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Summary

In tomato production, the complex disease caused by Fusarium wilt (plant disease)
and root knot nematode (plant parasite nematode) is a severe problem, and it also causes
huge economic loss. Soil disinfestation and the utilization of resistant variety have been
used in complex disease control. However, because of the development of resistance
invaded new race, an alternative control technique is required. Soil disinfestation and
the utilization of resistant variety were used in complex disease control. Therefore, this
study was estimated to use Bacillus thuringiensis as an alternative agent to control the
development of complex disease. B. thuringiensis is separated from natural environment,
and it is an environmentally friendly bio-pesticide which is mostly used worldwide.
Recently, several researches reported B. thuringiensis could also control the nematode
and soil disease. Consequently, the current study was aimed to investigate the possibility
of B. thuringiensis as a potential biological control agent against plant disease and plant
parasite nematode, using four experiments.

EXP.1 clarified the antagonistic activity, wilt disease suppression effect, plant growth

promoting rhizobacteria effect of B. thuringiensis. EXP.2 identified biofilm formation

10



ability on tomato root surface by B. thuringiensis. EXP.3 clarified toxicity of B.
thuringiensis to root knot nematode. EXP4 evaluated biocontrol potential of B.
thuringiensis against complex disease.

EXP.1: The antagonistic activity of B. thuringiensis japonensis (BT17), B.
thuringiensis kurstaki (BT18) against Fusarium oxysporum f.sp. lycospersici race2
(FOL) was examined by dual culture technique. Further, B. thuringiensis strains can
suppress the development of wilt symptoms caused by FOL in tomato plants was
confirmed. Inoculate six strains of B. thuringiensis suspension to the tomato seedlings
in pot, and transplanted the treated tomato seedlings to FOL pollution soil, after 4 weeks
the development of wilt symptoms and wilting score become less than control,
especially B. thuringiensis japonensis (BT17) and B. thuringiensis CR371-H (BT20).
Also, this study proved that B. thuringiensis strains are plant growth promoting
rhizobacteria (PGPR) which can promote plant growth and it also can promote seed
germination (35.7~107.1% than control) and shoot elongation (87.7~381.1% than
control) by treating the tomato seeds with bacterial culture filtrate and bacterial
suspension using roll towel method.

EXP.2: 10 under test strains, B. thuringiensis sotto (BT15), B. thuringiensis israelensis
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(BT16), B. thuringiensis japonensis (BT17), B. thuringiensis kurstaki (BT18), B.

thuringiensis roskildiensis (BT19), B. thuringiensis CR371-H (BT20), B. thuringiensis

DF (BT DF), B. thuringiensis GC-91 (BT GC-91), B. subtilis MBI600, B. simplex

CGF2856 were used in microtiter plate assay to evaluate B. subtilis biofilm formation.

The plates were stained with crystal violet, and biofilm formation was quantified by

measuring the ODsgs for each well using a spectrophotometer (Sandrine et al., 2005).

All tested strains showed a rise in absorbance from the first day to the second day, this

result indicated the quantity of biofilm formation was increased. From second day to

third day, some strains showed a decrease trend in absorbance. Also, in liquid and soil

co-culture experiment, biofilm formations of bacterial strains treated tomato root

surfaces were observed using an optical microscope. As a result, colony formations on

tomato root surfaces by B. thuringiensis were confirmed under both culture conditions.

We documented B. thuringiensis strains have the ability to colonize and form biofilms

on plant root surfaces.

EXP.3: J2 suspensions (0.1 ml) were placed into wells of a 24-well tissue culture plate

(50J2/well) containing 0.9 ml of culture filtrate and bacterial suspension. Liquid LB was

used as the control. The effect of culture filtrate and bacterial suspension on the viability

12



of J2 was determined after 24h. B. thuringiensis strains significantly increased the
percentages of J2 motility compare to untreated control. Also, we inoculated six strains
of B. thuringiensis on M. incogrnita egg mass by co-culture method for 48h, and
removed the egg mass into sterilized water. 7 days after inoculation, counted the
quantity of hatched J2. Egg mass was crushed, normal eggs and abnormal egg in the egg
mass were calculated. B. thuringiensis strains reduced the hatchability of egg compare
to the untreated control and increased the abnormal egg formation.

EXP.4: According to the results of EXP.1~3, we choose BT17, BT18, BT20 used
in pot experiment. Surface sterilized tomato seeds were grown at 25°C in greenhouse.
After 4-week cultivate, tomato seedlings were treated with bacterial culture at 10 ml/pot
(3 x 10® cfu/ml). After 7 days, 5 ml J2 suspensions were inoculated around plant roots
(500 J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed
in the FOL-infested soil. Four weeks after pathogen inoculation, symptom expressions
of the complex disease were evaluated. Eleven experiment groups were set: 3 BT strains
(BT17, BT18, BT20) + FOL; 3 BT strains(BT17, BT18, BT20) + nematode; 3 BT
strains (BT17, BT18, BT20)+ FOL + nematode; nematode control; FOL control; FOL+

nematode control; distilled water untreated control. As a result, B. thuringiensis strains

13



could significantly suppress the symptoms of complex disease; induce root gall;

decrease wilting score and internal symptom; promote shoot length and weight.

This research showed the plant growth promoting effect, biofilm formation ability,

nematicidal effect and complex disease suppression ability of B. thuringiensis. Overall,

results obtained from these serial studies indicate that B. thuringiensis could control

plant disease and plant parasite nematode effectively, as a potential biological control

agent.
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CHAPTER 1.

GENERAL INTRODUCTION
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Tomato (Solanum lycopersicum) is an important vegetable crop. In tomato

production, a large number of diseases are happened. It is often hampered by vascular

wilt caused by Fusarium oxysporum f.sp. lycopersici (FOL) (W.C. Synder and H.N.

Hans) and plant parasite nematode Meloidogyne incognita. FOL is a serious fungal

pathogen of the tomato plant. And FOL is ubiquitous phytopathogen causing root rot,

vascular wilt and damping off in many plant species (Vurro and Gressel, 2006). FOL

can cause a huge loss of tomato quantity and quality, and it has the ability to colonize

the roots of a large number of fireweeds and to produce resistant spore structures, so it

can exist in most soils (Ailton et al., 2007). This wilt disease is soil borne and can

persist for many years in the soil even if no host plants are grown. Fusarium wilt does

not spread above the ground from plant to plant. Each plant is individually infected

when the organism enters the root system (Larkin et al., 1998). This pathogen is difficult

to control with traditional methods, such as preplant soil fumigation and other cultural

methods, so it is a better way to choose biocontrol to control this disease (Archana et al.,

2010).

In general, some effective means of control FOL include disinfection of the soil

and planting material by using fungicidal chemicals, crop rotation with non-hosts of the

16



fungus, or by using resistant cultivars (Ana et al., 1997; Benhamou et al., 1998).

Although wilt-resistant cultivars have been available for decades and provide some

degree of control, the occurrence and development of new pathogenic races is a

continuing problem. Indeed, there are no commercially acceptable tomato cultivars with

adequate resistance (Jones et al., 1991). In addition, the resurgent interest in planting

heirloom and other susceptible tomato cultivars has increased the incidence of Fusarium

wilt. Since the current available control methods, such as chemical control, are either

low efficient or difficult to apply, methods to control Fusarium wilts caused by FOL

have been studied for a long time (Kotan et al., 2009). The chemical control measures

destroy balances in the microbial community, which may cause the loss of abundance

beneficial organisms, such as insect natural enemies, and may also lead to the evolution

of resistant strains of the pathogen. Breeding resistant plant varieties can be difficult in

the absence of dominant genes and development of new races of the pathogen that

overcome host resistance (Jetiyanon and Kloepper, 2002). Furthermore, increasingly,

there are more restrictions on utilization of fungicides due to public concern about

harmful effects on the human health, animal health and environment, and residues in the

food. Hence, there is a need for developing attractive management strategies that are

17



virtually efficient and environmentally safe (Sudhamoy et al., 2009). In contrast, the

biological control as an alternative approach to control secil-borne plant diseases has

attracted attention (Nagorska et al., 2007).

The other important tomato soil borne disease is plant parasitic nematodes (PPNs).

Nematodes are the most abundant multicellular animals on the face of earth. Several

hundreds of nematodes species are known to feed on living plants and cause a variety of

plant diseases globally (Sikora and Fernandez, 2005). PPNs attack, feed on, and

colonize lots of plant species, including potato, tomato, soybean and others, also cause

annual crop losses of approximately $125 billion worldwide (Jung and Wyss, 1999,

Williamson and Gleason, 2003; Chitwood, 2003). They are very difficult to control

because many destructive PPNs are endo-parasites. Since they live underground (mostly

live in the roots), this lifestyle can protect them even from chemical treatments (Bird et

al., 2003).

Among the PPN, root-knot nematode (RKN) is the most economically important

species causing dramatic yield losses to a broad range of crops, in particular vegetables

(Trudgill and Blok, 2001). For instance, juveniles of the M. ircognita penetrate the root

and establish a permanent feeding site in different parts of the root (Wyss et al., 1992).
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Juveniles stay in the feeding sites and take in nutrients from the plant tissues. After

molts, juveniles develop into adults with a morphology change (Atkinson et al., 1996).

The females have an egg-sac and lay eggs on the surface of roots, whereas the males

move out of the roots (Williamson et al., 2003; Wyss et al., 1992). Large numbers of

galls are visible of RKN-colonized plant roots, which interfere with the uptake of water

and nutrients by the root system (Milligan et al., 1998). The lack of water and nutrients

subsequently reduces the growth and overall health of the plant, increasing their

sensitivity to other diseases (Castaagnone et al., 1992). Three species of root-knot

nematode, Meloidogyne arenaria, Meloidogyne javanica and Meloidogyne incognita,

are considered the most important on the basis of their geographical distribution all over

the world and their large host range (Sassser et al., 1982). And the most widespread

species in this genus is M. incognita. They are also involved with bacteria and fungi in

many complex diseases and can also break down plant resistance system to pathogens

(Taylor and Brown, 1976).

A number of methods for the management of root-knot nematode such as resistant

varieties, soil solarization, chemical control, and biological control have been tried with

different levels of successes to protect of tomato plants (Randhawa et al., 2001; Sakhuja
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and Jain, 2001). Chemical management is effective, but expensive and these compounds
tend to be highly toxic to people and the environment, it may lead to residue and soil
pollution problems (El-Alfy et al., 2002). Tomato varieties resistant to root-knot
nematode have been developed in some countries, but are not very popular due to their
lower yields. An environmentally safe and economically reasonable root-knot nematode
control practices needs to be available. Biological control is environmentally friendly
and free from residuval (Sumeet and Mukerji, 2000). In the past decades, many
microorganisms have been extensively studied and show great potential to control
root-knot nematodes, such as Pagecilomyces lilacinus (Kiewnick and Sikora, 2006),
Pseudomonas spp., Pasteuria penetrans, Bacillus spp. (Siddigqui and Mahmood, 1999),
Burkholderia cepacia (Meyer, 2003) and Arthrobotrys oligospora (Morton et al., 2004),
These microorganisms affect nematodes by various ways (Siddiqui and Mahmood, 1999;
Terefe et al., 2009). For example, many bacteria including of Bacillus, Pseudomonas
and Clostridium produce toxins that kill nematodes (Wei et al., 2003; Ali et al., 2002;
Walia et al.,, 2000), while a few bacteria such as Pasteuria penetrans can directly
parasitize nematodes (Chen and Dickson, 1998).

