - 8.26 11.59 ™ 745 £ 47 Aedes spp. Netting
B. bassianas.|. 31-37 7.8 7.46 - 8.08 81.61 ™ 100.0 + 0.0 Aedes spp. Netting
B. bassiana s.l. 59-45 8.2 7.81-8.63 49.90 ™ 915 + 9.4 Aedes spp. Netting
B. bassiana .. 63-22 8.3 7.81-8.73 12.03 ™ 745 £ 94 Aedes spp. Netting
B. bassianas.|. 23-3 8.5 8.13-8.79 11.50 ** 78.7 £ 11.8 Aedes spp. Netting
B. bassiana s.l. 42-51 10.3 9.89 - 10.66 25.52 745 * 47 Aedes spp. Netting
B. bassiana s.l. 29-15 11.0 10.60 - 11.30 3.56 639 * 7.0 Aedes spp. Netting
B. bassianas.l. 43-73 11.4 11.04 - 11.80 16.05 " 44.7 £ 9.4 Aedes spp. Netting
B. bassiana s.l. 43-51 17.2 16.79 - 17.66 152 106 + 23 Aedes spp. Netting
Lecanicillium spp.
Lecanicillium sp. 27-15 7.3 6.96 - 7.68 94.98 ™ 100.0 + 0.0 Aedes spp. CDC-LT
. 63-15 7.6 7.24-7.92 53.27 ™ 100.0 + 0.0 Aedes spp. Netting
. 60-26 85 8.10 - 8.95 1317 ™ 851 £ 7.1 Aedes spp. Netting

Lecanicillium sp. 45-56 9.1 8.79-9.38 1.32 766 + 7.0 Aedes spp. Netting
Lecanicillium sp. 42-49 9.2 8.72-9.74 29.55 ™ 57.4 + 9.4 Aedes spp. Netting
Lecanicillium sp. 58-2 10.1 9.48 - 10.70 13.45 ™ 532 + 47 Aedes spp. Netting
Lecar um sp. 58-13 10.2 9.83 - 10.62 45.67 ™ 51.1 + 16.5 Aedes spp. Netting
Lecanicillium sp. 56-1 14.0 13.48 - 14.48 2.26 532 + 4.7 Aedes spp. Netting
Lecanicillium sp. 63-31 14.9 13.44 - 15.41 125 55.3 + 2.4 Aedes spp. Netting