As we described before, root-knot nematodes and Fusarium wilt are soil-borne
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plant parasites, both of them can cause severely economic losses worldwide to a broad

range of plants. Plant diseases on average are responsible for up to 26% yield loss to

global agriculture and sometimes there may be complete crop failure leading to 100%

yield loss in a locality or a field (Khan et al., 2009). Fungal pathogens, Fusarium spp.

and root knot nematodes, Meloidogyne spp. can also cause complex diseases in soil.

Complex diseases often damage plants more severely and make more difficuitly to

contro] the disease than single pathogens alone. Both of the pathogens can damage

plants independently, but cause more severely economic losses when they occur

together (Bird, 1981; Kappelman et al., 1973; Minton, 1966). Infection of roots by

root-knot nematodes makes soil-borne fungi infect with plants easily resulting in the

development of root-rot and wilt diseases (Armstrong et al., 1976). Also, plants infected

by Fusarium wilt and root-knot nematodes may lead to a breakdown of resistance to the

interacting fungus and increase disease severity in susceptible cultivars (De Vay et al.,

1997; Francl and Wheeler, 1993; Harris and Ferris, 1991a, b; Uma et al., 1997).

During the last few decades, chemicals have been largely used to control plant

disease. However, most of the chemical pesticides are banned because of their adverse

effect on human health and environmental and ground water pollution by leaving toxic
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residual problem and harm beneficial microorganisms in soil (Stirling, 1991). Because

of concern about the quality of the food and environment in recent years, there have

been worldwide swings to use economical and environmentally safe methods to control

plant diseases. The use of microorganisms offers an attractive alternative to manage

plant diseases (Roberts et al., 2005). A number of microorganisms have demonstrated

antagonistic activity against plant pathogens. It has been established that Pseudomonas

Sfluorescens (Papavizas, 1985; Somasegran and Hoben, 1994; Peighami-Ashnaei et al.,

2009) and Bacillus subtilis {(Mukhopadhyay et al., 1992; Dawar et al., 2010) can

effectively control the diseases caused by bacterial wilt diseases such as Fusarium spp.,

Rhizoctonia spp., leading to significant increase in the plant growth or yield of the

plants. Similarly, the diseases caused by nematodes may also be controlled with

Pochonia chlamydosporia (Kerry, 2000; Khan, 2008), P. fluorescens (Sikora, 1988; Pal

et al., 2000; Khan, 2007; Singh et al., 2009) and B. subtilis (Khan et al., 2001).

Recently, an effective bio-insecticide prior study also has attracted considerable

attention as a biological control agent against plant diseases (Zhou et al., 2008).

Moreover, the bacterial wilt (Ralstonia solanacearum) disease-suppressing activity of B,

thuringiensis was examined in tomato plants (Hyakumachi et al., 2013). And intensive

22



studies of nematicidal effects of B. thuringiensis have also been carried out, mainly

aimed at development of bacteria effective against economically important parasitic

nematodes such as M. incognita (Deviddas and Siddiqui Rehberger, 1992; Mahmood,

1995; Mohammed et al., 2008) and Globodera pallida (Racke and Sikora, 1992a, b).

These prior researches may provide a possibility of B. thuringiensis to control the

complex disease.

B. thuringiensis has been used as an effective bioinsecticide (Roh et al., 2007,

Schnepf et al., 1998). The specificity of B. thuringiensis is showed highly beneficial in

agricultural biotechnology. Unlike most insecticides, B. thuringiensis insecticides are

highly toxic against target insects and friendly towards beneficial insects, non-target

organisms such as humans and wildlife (Bravo et al., 2011). It is also not harmful to the

environment. B. thuringiensis has been used as an alternative to chemical pesticides for

decades by organic farmers to control insects. At present, B. thuringiensis is the only

"microbial insecticide" in widespread use (Cherif et al., 2003, 2008; Dong et al., 2002).

The use of microorganisms with the aim of improving plant growth availability is

an important practice and necessary for agriculture (Freitas et al., 2007). During the past

decades, the use of plant growth promoting rhizobacteria (PGPR) for sustainable
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agriculture has increased extremely worldwide. Significant increases in growth and

yield of economically important crops in response to inoculation with PGPR have been

repeatedly reported (Amara and Dahdoh, 1997; Asghar et al., 2002; Biswas et al., 2000;

Bin et al., 2000; Chanway, 1998; Chen et al., 1994; Figueiredo et al., 2008; Gray and

Smith, 2005; Gupta et al., 2000; Kloepper et al., 1980; Pan et al., 1999; Seldin et al.,

1984; Vessey, 2003; Zhang et al., 1996). PGPR promote plant growth and suppress plant

disease by colonizing plant roots, reducing plant pathogen populations in the soil, and

maintaining a beneficial effect on plant growth (Jetiyanon et al., 2003). PGPR may

increase plant yield by reducing plant pathogen populations in the soil, improving

mineral nutrient uptake, phytohormone production, and maintaining a beneficial effect

on plant growth (Emmert et al., 1999). PGPR may also interact with a variety of soil

microorganisms that are normally present in the rhizosphere, in some cases acting as a

biocontrol agent against pathogenic bacteria (Glick, 1995) (Fig. 1-1).

The sporulating gram-positive bacteria B. subtilis is a beneficial PGPR, which

have also been used successfully as potential biological control agents (BCAs) to

control plant disease (Kloepper et al., 2004). Similarly, some studies have also reported

that B. thuringiensis was successful endophytic colonization in soybean, cotton,
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cabbage and so on, even with concomitant production of Cry toxins; the efficient B.
thuringiensis colonization of cabbage seedlings roots suggests this might be in fact the
main route of its penetration in the plant {(Argdlo-Filho et al., 2014). B. thuringiensis
was ab.le to colonize the roots of certain legumes, which resulted in an increase of
nodulation and growth of the plants and B. thuringiensis produces toxins that can reduce
pests or diseases attacks (Mishra et al., 2009). Therefore, the new view is that the
insecticide B. thuringiensis can be used as PGPR to control plant disease.

PGPR can protect against fungal pathogen attack, promote plant growth, and play
a role in the degradation of organic polymers in the soil (Archana et al., 2010; Betz et al.,
2000). One of the mechanisms of PGPR protect plant from fungal pathogen attack is
biofilm formation. Inoculate B. subtilis strains to Arabidopsis root which infected by
Pseudomonas syringae, the mortality of Arabidopsis was reduced both in culture and in
soil was observed, because of formation of an antimicrobial-producing biofilm formed
by B. subtilis was confirmed (Ana et al., 1997). Biofilms are widely found structures in
which microorganisms are protected against various stresses, allowing them to persist in
adverse environmental conditions. Bacterial biofilms are formed when unicellular

organisms come together to form a community that is attached to a solid surface and
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encased in an exopolysaccharide matrix (Kunst et al., 1997) (Fig. 1-2). Furthermore,
these microbial communities often interact with multiple species and their environment.
The site of one such ecologically beneficial bacterial community is the root surfaces,
where a rich microflora develops around the readily available nutrients released by roots
(Kloepper et al., 1988). Also, both B. subtilis and B. thuringiensis can form biofilms at
air-liquid interfaces (Cherif et al., 2003). If the formation of biofilms by B. thuringiensis
is greatly found in plant root surfaces like B. subtilis, it may show that high bacteria
density and more stably B. thuringiensis can exist in tomato root surfaces. Biofilm
formation could also provide an evidence of B. thuringiensis as a PGPR.

Since B. thuringiensis has attracted great attention as a biological control agent
and showed a potential activity to root-knot nematodes and bacterial wilt. The effect of
using insecticide B. thuringiensis as PGPR to control plant soil disease such as complex
.disease was expected. However, there is little research to evaluate B. thuringiensis is
PGPR, and the biocontrol efficiency by B. thuringiensis against Fusarium oxysporum
f.sp. lycopersici, root knot nematdde M. incognita and complex disease, so the
objectives of this study were to:

confirm whether B. thuringiensis could suppress the wilt disease caused by
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Fusarium oxysporum f.sp. lycopersici (FOL), and to verify if B. thuringiensis can

act as plant growth promoting rhizobacteria (PGPR), which can promote plant

shoot elongation and seed germination.

determine if B. thuringiensis strains have the ability to form biofilms on microtiter

plates, colonize and form biofilms on tomato roots by liquid and soil co-culture

methods.

carry out to assay the systemic activity of B. thuringiensis against M. incognita in

vitro, test the biocontrol efficacy in potted soil under greenhouse condition, and

comprehensively evaluate nematicidal potential in PPN management.

evaluate the biocontrol potential of selected B. thuringiensis strains with antifungal

and nematicidal activities against disease complex caused by M. incognita and FOL

in tomato plants.

clarify the mechanisms of B. thuringiensis control complex, and the interactions

among plant, pathogen, nematode and B. thuringiensis.
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Fig. 1-2
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CHAPTERIL
Bacillus thuringiensis as Biological Control Agents for Tomato

Fusarium Wilt
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2.1 Introduction of chapter II

Bacillus thuringiensis has been used as an effective bioinsecticide because it

produces the proteins Cry and Cyt, which are highly toxic to insects in certain situations.

However, recently, B. thuringiensis was used as a biological control agent that can

suppress plant disease. In this study, the antagonistic activities of B. thuringiensis

Jjaponensis (BT17) and B. thuringiensis kurstaki (BT18) against the fungal pathogen

Fusarium oxysporum f.sp. lycopersici (FOL) were examined using a dual cuiture

technique. Furthermore, B. thuringiensis strains suppressed the development of wilt

symptoms caused by FOL in tomato plants. After inoculating six strains of B.

thuringiensis suspension following inoculation of FOL, the development of wilt

symptoms became less than control, especially with B. thuringiensis japonensis (BT17)

and B. thuringiensis CR371-H (BT20). Furthermore, we proved that B. thuringiensis

strains are plant growth promoting rhizobacteria (PGPR) that can promote plant growth.

Seed germination and shoot elongation were promoted by treating the tomato seeds with

a bacterial culture filtrate and a bacterial suspension.
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2.2 Materials and methods

2.2.1 Fungal pathogen and bacterial strains preparation

Fusarium oxysporum L.sp. Iycopersici (FOL) race 2 was used in the pathogenicity

experiments. The isolate (FOL) was grown on potato dextrose agar (PDA) medium at

26°C for 7 days in a culture dish and then stored at 5°C. The isolate, recovered as

needed from storage, was grown on PDA at 26°C for 7 days prior to inoculation,

The tested B. thuringiensis strains B. thuringiensis sotto (BT15), B. thuringiensis

israelensis (BT16), B. thuringiensis japonensis (BT17), B. thuringiensis kurstaki

(BT18), B. thuringiensis roskildiensis (BT19), B. thuringiensis CR371-H (BT20),

(BT15: crylAa, BT16: cry4Aa, cryl0Aa, cryllAa, BT17: cytlA, BTI18: crylAa,

crylAb, crylAc, BT19: cry21Ba, BT20: no cry gene) used for the present investigation

were obtained from Research Faculty of Agriculture, Applied Bioscience Applied

Molecular Biology Laboratory, Hokkaido University. For inoculum preparation, six

strains of B. thuringiensis were inoculated in Luria Bertani broth (LB) and grown for 1

week at 30°C. For the preparation of B. thuringiensis culture filtrate (CF), the six strains

of bacteria were inoculated in liquid LB broth and grown for 24 h with constant shaking
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(150 rpm) at 28 £ 2°C. The culture obtained at the stationary phase was centrifuged at
6000 rpm for 10 min and the bacterial cells were resuspended in sodium phosphate

buffer (100 mM; pH 7.0). The bacterial concentration was adjusted to 3 x 108 cfiu/ml.

2.2.2 Antagonistic activity of B. thuringiensis

The antifungal activity of six strains of B. thuringiensis against FOL was
evaluated by dual culture method on PDA, in triplicate. FOL (9m® colony) was
inoculated in the middle of a PDA plate, and at the same time, the six strains of B.
thuringiensis were inoculated at the edge of the PDA plate separately. A PDA plate that
was only inoculated with the pathogen was treated as a control. The inoculated PDA
plates were incubated at 28 + 2°C. When the control PDA plates were full of mycelium,
the length of a clear zone caused by B. thuringiensis, between the B. thuringiensis

colony and FOL colony were observed.

2.2.3 Pot experiment
Subsequently, evaluation of the suppressive effect on FOL by six strains of B.

thuringiensis in the soil condition (pot experiment) was conducted. Bacterial culture
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filtrate and bacterial suspension were prepared. Tomato seedlings were grown at 25°C.
The roots of 4-week-old tomato seedlings were treated with bacterial culture at 3 ml/pot
(3 x 10® cfu/ml). FOL- infested soil was prepared. Sterile soil and maize flour were
mixed completely at the rate of 2:1 (v/v) to make the culture soil. In a flask filled with
12 ml distilled water, 40 ml of culture soil was taken, and sterilized in an autoclave. The
FOL was inoculated in the sterilized culture soil, and stored in a 25°C incubator for 7
days. Sterile soil (1 L) and 5% (v/v) FOL infested soil were mixed completely and put
in a sterilized plastic box to make the FOL infested soil. The bacteria-treated tomato
seedlings were placed in the FOL-infested soil (4 pots/box). Tomato seedlings treated
with distilled water alone were used as a control. Three weeks after pathogen
inoculation, the fresh weight, shoot length, and root length were measured and the
wilting score was evaluated. Wilting score was evaluated based on leaf symptoms of
wilting as follows: 0 = no wilt symptoms; 1 = <25% of wilting leaves; 2 = 26-50% of
wilting leaves; 3 = 51-75% of wilting leaves; 4 = 76~100% of wilting leaves (Bora et

al., 2004).

2.2.4 The activity of B. thuringiensis strains on promotion of tomato seed germination
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To evaluate the PGPR effects of B. thuringiensis culture filtrate on seed

germination, we performed bacterial treatment of tomato seeds. Bacterial culture filtrate

and bacterial suspension were prepared. Seeds of tomato were surface sterilized with

1% sodium hypochlorite for 1 min and washed with sterilized water 3 times, then

immersed in bacterial culture filtrate and bacterial suspension. After 24 h, the bacterial

culture filtrate (or bacterial suspension) was thrown away and the seeds were dried for

12 h in sterile Petri dishes. Tomato seeds soaked in phosphate buffer alone were used as

a control treatment. Bacterial culture filtrate (or bacterial suspension) treated tomato

seeds were placed at 25°C (10 seeds/ dish). After 3 days, the seed germinations were

evaluated after inoculation. Using same seed treatment method, pot experiments were

carried out in a completely randomized design in a greenhouse at 25°C with five

replicates. Bacteria treated seeds were sown in individual 9-cm-diameter pots

containing sterilized soil (Shanmugam et al., 2011). For the pot experiments, plant fresh

weight, dry weight, and height were measured 4 weeks after inoculation.

2.2.5 Root and shoot elongation

Bacterial suspensions were prepared. Seeds of tomato were surface sterilized with
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1% sodium hypochlorite for 1 min and washed with sterilized water 3 times, then

immersed in bacterial culture filtrate and bacterial suspension. After 24h, the bacterial

culture filtrate (or bacterial suspension) was thrown away and the seeds were dried for

12 h in sterile Petri dishes (diameter = 90mm). Tomato seeds soaked in phosphate buffer

alone were used as a control treatment. Bacteria - treated seeds were placed between

folds of wet germination paper. A roll towel method involved rolling of the seeds in wet

germination paper. First, a label with details regarding sample, number of replicate

seeds and date was placed on the top left hand corner. Next, a wet paper towel was

placed over the label. The seeds were then placed 2cm below the edge of the sheet in a

row using forceps. A strip of paper was also wetted and placed over the seeds to keep

them moist and to prevent them from being displaced while rolling. The wet paper

towel was then rolled, using a rubber band to prevent unfurling of the roll. The rolled

paper was subsequently placed in water at 25°C. After 2 weeks the shoot and root

elongation were measured using a ruler with fine-scale measurements.

2.3 RESULTS
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2.3.1 Antagonistic activity of B. thuringiensis

In the dual culture assays for antifungal activity, six strains of B. thuringiensis
were tested. As a result BT17 and BT18 inhibited the mycelial growth of the pathogen
FOL significantly, with an inhibition clear zone. These results show that BT17 and
BT18 have antagonistic activity against FOL, which can inhibit the mycelial growth of

FOL (Fig.2- 1).

2.3.2 Pot experiment

The results showed that tomato roots treated with B. thuringiensis culture filtrate
suppressed the growth of FOL and the development of wilt symptoms to less than the
pathogen control; the strains BT17 and BT20 had a significant effect (ANOVA, F =
11.64; df = 7, 16; P < 0.01) (Fig. 2-2a-b). A highly antagonistic activity of B.
thuringiensis strain, BT17 was assessed with and without inoculation with FOL and
compared with untreated controls in a pot. The bacterial treatment led to a significant
reduction in the wilting score, from 83.3% to 25% (Fig. 2-2b), with less disease
incidence compared to pathogen treatment alone. The bacterial treatments recorded a

significant increase (ANOVA, F=13.12; df=1, 41; P < 0.01) in tomato plant weight from
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11.2% to 220.1% (Table 2-1) relative to the pathogen control, and increased the tomato

shoot length from 43.1% to 108% (Table 2-1) relative to the pathogen control, and root

length from 13.7% to 65.6% (Table 2-1) relative to the pathogen control.

2.3.3 The activity of B. thuringiensis strains on tomato seeds germination promotion

All the six strains of B. thuringiensis increased the germination rate of tomato

seeds compared to untreated control tomato seeds (Fig. 2-3a), with increases ranging

from 35.7% to 107.1% (Fig. 2-3b). Among all the test strains, BT18 showed the highest

seed germination rate. In the pot experiment, B. thuringiensis strains promoted plant

length from 4% to 28.5% versus untreated control (Table. 2-2), promoted plant fresh

weight from 3.8% to 108.4% versus untreated control (Table. 2-2), promote plant dry

weight from 35.3% to 201.9% versus untreated control (Table. 2-2).

2.3.4 Root and shoot elongation

The results of the roll towel experiment showed that all of the B. thuringiensis

strains promoted tomato shoot and root elongation compared to the untreated control

(Fig. 2-4a), ranging from 87.7 to 381.1% (Fig. 2-4b). In particular, BT17 promoted
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shoot and root elongation significantly compared to other strains and untreated controls

(Fig. 2-4b).

2.4 DISCUSSION

B. thuringiensis has been used as an effective bioinsecticide because it produces

the proteins Cry and Cyt, which are highly toxic to insects in certain situations (Betz et

al., 2000). In recent years, many new functions of B. thuringiensis have been discovered

that protect plants from pathogen infection. Recently B. thuringiensis was used as a

biological control agent that can suppress plant disease. In this study, the antagonistic

activities of BT17 and BT20 against FOL were examined by dual culture technique. It

was confirmed that B. thuringiensis strains can suppress the development of wilt

symptoms caused by FOL in tomato plants. In addition, this study proved that B,

thuringiensis strains were plant growth promoting rhizobacteria (PGPR) which

promoted plant growth, seed germination, and shoot elongation.

Compare to chemical control, biocontrol by use of PGPR shows a potentially

attractive and efficient disease management approach. PGPR are soil bacteria that able
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to colonize the root system of plants, and enhance plant growth and development under
field conditions (Kloepper et al., 1988; Raupach et al., 1998). Indeed, PGPR are able to
promote plant growth and reduce disease in crops (Jetiyanon and Kloepper, 2002).
Since Gram-positive have the ability to form desiccation- and heat- resistant spores, it
can be formulated into stable products readily (Emmert et al., 1999). Root colonizing
Bacillus spp. is well-known by disease control and enhancement of plant growth
(Kloepper et al., 2006). For example, B. subtilis is the best-characterized member of
Gram-positive bacteria, and has become a paradigm organism (Kunst et al., 1997). B.
subtilis is treated as an excellent biocontrol agent, because it has many characteristics,
such as the promotion of plant growth, formation of viable spores, production of
structurally diverse antibiotics, and a ubiquitous presence in soil (Ryu et al., 2004;
Bais et al., 2004; Cenci et al., 2006; Liu et al., 2006).

In this study, six strains of B. thuringiensis (BT15, BT16, BT17, BT18, BT19,
BT20) were tested. All six strains of B. thuringiensis could suppress the growth of FOL
and the development of wilt symptoms in tomato plants (Fig. 2-2b). By treating the
tomato roots with B. thuringiensis suspension, the wilt disease caused by FOL was

significantly suppressed. But the suppressive activity might not be caused by the
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competition for space, nutrients and ecological niches between B. thuringiensis and
FOL. B. thuringiensis generally produces several compounds, such as antimicrobial
substances that include b-exotoxins, antibiotics, degrading enzymes, bacteriocins, and a
signal molecule in the bacterial quorum-sensing system (Cherif et al., 2003; Dong et al.,
2002). B. thuringiensis strains were screened for their antibacterial, anti-insect,
lactonases, chitinases, -1, 3-glucanases, and zwittermicinA (Arora et al., 2003; Cherif
et al., 2003; Stabb et al., 1994), Six tested strains had at least two major insecticidal
toxins genes. Concerning fungal biocontrol, all the strains inhibited the growth of
Fusarium oxysporum and Aspergillus flavus and four strains had all or most of the
antifungal determinants examined, With strain Bf HD932 showing the widest antifungal
activity spectrum (Raddadi et al., 2009). B. thuringiensis could produce compounds that
occur outside of the cell, such as b-exotoxins and the antibiotic zwittermicin A (Zhou et
al., 2008). The six strains of B. thuringiensis that were used in the experiments in this
study might produce such compounds.