sp. 60-22 16.1 15.69 - 16.59 0.41 6.4 + 141 Aedes spp. Netting

sp. 42-56 17.8 17.17 - 18.45 123 -43 = 7.0 Aedes spp. Netting

sp. 51-3 18.0 17.49 - 18.41 0.53 6.4 + 141 Aedes spp. Netting

sp. 51-11 18.3 17.89 - 18.76 5.82 " -21 + 47 Aedes spp. Netting
Isaria spp.
I. farinosa 50-9 10.9 10.50 - 11.34 36.74 ™ 65.9 + 9.5 Aedes spp. Netting
I. farinosa 24-1 11.3 10.72 - 11.88 3.87 10.6 + 14.1 Culex spp. CDC-LT
1. farinosa 46-1 115 11.05 - 12.34 32.74 ™ 276 £ 14.2 Aedes spp. Netting
I. farinosa 28-10 118 11.46 - 12.14 3.33 106 + 7.1 Aedes spp. Netting
1. farinosa 45-52 12.4 12.24 - 12.82 39.33 ™ 574 + 94 Aedes spp. Netting
1. farinosa 42-9 125 12.14 - 12.92 24.69 ™ 319 + 47 Aedes spp. Netting
I. farinosa 43-36 16.0 15.37 - 16.60 0.48 319 + 189 Aedes spp. Netting
Isaria sp. 63-33 18.2 17.80 - 18.68 0.26 <21 + 47 Aedes spp. Netting
Paecilomyces spp. Aedes spp. Netting
P. carneus 51-57 11.4 11.06 - 11.84 15.74 " 55.3 + 16.5 Aedes spp. Netting
P. carneus 51-40 16.3 16.76 - 17.02 1.05 63 + 7.1 Aedes spp. Netting
control 19.5 19.12 - 19.98 = 0.0 = =
Burkina Faso isolates without surface sterilization
Beauveria spp.
B. bassiana s.l. 99-1 8.6 8.23-8.99 36.41 ™ 83.0 + 94 Anopheles gambiae Spray catch
B. bassiana s.l. 105-8 10.6 10.13 - 11.08 8.48 " 447 + 9.4 A. gambiae Spray catch
B. bassianas.|. 12-2 10.8 10.41-11.14 17.52 ™ 66.0 + 9.4 A. gambiae Spray catch
Simplicillium spp.
S. lanosoniveum 113-8 9.4 8.91-9.81 40.71 ™ 553 + 2.4 A. gambiae Spray catch
S. lanosoniveum 107-9 9.5 9.00 - 9.95 757" 639 + 7.0 A. gambiae Spray catch
S. lanosoniveum  109-6 10.1 9.62 - 10.29 17.83 ™ 532 + 4.7 A. gambiae Spray catch
S. lanosoniveum 108-6 10.4 10.03 - 10.86 38.04 ™ 617 + 9.5 A. gambiae Spray catch
Isaria sp.
I. farinosa 107-10 10.5 10.13 - 10.85 1.47 51.0 + 2.3 A. gambiae Spray catch
Lecanicillium spp.
L. araneicola 117-32 11.1 10.61 - 11.57 0.63 426 + 7.1 A. gambiae Spray catch
L. araneicola 117-93 12.1 11.70 - 12.52 7.64 " 383 + 2.4 A. gambiae Spray catch
control 17.0 16.64 - 17.43 = 0.0 = =
Japan isolates from surface-sterilized mosquitoes
Beauveria spp.
B. bassianas.|. A-9-3-3 6.3 5.95 - 6.68 61.33 ™ 95.7 + 4.7 Aedes spp. Netting
B. bassianas.|. A-6-1-6 8.1 7.71-8.49 52.59 ™ 87.3 + 47 Aedes spp. Netting
B. bassiana s.|. A-9-8-2 113 10.88 - 11.77 26.56 ™" 46.8 + 11.8 Aedes spp. Netting
B. bassiana s.l. A-8-1-4 11.4 10.90 - 11.87 35.07 ™ 532 + 4.7 Aedes spp. Netting
B. bassianas.l. A-9-1-11 114 10.97 - 11.81 48.34 ™ 447 £ 9.4 Aedes spp. Netting
B. bassiana s.|. A-9-14-2 11.5 11.07 - 11.99 3.46 40.4 + 9.4 Aedes spp. Netting
B. bassiana s.|. A-9-15-1 11.9 11.31-12.50 4.59 404 + 47 Aedes spp. Netting
B. bassianas.|. A-9-4-1 12.0 11.49 - 12.46 15.07 ** 57.4 + 9.4 Aedes spp. Netting
B. bassiana s.|. A-9-2-1 12.6 12.08 - 13.10 12.29 ™ 468 + 7.1 Aedes spp. Netting
B. bassianas.|. A-9-6-2 13.0 12.48 - 13.49 9.14 ™ 53.2 + 47 Aedes spp. Netting
B. bassianas.l. A-9-7-1 13.0 12.10-13.28 0.54 46.8 + 16.5 Aedes spp. Netting
B. bassiana s.|. A-9-16-1 133 12.80-13.73 12.84 ™ 29.8 + 16.5 Aedes spp. Netting
B. bassiana s.l. A-9-9-1 13.4 12.85-13.94 6.22 447 + 47 Aedes spp. Netting
B. bassianas.l. A-9-12-1 143 13.83 - 14.68 9.45 ™ 29.8 + 11.8 Aedes spp. Netting
B. bassiana s.|. A-9-13-1 14.8 14.21-15.32 0.99 191 + 94 Aedes spp. Netting
B. bassiana s.l. A-9-3-1 15.1 14.54 - 15.65 0.84 255 + 11.8 Aedes spp. Netting
Lecanicillium spp.
Lecanicillium sp. A-7-1-2 116 11.16 - 12.09 44.45 55.3 + 2.4 Aedes spp. Netting
Lecanicillium sp. A-7-1-11 122 11.84 - 12.65 48.10 ™ 34.0 £ 7.1 Aedes spp. Netting
Lecanicillium sp. A-8-1-1 12.4 11.75 - 12.96 23.76 ™ 511 + 7.1 Aedes spp. Netting
Lecanicollium sp. A-11-2-1 125 12.09 - 12.88 19.75 ™ 404 + 94 Aedes spp. Netting
Lecanicillium sp. A-7-2-1 16.0 15.50 - 16.55 8.40 " 149 + 47 Aedes spp. Netting
Isaria spp.
I. fumosorosea A-12-1-1 14.0 13.56 - 14.45 8.82 ™ 255 + 11.8 Aedes spp. Netting
I. farinosa A-9-11-1 16.2 15.74 - 16.72 0.32 21 + 94 Aedes spp. Netting
control 18.1 17.91-18.48 = 0.0 = =