In all of the tested B. thuringiensis strains, BT17 and BT18 showed antagonistic
activity against FOL by dual culture assays (Fig. 2-1) and inhibited the symptoms of

wilt disease in pot (Fig. 2-2b). From these results, we conclude that B. thuringiensis can
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product antimicrobial substances against the growth of FOL. However, in the pot

experiment BT20 also inhibited wilt symptoms with a low wilting score and high plant

weight (Table. 2-1), in contrast to the dual culture assays, where fungal growth was not

inhibited by BT20. Therefore, there is less likelihood that antimicrobial substances were

produced by BT20, unlike BT17 and BT18 that might directly suppress the growth and

spread of FOL in tomato. It was inferred that BT20 suppressed the wilt disease in an

indirect way. Moreover, all of the tested B. thuringiensis strains could promote seed

germination (Fig. 2-3b) and root and shoot elongation (Fig. 2-4b) significantly. From

this point, the mechanism of antagonistic to fungal plant pathogen and induced

resistance should be clear.

PGPR enhance plant growth either directly or indirectly (Glick, 1995); direct

mechanisms of plant growth promotion by PGPR can be demonstrated deficient plant

pathogens or other rhizo-microorganisms and promoting the uptake of nutrients from

the environment, while indirect mechanisms of plant growth promotion involve the

ability of PGPR to lessen the deleterious effects of phytopathogenic organisms on crop

yield (Ramamoorthy et al., 2001). PGPR strains can control plant pathogens through

several mechanisms, including production of antimicrobial compounds, induced
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systemic resistance (ISR), and competition for spaces and nutrients with pathogens
(Kloepper et al., 2004; Munees et al., 2014; Van et al., 1998). Tomato roots treated with
a cell-free filtrate of B. thuringiensis suppressed the development of wilt symptoms
caused by bacterial wilt disease Raistornia solanacearum, through the plant defense
system (Hyakumachi et al., 2013). The co-activation of ET-dependent signaling
pathway with the SA-dependent signaling pathway and suppression of JA-dependent
signaling may play key roles in induced resistance of B. thuringiensis to R
solanacearum in tomatd (Hyakumachi et al., 2014). In our data, it is also possible that
some kind of elicitor compounds existed in BT20, because of non-antagonistic fungal
activity and Fusarium wilt suppression effects.

Since PGPR are well known for their disease reduction and growth promotion
abilities, biocontrol by use of PGPR shows a potentially efficient alternative disease
management approach (Van, 2007). This study provides evidence for the first time that
B. thuringiensis can be used as PGPR, which have bioactivity against a plant pathogen
by suppressing the wilt disease and promoting plant seed germination, root and shoot
elongation. However, why B. thuringiensis can promote seed germination and root and

shoot elongation were not yet clear. The mechanism behind BT20 causing induced
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systemic resistance should be further studied. To further understand the mechanism of B.
thuringiensis - induced resistance to Fusarium oxysporum, it will be important to
identify the specific substances present in the CF that can induce resistance to Fusarium
oxysporum in tomato. Interestingly volatile compounds and lipopeptides produced by
Bacillus spp. have been identified as elicitors in ISR (Ryu et al., 2004). Therefore,
characterization of the substances able to induce disease resistance will provide new
insights for further evaluation of the practicality of B. thuringiensis as an effective

biocontrol agent.
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Fig. 2-1. Antagonistic bacteria selection was evaluated by dual culture technique on

PDA. PDA plate that was only inoculated with the FOL was treated as a control. The

clear zone caused by BT17 and BT18 against FOL were clearly shown in this picture

(Fig. 2-1 C, D).

A: BT15 treament; B: BT16 treament; C: BT17 treament; D: BT18 treament; E: BT19

treatment; F: BT20 treatment; G: control.
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Fig. 2-2a. Development of Fusarium symptoms in tomato plants by treating their roots

with B. thuringiensis strains. (A) Tomato seedlings treated with BT17 and FOL; (B)

tomato seedlings treated with FOL alone; (C) tomato seedlings treated with distilled

water alone. Wilting score in tomato plants with their roots treated with the suspension

of B. thuringiensis. CF: pathogen control; C: untreated control.
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Fig. 2-2b.
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Fig. 2-2b. Development of Fusarium symptoms in tomato plants by treating their roots

with B. thuringiensis strains. Wilting score was evaluated based on leaf symptoms of

wilting as follows: 0 = no wilt symptoms; 1 = <25% of wilting leaves; 2 = 26-50% of

wilting leaves; 3 = 51-75% of wilting leaves; 4 = 76—100% of wilting leaves.

Mean and standard deviation of three replicates per experiment are presented. Values

followed by different letters were significantly different according to the Tukey test at a

0.05 level of confidence.

CF: pathogen control; C: untreated control
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Fig. 2-3a. The activity of B. thuringiensis strains on promotion of tomato seed

germination was done by seed treatment. C: untreated control.

A: BTI15 treament; B: BT16 treament; C: BT 17 treament; D: BT18 treament; E: BT19

treatment; F: BT20 treatment; G: control.
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Fig. 2-3b.
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Fig. 2-3b. The activity of B. thuringiensis strains on promotion of tomato seed

germination was done by seed treatment. C: untreated control. Mean and standard

deviation of three replicates per experiment are presented. Values followed by different

letters were significantly different according to the Tukey test at a 0.05 level of

confidence.
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Fig. 2-4a. Shoot and root elongation by roll towel method.

A: BT15 treament; B: BT16 treament; C: BT17 treament; D: BT18 treament; E: BT19

treatment; F: BT20 treatment; G: control.
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Fig. 2-4b.
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Fig. 2-4b. Shoot and root elongation by roll towel method. C: untreated control. Mean
and standard deviation of three replicates per experiment are presented. Values followed

by different letters were significantly different according to the Tukey test at a 0.01 level

of confidence.
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Table 2-1. The shoot, root length and fresh weight of the bacteria and pathogen treated

tomato seedlings in pot experiment.

PC C BT15 BT16 BT17 BT18 BT19 BT20
Shoot

26.00& 79.00 4840+ 4840+ 5410+ 4630+ 3720+ 5120+
length,

12.70c 12.30a 11.10b 13.80b  8.30ab 13.80b  21.10b  17.30b
cm
Root

1090+ 26.00% 9.80 * 18.10+ 1240+ 1580 970+ 16.60 +
Length,

5.08¢c 2.16a 3.20¢ 7.24b 3.14c 3.50b 1.86¢ 8.29b
cm
Fresh 5.78 £ 36.55+ 6.44 + 947+ 8.73 % 7.98 & 5.68 18.50+
weight, g 1.83B 12.37A 541B 4.97B 5.93B 2.41B 4.23B 10.47A

PC: pathogen control; C: untreated control.

Mean and standard deviation of three replicates per experiment are presented. Values

followed by different letters were significantly different according to the Tukey test at a

0.05 level of confidence
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Table 2-2. Shoot length, fresh weight and dry weight of bacteria treated tomato seeds in

PGPR pot experiment.
C BT15 BT16 BT17 BT18 BT19 BT20

‘Length, 2447+ 2750+ 3145 2833+ 2723+ 2545+ 31.25%

cm 4.72a 4.60a 2.27a 3.06a 3.85a 3.66a 2.56a
Fresh 195+ 3.18= 4.06 3.24 & 280+ 203+ 403z
weight,g  1.17b 1.02b 1.51a 1.01b 1.05b 0.83b 0.99a
Dry 0.05+ 013+ 015+ 0.11 £ 0.11 = 007+ 015z
weight, g 0.04b 0.05b 0.07a 0.04b 0.03b 0.02b 0.02a

C: untreated control. Mean and standard deviation of three replicates per experiment are

presented.

Values followed by different letters were not significantly different according to the Tukey

test at a 0.05 level of confidence.
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CHAPTER III.
Bacillus thuringiensis biofilm formation on tomato root

surface
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3.1 Introduction of chapter III

B. thuringiensis has been used as an effective bio-insecticide. But, recently B.
thuringiensis was treated as a biological control agent which can suppress the plant
disease. B. thuringiensis can suppress the growth of Ralstonia solanacearum and the
development of wilt symptoms in plants. B. subtilis, which is ubiquitous in soil, can
promote plant growth, protect against fungal pathogen attack as a biocontrol agent on
plants. It is now widely recognized that B. subtilis settings persist in association with
surfaces by forming biofilm. In this study, we would like to determine if B.
thuringiensis would colonize and form biofilms on tomato roots. We use 10 under test
strains: B. thuringiensis strains B. thuringiensis sotto (BT15), B. thuringiensis
israelensis (BT16), B. thuringiensis japonensis (BT17), B. thuringiensis kurstaki
(BT18), B. thuringiensis roskildiensis (BT19), B. thuringiensis CR371-H (BT20), B.
thuringiensis DF (BT DF), B. thuringiensis GC-91 (BT GC-91), B. subtilis MBI600, B.
simplex CGF2856. The microtiter plate assay was used to evaluate B. subtilis biofilm
formation. Biofilm formation was quantified by measuring the ODsgs for each well

using a spectrophotometer. Also the tomato root was soaked in each tested bacterial
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strains by co-culture method for 48h, and transplant tomato to soil condition. The result

is B. thuringiensis has the ability of biofilm formation. Our results also indicate that B.

thuringiensis formed biofilm can colonize plant root.

3.2 Materials and methods

3.2.1 Bacterial strains and tomato seed preparation

The tested B. thuringiensis strains (BT 15~20) used for the present investigation

were obtained from Research Faculty of Agriculture, Applied Bioscience Applied

Molecular Biology Laboratory, Hokkaido University. For inoculum preparation, six

strains of B. thuringiensis were inoculated in Luria Bertani broth (LB) and grown for 1

week at 30°C.The other tested strains (BT DF, BT GC-91, B.subtilis MBI600, B.simplex

CGF2856) were form commercial formulation. For the preparation of bacterial

suspension, the ten strains of bacteria were inoculated in liquid LB broth and grown for

24 h with constant shaking (150 rpm) at 28 + 2°C.Tomato seed (Lycopersicon esculen-

fum Mill) was used in this experiment. Tomato seeds were surface-sterilized with 5%

antiformin for 30 sec, 70% ethanol for 10 sec, and washed with sterilized water twice.
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3.2.2 Formation of biofilms by B. thuringiensis in microtiter plates

The ability of the B. thuringiensis strains to form biofilms was tested. Pre-cultures
in the exponential phase of growth were inoculated at an optical density at 600nm
(ODggo) of 0.1 into fresh LB medium (10 g/liter bactopeptone, 5 g/liter yeast extract, 5
gfliter NaCl) in 24-well microtiter plates. After 24, 48, 72 h of incubation at 25°C with 3
replicates, the biofilm density was measured as follows: the microtiter plate wells were
washed once with phosphate- buffered saline, and bound cells were stained with a 1%
(wt/vol) crystal violet solution at room temperature for 20 min. The wells were then
washed with phosphate-buffered saline three times, and the dye was solubilized with a
20%/80% acetone/ethanol mixture. The absorbance at 595 nm of the solubilized dye

was subsequently determined (Auger et al., 2006).

3.2.3 Formation of biofilms by B. thuringiensis with liquid and soil co-culture methods
The ability B. thuringiensis biofilm formation on tomato roots was tested by
liquid and soil co-culture methods (Bais et al., 2004). The tested bacterial suspensions

were prepared as described before. In liquid co-culture, the tomato seeds were placed in
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a culture dish for germination in 8 days. Elongated tomato roots were soaked in a glass
bottle (4.5cm in height, 2cm in width), which filled with 5ml bacterial suspension for 3
days. In soil co-cultivation, the tomato seeds were placed in a culture dish for
germination in 4 or 5 days. After 4 or 5 days, germinated tomato seedlings were plant in
15 ml of tubes added with 2.5g sterilization soil, filled with sterilized water. 1 ml/day
tested bacterial suspensions were inoculated to the tomato seedlings, inoculation was
taken three days in total. Root of the tomato seedlings treated with liquid and soil
co-culture methods were rinsed with a phosphate-buffered saline twice and soaked with
70% methanol for 10 min. The tomato seedlings were dyed with 5% trypan blue for 10
min. An optical microscope was used to observe the tomato root surfaces in a field of
vision of 1,000 times. Cut 2cm from the tip of taproot and evaluated the biofilm
formation of the tomato root surfaces.

Bacterial concentration in liquid co-culture experiment: BT15: 2.08x10%cfu/ml;
BT16: 8.16x107cfu/ml; BT17: 7.6x107cfu/ml: BTI18: 1.97x10%cfu/ml; BTI19:
9.34x107cfu/ml; BT20: 9.26x107cfu/ml; BT DF: 1.68x10%cfu/ml; BT GC-9I:
1.64x10%cfu/ml; B. subtilis MBI600. 1.47x107cfml; B. simplex CGF2856:

1.78x10%cfu/ml.
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Bacterial concentration in soil co-cultivation experiment: BT15: 1.95x10%cfu/ml; BT16:

1.04x108cfu/ml; BT17: 1.10x10%fu/ml; BT18: 2.0x108%fu/ml; BT19: 1.13x10%cfu/ml;

BT20: 1.17x10%cfwml; BT DF: 1.81x10%cfwml; BT GC-91: 1.79x10%cfwml; B,

subtilis MBI600: 9.51x107cfu/ml; B. simplex CGF2856: 1,74x108cfu/ml.

3.3 RESULTS

3.3.1 Formation of biofilms by B. thuringiensis in microtiter plates

The result of formation of biofilms by B. thuringiensis in microtiter plates was all

tested strains could form biofilms in microtiter plates (Fig. 3-1). All tested strains

showed a rise in absorbance from the first day to the second day. From second day to

third day, BT16, BT18, BT20, BT DF, B. simplex CGF2856 showed a rising trend in

absorbance, BT15, BT17, BT19, BT GC-91, B. subtilis MBI60Q showed a decrease

trend in absorbance (Fig. 3-1). To determine the kinetics of biofilm formation, a

microtiter plate was inoculated with the bacterial strain as described above. A

measurable amount of biofilm was detected after 24 h of inoculation (Fig. 3-1). The

number of viable cells in the biofilm rings was determined as follows. The biofilm was
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manually scraped from the sides of the wells using a pipette tip and re-suspended in LB
medium. After serial dilutions, cells were plated onto LB medium. The increase in
crystal violet staining with time of incubation was proportional to the increase in the

number of viable cells in the biofilm (Fig. 3-1).

3.3.2 Formation of biofilms by B. thuringiensis with liquid and soil co-culture methods
3-day after liquid and soil co-cultivation, tomato root surfaces was washed, fixed
and dyed, then observed the formation of biofilms on tomato root surfaces by an optical
microscope. As a result, in the liquid bacteria co-culture experiment, except B. simplex
CGF2856 and control treatment, all of bacterial strains could form biofilms on tomato
roots rhizoplane were confirmed (Fig. 3-2). Also, in the soil co-cultivation experiment,
except BT 19, BT 20, and B. simplex CGF2856, all of bacterial strains could form

biofilms on tomato root surfaces were confirmed (Fig. 3-3).

3.4 Discussion

The ability of biofilms formation by bacterial strains was evaluated in 24-well
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microtiter plates as described before. As a result, we identified all tested bacterial strains

could form biofilm (an annular formed in suspension in the well and the interface with

the gas) after 2 days static culture. In addition, because of the interaction between the

quantity of CV dyeing and the number of colony forming unit of attached cells, the

increase and decrease of absorbance corresponded to quantity of biofilm formation in

the well. Furthermore, from the first day to the second day, all tested strains showed an

increase in the quantity of biofilms formation, from second day to third day, biofilm

quantities showed both increase and decrease for every each strain were confirmed. In

biofilm formative process, the biofilm would flow away from direction, which prevent

biofilm growth and the structure, composition, and function of biofilm are changing

dynamically, during biofilm formation (Brading et al., 1995). So the disintegration of

the biofilm or the falling off from a well wall surface may lead to decrease of already

developed, thick biofilm.

The results of biofilm formation evaluated by liquid and the soil co-cultivation

were that, except some strains colony biofilm were confirmed in all tested strains treated

tomato root surfaces under both culture conditions. Under a liquid culture condition, all

of the B. thuringiensis strains and B. subtilis MBI600 biofilm formation ability were
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confirmed, but there was no biofilm formed by B. simplex CGF2856. On the other hand,

under soil co-cultivation, except BT19, BT 20, and B. simplex CGF2856, all of bacterial

strains could form biofilms on tomato root surfaces were confirmed. For B. simplex the

reason might be the ability for biofilm formation to plant root surfaces was lacked; for B.

thuringiensis the reason might be a soil particle became the inhibition under soil culture,

so there was no biofilm formation in rhizoplane. In this study, we documented B.

thuringiensis strains have the ability to colonize and form biofilms on plant root

surfaces.

Biofilms share an important structural feature: their constituent cells are bound

together by an extracellular matrix that mainly consists of macromolecules, including

proteins, polysaccharides, and nucleic acids, that are produced by the cells themselves

(Branda et al., 2005). Bacterial biofilms are found in most natural and man-made

environments where bacteria are associated predominantly with surfaces rather than in a

free-floating state (Block et al., 1993). B. subtilis has been a model organism for the

study of Gram-positive bacterial physiology. Recently, it has been reported that B.

subtilis forms adhering biofilms on inert surfaces under the control of a variety of

transcription factors (Hamon et al., 2001; Stanley et al., 2003). Furthermore, B. subtilis
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6051 could reduce mortality of Arabidopsis, which root infected by Pseudomonas
syringae, because of an antimicrobial-producing biofilm formed by B. subtilis 6051. So
the ability of B. subtilis 6051 to control P syringae infectivity of Arabidopsis was
directly proportional to its ability to colonize and form biofilms on plant root surfaces
was documented (Bais et al., 2004).

B. thuringiensis is a naturally abundant Gram-positive bacterium and a
well-known, effective bio-insecticide (Schnepf et al., 1998). B. thuringiensis can
product crystal proteins, which are highly toxic to insects, but not to mammals, and are
not harmful to the environment. It has been widely used as an alternative to chemical
pesticides or genetically engineered into crops to provide constant protection (Bravo et
al., 2011). Moreover, the activity of B. thuringiensis can suppress the growth of
Ralstonia solanacearum and the development of wilt symptoms has been examined in
tomato plants (Hyakumachi et al., 2013).

In this study, although we documented B. thuringiensis strains have the ability to
colonize and form biofilms on plant root surfaces, in the future, using the fluorescence
flagella antibody to observe the three-dimensional biofilm and quantify biofilm formed

by B. thuringiensis will be necessary. Recently, we proved that B. thuringiensis strains
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suppressed the development of wilt symptoms caused by FOL in tomato plants. And B.
thuringiensis strains are plant growth promoting rhizobacteria (PGPR) that can promote
plant growth, seed germination and shoot elongation (unpublished). Furthermore, we
would like to determine if the biofilm formation and colonization by B. thuringiensis

strains could provide protection to the plant and control plant disease.
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Fig. 3-1.
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Fig.3-1. OD595 of solubilized crystal violet from microtiter plate assay (filled circles).

After 24h, 48h, 72h of incubation, biofilm density was measured as described in the text.

The data represent the means of three independent experiments. The error bars represent

standard deviations.
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Fig. 3-2.
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Fig.3-2. In liquid co-culture, the tomato roots cultured with liquid bacterial suspension

for 3 days. After 3days culture, the tomato seedlings were dyed with 5% trypan blue. An

optical microscope was used to observe the colony formed by bacteria on root surfaces.
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Fig.3-3. In soil co-cultivation, the tomato roots were plant in soil condition and

inoculated bacterial suspension. After 5 days culture, the tomato seedlings were dyed

with 5% trypan blue. An optical microscope was used to observe the colony formed by

bacteria on root surfaces (Bars=10mm).
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CHAPTERIV,

Toxicity of Bacillus thuringiensis to Meloidogyne incognita
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4.1 Introduction of chapter IV

B. thuringiensis has been used as an effective bio-insecticide because it produces
the proteins Cry and Cyt, which are highly toxic to insects in certain situations.
Root-knot nematode Meloidogyne incognita, is an important plant parasite, it prefers to
attack the root of its host plant and can cause extensive damage to a wide variety of
economically important crops. Recently, B. thuringiensis strains have the nematicidal
activity against root knot nematode was proved. So we focus on using B. thuringiensis
as a nematicide to control the M. incognita.

In this study, the nematicide effect of B. thuringiensis was indentified by using
bacteria culture filtrate (CF) treated second-stage nematode (J2) and egg sac. ]2
suspensions (0.1 ml) were placed into wells of a 24-well tissue culture plate (50J2/well)
containing 0.9 ml of bacteria CF. Liquid LB was used as the control. The effect of
bacteria CF on the viability of J2 was determined after 12h. Bacteria CF from B.
thuringiensis strains significantly increased the percentages of J2 motility compare to
untreated control.

Also, we inoculated bacteria CF of six strains of B. thuringiensis on M. incognita
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egg sac by co-culture method for 24h, and removed the egg sac into sterilized water. 3

days after inoculation, counted the quantity of hatched J2 in the bacteria CF and

un-hatched eggs in the egg sac to calculate the hatchability of egg. B. thuringiensis

strains reduced the hatchability of egg (from 26.3% to 55.8%) compare to the untreated

control.