P <0.001, P <0.001 and "P_< 0.05 (Log rank statistics, significance compared to controls)
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Table 1-5
Table 5 - MST and mortality of selected isolates

Median survival time Log rank statistic (significance ___Mortality within 14 days -
Isotates . Origin
MST (days) 95% CI compared to controls) mortality + SE (%)

Beauveria bassiana sensu lato 60-2 5.8 5.67 - 5.99 194.7 100.0 + 0.00 a Japan
B. bassiana s.I. A-9-3-3 6.7 6.44 - 6.88 180.6 96.8 + 2.20 ab Japan (surface sterilization)
B. bassiana s.l. 26-8 6.8 6.58 - 6.97 190.3 100.0 + 0.00 a Japan
B. bassiana s.l. 58-11 7.6 7.33 - 7.78 165.7 929+ 492 ab Japan
B. bassiana s.l. A-6-1-6 8.0 7.71 - 8.20 159.9 90.0 + 4.41 abcd Japan (surface sterilization)
B. bassianas.|. 31-37 8.0 7.84 - 822 174.7 100.0 + 0.00 a Japan
B. bassiana s.l. 63-5 8.8 8.59 - 9.03 160.2 91.6 + 4.23 abc Japan
B. bassianas.l. 99-1 9.0 8.75 - 9.27 136.0 79.4 + 4.62 abcde Burkina Faso
B. bassiana s.l. 59-45 9.1 8.89 - 9.37 137.0 86.3 + 4.69 abcd Japan
Lecanicillium. sp 27-15 9.7 9.41 - 9.97 108.3 73.2 + 5.93 bcdef Japan (surface sterilization)
B. bassiana s.I. 20-5 10.0 9.71 - 10.22 124.2 74.8 + 6.28 bcdef Japan
B. bassiana s.I. A-9-2-1 10.2 9.90 - 10.44 109.7 66.5 + 7.09 defg Japan (surface sterilization)
B. bassiana s.l. 63-22 10.8 10.52 - 11.09 90.8 58.6 + 570 efgh Japan
B. bassianas.l. 12-2 10.9 10.67 - 11.17 109.2 68.2 + 821 cdefg Burkina Faso
Lecanicillium sp. 56-1 111 10.75 - 11.35 67.2 74.3 + 4.54 bedef Japan
B. bassiana s.|. A-9-12-1 11.1 10.84 - 11.38 83.5 65.1 £ 519 hik Japan (surface sterilization)
B. bassiana s.l. A-9-1-11 11.2 10.79 - 1151 55.1 54.0 + 9.85 fghi Japan (surface sterilization)
B. bassiana s.l. A-9-13-1 115 11.20 - 11.85 50.8 47.6 £ 6.03 ghji Japan (surface sterilization)
Lecanicillium sp. 63-15 11.8 1154 - 12.14 60.0 47.9 £+ 6.90 ghji Japan (surface sterilization)
B. bassiana s.I. A-9-14-2 11.9 11.60 - 12.16 75.2 35.2 + 12.42 hijk Japan (surface sterilization)
Isaria fumosorosea A-12-1-1 12.8 12.51 - 13.05 61.1 37.3 £ 3.65 hik Japan (surface sterilization)
B. bassiana s.l. A-9-6-2 131 12.78 - 13.43 29.0 50.8 + 6.94 fghij Japan (surface sterilization)
B. bassiana s.l. A-9-15-1 13.8 13.45 - 14.15 17.3 17.9 + 11.97 kI Japan (surface sterilization)
Lecanicillium sp. A-7-1-11 13.8 13.48 - 14.16 23.0 40.0 £ 7.41 hijk Japan (surface sterilization)
I. farinosa 107-10 143 14.03 - 14.61 34.8 324 + 943 ik Burkina Faso
I. farinosa A-9-11-1 14.9 14.56 - 15.16 17.8 27.7 + 10.90 jk Japan (surface sterilization)
control 17.0 16.73 - 17.31 - 0.0 | -