4.2 Materials and methods

4.2.1 Bacterial strains preparation

Under tested B. thuringiensis strains B. thuringiensis sotto (BT15), B.

thuringiensis israelensis (BT16), B. thuringiensis japonensis (BT17), B. thuringiensis

kurstaki (BT18), B. thuringiensis roskildiensis (BT19), B. thuringiensis CR371-H

(BT20) were from Hokkaido University, Research Faculty of Agriculture Applied

Bioscience Applied Molecular Biology Laboratory. For inoculum preparation, six

strains of B. thuringiensis were inoculated in Luria Bertani broth (LB) broth and grown

for 48h at 30°C. The bacterial suspension (BS) was adjusted to 1 OD. The preparation

of B. thuringiensis culture filtrate (CF): inoculum the six strains of bacterial in liquid
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LB broth, and grown for 48h with constant shaking (180 rpm) at 28+2°C, the bacterial
suspension (BS) was adjusted to 1 OD. The culture obtained at stationery phase was
centrifuged at 6000 rev/min for 10 min. The peliet of bacterial cells suspension (CS)
was resuspended in phosphate buffer (100mM; pH7.0). The cell concentration was

adjusted to 3x10® CFU/ml.

4.2.2 Nematode M. incognita eggs and second-stage juveniles (J2) preparation

M. incognita was obtained from pure cultures maintained in roots of tomato
plants. About 90-day-old tomato seedlings (Lycopersicon esculentum) that were heavily
infected with root-knot nematodes were used. The roots were removed from the infested
soil and washed gently using tape water. Separated the egg masses were from the roots
using a sterile dissecting needle and forceps. M. incognita egg masses were extracted
from severely infected tomato roots, and surface-sterilized using a 1.5 % NaClO
solution (Hussey and Barker 1973), and subsequently washed with distilled water three
times. The surface-sterilized egg masses were stored in refrigerator at 10°C to prevent
hatching before application of treatments.

Active juveniles (J2) of M. incognita were obtained by using Baermann funnel
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method, incubated surface-sterilized egg masses in sterile water for 5 days at 25°C

(Southey, 1986). Emerging J2s were collected daily and stored at 15°C (Oka et al.,

2012). The population density of J2s for lethality experiment was determined to 500

J2s/ml.

4.2.3 Effect of Bacterial strains on M. incognita J2 lethality

The lethality assay of B. thuringiensis strains against J2 of M. incognita was set

up in a 24-well plate format in five replicates for individual B. thuringiensis strains

treatments and control (Masler, 2007). A single well consisted of 0.1 ml M. incognita J2

suspensions (50J2s/well), 0.9 ml individual B. thuringiensis strains suspension (BS, CF,

CS) and liquid LB as control. The 24-well culture plates were incubated at 25°C for 4

days and maintain the humidity. J2 of M. incognita viability was determined based on

movement. A moving J2 was considered as alive. Paralyzed (non-mobile) Juveniles

were considered to be dead, if they did not move when probed with a fine needle. The

entire assays were carried out in five replicates.

4.2.4 Effect of Bacterial strains on M. incogrita egg hatching
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The effect of B. thuringiensis strains on egg hatch of M. incognita was

determined by co-culture method. Five equal sized egg masses were randomly picked

using sterile forceps and were placed in each Petri dish containing the 1ml B.

thuringiensis strains (BS, CF, CS separately). Egg masses kept in liquid LB were used

as a control. The Petri dish containing the suspension and the egg masses were

incubated at 25°C. 48 hours after treatment application, the egg masses were washed,

then transferred to 24-well plate, 1 egg mass with 1ml sterile water were set up in one

well and incubated at 25°C. The numbers of freshly hatched J2s were recorded at 7 days.

The experiment was conducted five replications per treatment,

4.2.5 Effect of Bacterial strains on the development of eggs

Five equal sized egg masses were randomly picked using sterile forceps and were

placed in each Petri dish containing the 1ml B. thuringiensis strains (BS, CF, CS

separately). Egg masses kept in liquid LB were used as a control. The Petri dish

containing the suspension and the egg masses were incubated at 25°C. 48 hours after

treatment application, the egg masses were washed, then transferred to 24-well plate, 1

egg mass with 1ml sterile water were set up in one well and incubated at 25°C for 7
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days. Egg masses were placed on slider glass and covered with cover glass, and crushed

the egg masses to observe the normal eggs and abnormal eggs using optical microscope.

The abnormal eggs were classified into eggs with vacuoles, dark discolored eggs, and

floating eggs.

4.3 RESULTS

4.3.1 Effect of Bacterial strains on M, incognita J2 lethality

The lethality of B. thuringiensis strains against J2 of M. incognita ranged from

89.33% to 99.33%. There were significant differences (P < 0.05) in mobility of

juveniles between the bacterial treatments and control (Fig. 4-1). BS of BT18 caused the

highest inhibition in motility of juveniles 24 h afier treatment application. Motility of M.

incognita J2 by B. thuringiensis strains increased from 43.3% to 61.3%, compared to

untreated control. None of the J2s recovered from the paralysis caused by any B.

thuringiensis strains, 48h after treatment with water. This result showed that B

thuringiensis strains have the lethal activity to J2 of M. incognita.
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4.3.2 Effect of Bacterial strains on M. incognita egg hatching

To evaluate the effect of B. thuringiensis strains on egg hatch of M. incognita,

surface-sterilized egg masses were co-cultured in B. thuringiensis strains BS, CF, CS for

48 h, then hatched in sterile water. After 7 days incubation, the numbers of hatched J2s

were decreased than control (Fig. 4-2). BS, CF, CS of B. thuringiensis strains

significantly inhibited egg hatching. BS of B. thuringiensis strains decreased egg

hatching rate ranged from 95.4% to 78.3%, most effective BS of B. thuringiensis strains

was BT15 (Fig. 4-2a); CF of B. thuringiensis strains decreased egg hatching rate ranged

from 66.3% to 95.8%, most effective CF of B. thuringiensis strains was BT15 (Fig.

4-2b); CS of B. thuringiensis strains decreased egg hatching rate ranged from 72. 7% to

93.1%, most effective CS of B. thuringiensis strains was BT18 (Fig. 4-2¢). Percent of B.

thuringiensis strains of egg hatching decreased from 26.3% to 55.8%, compared to

control. This result indicated that B. thuringiensis strains have the ability of suppression

egg hatching of M. incognita.

4.3.3 Effect of Bacterial strains on the development of M. incognita eggs

The BS, CF, CS of B. thuringiensis strains treatment significantly (P <0.01)
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increased the abnormal eggs when compared with the untreated control, and
demonstrated toxicity against the M. incognita eggs (Fig. 4-3). After 7 days treatment,
the BS of six B. thuringiensis strains kiiled from 39.0% to 63.0% of the eggs (Fig. 4-3a).
The CF of six B. thuringiensis strains killed from 19.0% to 42.0% of the eggs (Fig.
4-3b). The CS of six B. thuringiensis strains killed from 19.0% to 42.0% of the eggs

(Fig. 4-3c). Especially, BT18 showed the most effective activity against eggs.

4.4 DISCUSSION

The most damaging diseases that destroy crops are caused by many plant
pathogenic organisms, of these diseases are those caused by plant parasite nematodes.
Numerous biological agents have been used to control RKNs, Biocontrol agents reduce
nematode populations mainly by several mechanisms: production of toxins; changing
nematode physiology behavior; promoting plant growth; interrupting with plant
recognition; induction of systemic resistance (Siddiqui et al., 1999; Sikora et al., 1993;
El-Nagdi et al., 2004; Oostendorp et al., 1990; Liu et al., 1995). The crystal proteins

made by the entomopathogen B. thuringiensis are pore-forming toxins that specifically
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different target insect orders and nematodes are used worldwide to control insect pests

(Wel et al., 2003; Schulenburg and Muller, 2004; Rae et al., 2008). In the last decade,

several crystal proteins Cry5, Cry6, Cryl2, Cryl3, Cryl4, Cry21, and Cry55 presented

activity against nematode have been observed (Jouzani et al., 2008; Guo et al., 2008). B.

thuringiensis strains from various locations showed their lethality to J2 and egg of

root-knot nematodes (M. incognita and M. javanica) under laboratory conditions

(Al-Banna and Khyami-Horani, 2004).

This study clearly indicated nematicidal activities of B. thuringiensis culture

filtrate and bacterial suspension against M. incognita, including inhibition of egg hatch

and J2 lethal activity. This result suggested that B. thuringiensis showed a nematicidal

activity, and might play a significant role in nematode management, since egg hatching,

survival, motility are important behavior for RKN life cycle (Ediz and Dickerson, 1976;

Jaubert et al., 2005). Therefore, if any step of the RKN life cycle was interfered, the

nematode reproduction would be interrupted effectively. This result indicated that B.

thuringiensis was a very promising biocontrol agent against RKN.

The utilization of ten different isolates of B. thuringiensis, which purified Cry

proteins and the supernatant, containing vegetative proteins, was applied to M
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incognita, in laboratory and in greenhouse was showed (Mohammed et al., 2008). The
results showed that four isolates, Bf7, Bf7N, BtSoto and BfDen, presented 90 and 100%
mortality when utilizing Cry proteins and vegetative protein fractions, respectively. In
greenhouse, these isolates were efficient, with Bf7N showing the best result in reducing
the nuﬁber of eggs, the egg mass and the number of galls, when compared to the other
treatments and control. Our research also indicated Cry proteins and vegetative cell
suspension of six B. thuringiensis strains showed toxicity to J2 and eggs of M. incognita.
The results of the current research are in agreement with several nﬁmbers of earlier
studies (Griffitts et al., 2001; Lopez-Arellano et al., 2002; Mozgovaya et al., 2002; Wei
et al., 2003; Griffitts et al., 2003; Hala et al., 2003; Huffman et al., 2004; Kotze et al.,
2005).

When M. incognita was treated with B. thuringiensis culture filtrates, significant
difference on mortality, and egg hatching rate than control were observed, which
suggests that the nematicidal activity of B. thuringiensis is likely attributed to secondary
metabolites, not only proteins. Bacillus species can product different types of enzymes
and antibiotics, which are strongly antagonistic to several pathogens such as RKN

(Saxena et al., 2000). Nematode egg shells consists of three main layers namely,
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vitelline layer, chitinous layer and lipid layer (Zdarska et al., 2001). It might be possible

that B. thuringiensis produce some secondary metabolites, which damages the egg shell

of root-knot nematode or the juveniles within the eggs. Furthermore, inhibition in J2

emergence and great J2 mortality in vitro by culture filtrate application with Bt64 have

been recorded (Khan et al., 2010). This may be due to the production of metabolites

against root-knot nematodes. Our study also agreed with this opinion, the hatching

inhibition and abnormal egg increasing effect of the B. thuringiensis culture filtrate

might be due to secondary metabolites by B. thuringiensis with nematicidal property.