All treatments are significantly different compared to controls according to Log rank static (P < 0.001).
In the same column, means followed by the same letters are not significantly different (P < 0.01).
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I-5. Summary

We investigated the potential of entomopathogenic fungi that naturally occur in or on

adult mosquitoes for use as biocontrol agents of vector mosquitoes. The fungi were

isolated from wild mosquitoes collected in Japan and Burkina Faso using two isolation

methods (with and without surface sterilization). Detected fungal species included B.

bassiana sensu lato, Isaria spp., Paecilomyces spp., Lecanicillium spp., and Simplicillium

spp. These isolates were used in bioassays against adult female Anopheles stephensi

mosquitoes. The median survival time ranged from 5.8 to 14.9 days (control, 17.0 days).

Reduced survival times were observed in the isolates from surface-sterilized mosquitoes

from Japan, with the isolate B. bassiana s.l. 60-2 exhibiting the highest virulence. This

study indicates that adult mosquitoes are naturally infected with various

entomopathogenic fungi, and that some of these isolates have the potential for use as

fungal pesticides to control vector mosquitoes.
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Chapter 11

An entomopathogenic fungus strain of Beauveria bassiana Kkills

Anopheles mosquito by brain infection
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11-1. Introduction

Entomopathogenic fungi, such as B. bassiana and M. anisopliae, are known to control

mosquito populations, and have been studied extensively in field and laboratory (Blanford

et al., 2010 and Scholte et al., 2005). Unlike other types of entomopathogens, such as

bacteria, microsporidia, and viruses, fungal pathogens can infect and kill mosquitoes by

percutaneous infection. Therefore, like chemical insecticides, they can be sprayed on the

indoor surfaces of houses, cotton ceiling hangings, curtains, and bed nets (Scholte et al.,

2005, Thomas and Read, 2007 and Achonduh et al., 2008). In these studies, vector

mosquitoes, after feeding on blood, were exposed to pathogens through tarsal contact on

the treated surface, during a resting period. Fungal infection by tarsal contact was shown

to be sufficient in causing > 90% mortality (Blanford et al., 2005). In (Chapter II), I

established an original fungal library originating from wild mosquitoes. Four hundred

thirteen isolates of entomopathogenic fungi were isolated from wild mosquitoes collected

in Japan and Burkina Faso; of these B. bassiana s.l. 60-2 showed the highest virulence,

with a median survival time (MST) of 5.8 days, against An. stephensi using the tarsus

topical inoculation method (Scholte et al., 2005, Thomas and Read, 2007 and Achonduh

et al., 2008) and could, thus, be potentially used as a fungal bio-pesticide for controlling

vector mosquitoes.
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Entomopathogenic fungi generally exist in nature in soil, water, and plants and
infect their insect hosts. Fungal infection begins when conidia attach to the cuticle of
insects; subsequently, the spores germinate and penetrate into the cuticle. On reaching
haemocoel, the fungus multiplies as hyphal bodies. After death of the host, the hyphae
extrude from the interior to the exterior of the insect through the cuticle and produce
conidia on the insect cadaver (Roberts, 1981). B. bassiana