However, the nematicidal secondary metabolites produced by B. thuringiensis have not

been clearly characterized until now, and further search should be carried on.

The eggplant crop is also the target of attack by nematodes, mainly of the genus

M. incognita. Different microorganisms were used in vitro assays and in a greenhouse

(Ashoub and Amara, 2010). Among these microorganisms, three isolates of B.

thuringiensis identified were Biovarl, Biovar2 and Biovar3. J2s of each isolate were

tested separately, with a mortality rate of 70.0%, 85.0% and 90.0%, respectively.

However the mortality was higher (92%) when the three isolates were used

simultaneously after a 24h exposure. Inspired by these results, we would like use the
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mixture of 6 B. thuringiensis strains to control the disease in the further study, and the

effect was expected.

In conclusion, this study demonstrated that B. thuringiensis strains provide

effective nematicidal activity against M. incognita. This research also suggested that the

nematicidal activity of B. thuringiensis strains is attributed to both the production of

secondary metabolites and vegetative proteins. This indicates that B. thuringiensis is an

effective agent to be used in the integrated management of RKN in tomato. Further,

greenhouse experiment will be in progress to evidence nematicidal activity of B.

thuringiensis strains.
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Fig. 4-1. The lethality assay of B. thuringiensis strains against J2 of M. incognita was

done in a 24-well plate format after for 4 days co-culture. Mean and standard deviation

of five replicates per experiment are presented. Values followed by different letters were

significantly different according to the Tukey test at a 0.05 level of confidence.

BS: bacterial suspension; CF: culture filtrate; CS: bacterial cells suspension

15-20: B. thuringiensis strains; C: LB control
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Fig. 4-2.
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Fig. 4-2. The effect of B. thuringiensis strains on egg hatch of M. incognita was

determined by treating egg mass with B. thuringiensis strains for 48h. The numbers of

freshly hatched J2s were recorded at 7 days. Mean and standard deviation of five

replicates per experiment are presented. Values followed by different letters were

significantly different according to the Tukey test at a 0.05 level of confidence.

BS: bacterial suspension; CF: culture filtrate; CS: bacterial cells suspension

15-20: B. thuringiensis strains; C: LB control
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Fig. 4-3.
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Fig. 4-3. Egg masses treated with B. thuringiensis strains for 48h, then transferred

Breakdown of abnormal eggs

sterile water. After 7 days’ inoculation, crushed the egg masses, and observed the

normal and abnormal eggs using optical microscope. Mean and standard deviation of

five replicates per experiment are presented. Values followed by different letters were

significantly different according to the Tukey test at a 0.05 level of confidence.

BS: bacterial suspension; CF: culture filtrate; CS: bacterial cells suspension; 15-20: B.

thuringiensis strains; C: LB control. Red: normal eggs; Blue: abnormal eggs with

vacuoles, dark discolored and floating eggs.

83



CHAPTER V.

The effect of Bacillus thuringiensis to Complex diseases
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5.1 Introduction of chapter V

Root-knot nematodes and Fusarium wilt are soil-borne diseases, both of them can

cause severely economic losses worldwide to a broad range of plants. Complex diseases

in soil caused by soil-borne fungal pathogens, Fusarium spp. and root knot nematodes,

Meloidogyne spp. often damage plants more severely and make more difficultly to

control the disease than single pathogens alone. B. thuringiensis has been used as an

effective bioinsecticide worldwide. Recently, some research reported that B

thuringiensis show a potential activity to control plant diseases such as root-knot

nematodes and bacterial wilt (Mohammed et al., 2008; Hyakumachi et al., 2013).

Also in our previous study has confirmed that B. thuringiensis could suppress the

wilt disease caused by Fusarium oxysporum f.sp. lycopersici (FOL), act as plant growth

promoting rhizobacteria (PGPR) and B.thuringiensis exhibited a variety of nematicidal

properties to M. incognita J2, egg mass and egg. So in this study, we would like to use

potential B. thuringiensis strains which were selected in previous experiments to control

complex disease caused by M. incognita and FOL in tomato plants.

As a result, B. thuringiensis strains could significantly suppress the symptoms of
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complex disease; induce root gall; decrease wilting score and internal symptom;

promote shoot length and weight.

5.2 Materials and methods

5.2.1 Fungal pathogen and bacterial strains preparation

Fusarium oxysporum f.sp. Iycopersici (FOL) race 2 was used in the pathogenicity

experiments. The isolate (FOL) was grown on potato dextrose agar (PDA) medium at

25°C for 7 days in a culture dish and then stored at 5°C. The isolate, recovered as

needed from storage, was grown on PDA at 25°C for 7 days prior to inoculation. FOL-

infested soil was prepared. Sterile soil and maize flour were mixed completely at the

rate of 2:1 (v/v) to make the culture soil. In a flask filled with 12ml distilled water, 40

ml of culture soil was taken, and sterilized in an autoclave. The FOL was inoculated in

the sterilized culture soil, and stored in a 25°C incubator for 7 days. Sterile soil (1 L)

and 3% (v/v) FOL infested soil were mixed completely and put in a sterilized plastic

plate to make the FOL infested soil. The tested B. thuringiensis sotto (BT15), B.

thuringiensis israelensis (BT16), B. thuringiensis japonensis (BT17), B. thuringiensis
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kurstaki (BT18), B. thuringiensis roskildiensis (BT19), B. thuringiensis CR371-H
(BT20) used for the present investigation were obtained from Research Faculty of
Agriculture, Applied Bioscience Applied Molecular Biology Laboratory, Hokkaido
University. For inoculum preparation, six strains of B. thuringiensis were inoculated in
Luria Bertani broth (LB) and grown for 1 week at 30°C. For the preparation of B.
thuringiensis suspension, the six strains of bacteria were inoculated in liquid LB broth
and grown for 24 h with constant shaking (150 rpm) at 28 + 2°C. The bacterial

concentration was adjusted to 3 x 10® cfu.

5.2.2 Nematode M. incognita second-stage juveniles (J2) preparation

M. incognita was obtained from pure cultures maintained in roots of tomato
plants. About 90-day-old tomato seedlings (Zycopersicon esculentum) that were heavily
infected with root-knot nematodes were used. The roots were removed from the infested
soil and washed gently using tape water. Separated the egg masses were from the roots
using a sterile dissecting needle and forceps. M. incognita egg masses were extracted
from severely infected tomato roots, and surface-sterilized using a 1.5 % NaClO

solution (Hussey and Barker, 1973), and subsequently washed with distilled water three
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times. The surface-sterilized egg masses were stored in refrigerator at 10°C to prevent
hatching before application of treatments.

Active juveniles (J2) of M. incognita were obtained by using Baermann funnel
method, incubated surface-sterilized egg masses in sterile water for 5 days at 25°C
(Southey, 1986). Emerging J2s were collected daily and stored at 15°C (Oka et al.,
2012). The population density of J2s for lethality experiment was determined to 100

J2s/ml.

5.2.3 Pot experiment

Seeds of tomato were surface sterilized with 1% sodium hypochlorite for 1 min
and washed with sterilized water 3 times. Tomato seedlings were grown at 25°C. After
4-week cultivate, tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x
10® cfu/ml). After 7 days, 5ml J2 suspensions were inoculated around plant roots (500
J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the
FOL-infested sbil (15 pots/plate). 11 experiment groups were set: 3 BT strains (BT17,
BT18, BT20) + FOL; 3 BT strains (BT17, BT18, BT20) + RKN; 3 BT strains (BT17,

BT18, BT20) + FOL + RKN; RKN control; FOL control; FOL + RKN control; distilled
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water untreated control. 4 weeks after pathogen inoculation, the fresh weight, shoot

length, root length were measured and the wilting score, gall score, etiolation score,

internal symptom were evaluated. Wilting score was evaluated based on leaf symptoms

of wilting as follows: 0 = no wilt symptoms; 1 = <25% of wilting leaves; 2 = 26-50% of

wilting leaves; 3 = 51-75% of wilting leaves; 4 = 76-100% of wilting leaves (Bora et

al., 2004). Severity of root galling in M incognita infested tomato seedlings was

assessed on a 0-4 rating scale according to the percentage of galled tissue (Barker,

1985), where 0 = no galled roots; 1 = 1-25% galled roots; 2 = 26-50% galled roots; 3 =

51-75% galled roots; 4 = 76-100% galled roots. Etiolation score was evaluated based

on leaf symptoms of yellow as follows: 0 = no yellow symptoms; 1 = <25% of yellow

leaves; 2 = 26-50% of yellow leaves; 3 = 51-75% of yellow leaves; 4 = 76-100% of

yellow leaves. Internal symptom score was determined by browning degree of plant

vessel as follows: 0 = no browning symptoms; 1 = <33% of vessel browning; 2 = 34—

67% of vessel browning; 3 = 68-100% of vessel browning.

5.3 RESULTS
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5.3.1 Pot experiment

Wilt severity of Fusarium wilt- root knot nematode disease complex in the pot

experiment was significantly reduced by the treatments of B. thuringiensis (Fig. 5-1).

The control effects were estimated by wilting score, gall score, etiolation score, internal

symptom, respectively. There was no significant difference between FOL control and

FOL+ RKN control of wilting score and etiolation score, but FOL+ RKN control

showed higher disease index synthetically. And B. thuringiensis treatments reduced

wilting score (from 61.7% to 88.2%) and etiolation score (from 43.2% to 69.8%) than

pathogen control (Fig. 5-2; Fig. 5-3). B. thuringiensis treatments decreased vascular

damage (from 37.8% to 82.2%) than FOL control and FOL+ RKN control (Fig. 5-4).

These treatments had also reduced gall formation compared to the pathogen control

(from 45.8% to 60.0%). Unfortunately, distilled water untreated control was stained

with RKN, so there were small gall formatted in water control (Fig. 5-5). Shoot length,

root length and shoot weight of tomato plants were reduced significantly by the

infection of both FOL and RKN, and treatments of these B. thuringiensis strains

enhanced plant growth (increase shoot length from 26.3% to 32.1%,; increase root

length from 2.6% to 19.4%; increase shoot weight from 50.1% to 51.3%), especially
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showing more shoot growth than pathogen control (Fig. 5-6; Fig. 5-7; Fig. 5-8). B.

thuringiensis treatments presented a decrease of root weight than complex and RKN

control, because a large number of root galls were formatted by RKN infection (Fig.

5-9).

5.4 DISCUSSION

Over the past three decades, considerable attention has been given to parasitic

nematodes and soilborne fungi (Hirano, 1983). The first nematode-fungus complex

disease was found by Atkinson in 1892, who observed that Fusarium wilt of cotton

(caused by Fusarium oxysporum f. sp. vasinfectum) became more severe in the presence

of root-knot nematodes (Meloidogyne spp.). Synergistic effect between Fusarium wilt

pathogens and Meloidogyne spp. have been studied and documented in several host

crops, including alfalfa (Griffin, 1986); tomatoes (Suleman et al., 1997); chickpeas

(Kumar et al., 1998); coffee (Bertrand et al., 2000) and so on. The synergistic effect of

M. incognita was confirmed in Fusarium wilt of tomato caused by FOL by comparing

disease severity between single and combined inoculations of the two pathogens.

Nematodes and fungi interact synergistically may cause more damage to a susceptible
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host crop than either alone has been reported (France and Abawi, 1994). Combined
infection of chickpea plants by F oxysporum f. sp. ciceri and M. javanica increased the
severity pf Fusarium wilt (Uma Maheswari et al., 1997). Our results also agreed with
these reports, although there was no significantly severity difference between pathogen
control alone and complex disease control, complex disease presented a higher damage
in appearance.

In the previous study, 6 strains of B. thuringiensis were tested for their antifungal
and nematicidal activities. Out of those, all of the B. thuringiensis strains showed
antifungal and nematicidal activities against FOL and M. incognita, respectively. The
strains had variable effect against both pathogens; 3 strains BT17, BT18, BT20 showed
the strongest inhibitory activity and inhibited nematode egg hatch. We used these 3
strains for pot experiment. The pot experiments indicated that addition of B.
thuringiensis strains into potted soil suppressed the Fusarium wilt severity, reduced root
gall formation on tomato and increased plant growth. B. thuringiensis controlled the
wilt symptom effectively, since wilt score, etiolation score and internal symptom score
were significantly reduced than untreated control. Root galls caused by M. incognita

and FOL were fewer and smaller when treated with B. thuringiensis as compared to
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untreated control, B, thuringiensis showed the plant promoting ability of shoot length,

shoot weight and root length than untreated control, but presented a decrease of root

weight than complex and RKN control. The unexpected increase in root weight in

complex and RKN control was because of the nematodes in the root mass and large root

galls.

Although the exact modes of action of B. thuringiensis strains are not fully

studied in these experiments, they may be supposed that the reduction of the disease

complex may be attributed to direct effects of metabolites that inhibit hyphal growth

and egg hatch and induce mortality in J2, or enhanced host defence mechanism in roots

that reduces invasion and consequent infection by pathogens and inhibition of giant cell

formation (Glick et al., 2001). The biocontrol bacteria can affect plant by various

mechanisms and the plant uses different abilities for growth promotion at various times.

The mechanism involved in Trichoderma against M. incognita and F oxysporum had

been studied intensively in terms of antibiotic and enzyme production as hyphal

interactions (Dennis and Webster, 1971; Elad et al., 1982). P. fluorescens was found not

only effective against M. incognita but also against wilt causing fungi. Significant

suppression of complex diseases by P. fluorescens was due to its capability of altering
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root exudates, which could alter nematode behavior and suppress nematode population

in root system (Oostendrop and Sikora, 1989). The growth promoting rhizobacteria

Bacillus polymyxa, may also suppress complex diseases in an indirect way by making

the host healthier and stronger to resist pathogens (Khan and Khan, 1998).

There are reports where production of metabolites by rhizosphere bacteria causes

lysis of nematode eggs (Westcott and Kluepfel 1993), reduces egg hatching (Oostendrop

and Sikora 1989), affects vitality of second stage juveniles (Becker et al. 1988) and

degrades specific root exudates resulting in reduced attraction and penetration of

nematodes (Oostendrop and Sikora 1990). Siddiqui and Shaukat (2003) also reported

that root colonization by rhizosphere bacteria reduced nematode invasion. The present

study revealed that the tested B. thuringiensis strains had no adverse effect on plants and

promoted growth. Thus, the protective properties of B. thuringiensis strains make them

as environmentally friendly useful agent to reduce deleterious impact of disease

complex caused by root-knot nematode and Fusarium wilt on plant growth, especially in

organic farming system, where plant nutrition and disease control are the main limiting

factor.
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Fig. 5-1

Fig. 5-1 4-week tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x
10* cfu/ml). After 7 days, 5 ml J2 suspensions were inoculated around plant roots (500
J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the
FOL-infested soil (15 pots/plate). 4 weeks after pathogen inoculation, wilting and
etiolation symptoms were presented.

From light to right: distilled water untreated control; FOL control; RKN control; FOL+

RKN control; BT18 strains+ FOL; BT18 strains+ RKN; BT18 strains+ FOL + RKN
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Fig. 5-2.
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Fig. 5-2. Wilting score was evaluated based on leaf symptoms of wilting as follows: 0 =

no wilt symptoms; 1 = <25% of wilting leaves; 2 = 26-50% of wilting leaves; 3 = 51—

75% of wilting leaves; 4 = 76—100% of wilting leaves.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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Fig. 5-3.
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Fig. 5-3. Etiolation score was evaluated based on leaf symptoms of wilting as follows: 0
= no wilt symptoms; 1 = <25% of wilting leaves; 2 = 26-50% of wilting leaves; 3 = 51—
75% of wilting leaves; 4 = 76—100% of wilting leaves.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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Fig. 5-4.
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Internal Symptom Score Index

Fig. 5-4. Internal symptom score was determined by browning degree of plant vessel as

follows: 0 = no browning symptoms; 1 = <33% of vessel browning; 2 = 34—67% of

wilting leaves; 3 = 68—100% of wilting leaves.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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Fig. 5-5.
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Fig. 5-5. Severity of root galling in M. incognita infested tomato seedlings was assessed

on a 0—4 rating scale according to the percentage of galled tissue, where 0 = no galled

roots; 1 = 1-25% galled roots; 2 = 26-50% galled roots; 3 = 51-75% galled roots; 4 =

76—100% galled roots; 5 = 91-100% galled roots.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.

99



Fig. 5-6.
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Fig. 5-6. 4-week tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x
10% cfu/ml). After 7 days, 5ml J2 suspensions were inoculated around plant roots (500
J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the
FOL-infested soil (15 pots/plate). 4 weeks after pathogen inoculation, shoot length was
measured.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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Fig. 5-7.
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Fig. 5-7. 4-week tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x

10® cfu/ml). After 7 days, Sml J2 suspensions were inoculated around plant roots (500

J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the

FOL-infested soil (15 pots/plate). 4 weeks after pathogen inoculation, root length was

measured.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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Fig. 5-8.
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Fig. 5-8. 4-week tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x
10® cfu/ml). After 7 days, 5ml J2 suspensions were inoculated around plant roots (500
J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the
FOL-infested soil (15 pots/plate). 4 weeks after pathogen inoculation, fresh shoot
weight was measured.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.

102



Fig. 5-9.
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Fig. 5-9. 4-week tomato seedlings were treated with bacterial culture at 10 ml/pot (3 x
10® cfu/ml). After 7 days, 5ml J2 suspensions were inoculated around plant roots (500
J2s/pot). After 7 days, the bacteria-nematode treated tomato seedlings were placed in the
FOL-infested soil (15 pots/plate). 4 weeks after pathogen inoculation, fresh root weight
was measured.

Mean and standard deviation of 15 replicates per experiment are presented.

Values followed by different letters were significantly different according to the Tukey

test at a 0.05 level of confidence.
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CHAPTER VL. Overall Discussion
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B. thuringiensis is a widespread endospore-forming bacteria, which can produce

one or more parasporal crystals with different shapes and insecticidal activity. Since B.

thuringiensis was first discovered in 1901, it has been used successfully as a

biopesticide for many years (Schnepf et al., 1998; Khyami-Horani et al., 2003).

However, in recent years, the roles of B. thuringiensis to control plant disease have been

found out. Except for crystal protein and other insecticidal substances, B. thuringiensis

also produces other active substances on the control of Ralstomia solanacearum

(Hyakumachi et al., 2013); root knot nematode (Khalil et al., 2012) and other plant

diseases. These findings showed the new functions of B. thuringiensis besides

insecticidal activity, and help people to take advantage of B. thuringiensis more widely

in agriculture.

Tomato (Solanum Iycopersicum) is an important vegetable crop. In tomato

cultivate, it is often hampered by vascular wilt caused by FOL and root-knot nematodes.

Both of them are soil-borne diseases, and can cause complex disease. Complex disease

creates severely economic losses worldwide to a broad range of plants. It is more

difficultly to control the disease than single pathogens alone. Since the reports of B.

thuringiensis on plant diseases control, this study was aimed to investigate the
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possibility of B. thuringiensis as a potential biological control agent against plant

disease and plant parasite nematode. And the plant growth promoting effect, biofilm

formation ability, nematicidal effect and complex disease suppression ability of B.

thuringiensis were confirmed. Overall, results obtained from these serial studies

indicate that B. thuringiensis could control plant disease and plant parasite nematode

effectively, as a potential biological control agent.

B. thuringiensis strains which be biocontrol agent of Fusarium wilt of tomato,

were initially screened with the dual culture method. Then the candidates were tested in

pot experiment to verify the ability to control disease. Antagonistic activity of six B.

thuringiensis strains was estimated by the clear inhibition zone to FOL on PDA plates.

BT17, BT18 were screened for in vitro inhibition of FOL with the dual culture method,

with a clear inhibition zone on PDA plates. And these two strains also showed an

effective effect on suppression of Fusarium wilt of tomato in pot experiments. It was

found that strain BT20 showed potential biocontrol effect to Fusarium wilt of tomato in

pot experiment, while not causing the clear inhibition zone of pathogen on PDA plates.

The results showed that some potential biocontrol strains with no antagonistic activity

to the pathogen on PDA plates would be ignored by using the dual culture method. Most
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of the screening of potential biocontrol Bacillus was based on the antifungal activity
(Zhang et al., 2008; Chen et al., 2010). Bacillus spp. which do not have significant
antagonistic effect will not be used for further studies. In experiment 1, we evaluated the
biocontrol effects of six B. thuringiensis strains by both dual culture method and pot
experiments. QOur finding showed that BT17, BT18 is a potential biocontrol agent to
control Fusarium wilt disease in both PDA plates and pot experiment. No antagonistic
activity BT20 showed a potential biocontrol effect in pot experiment. According to this
result, we conferred B. thuringiensis might be a plant growth-promoting rhizobacteria
(PGPR). In experiment 1, we also indicated all of the tested B. thuringiensis strains
could promote plant growth (seed germination, root and shoot elongation) significantly.
It scemed that B. thuringiensis control complex disease by two ways, antagonistic
activity (or toxicity) and PGPR effect.

PGPR are known for growth promotion and disease reduction in crops.
Biocontrol by use of PGPR represents a potentially activity in disease management
(Jetiyanon and Kloepper, 2002). Disease reduction by PGPR in colonization of plant
roots occur directly and indirectly. PGPR can suppress disease directly, through

competition for space, nutrients and ecological niches or production of antimicrobial
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substances. Some PGPR do not produce metabolites against the pathogens can control

disease indirectly, through induced systemic resistance (ISR) or systemic acquired

resistance (SAR) (Kloepper and Beauchamp, 1992; Liu et al., 1995). In experiment 1,

BT17 and BT18 showed antagonistic activity against FOL by dual culture assays and

inhibited the symptoms of wilt disease in pot. From these results, we conclude that B.

thuringiensis can produce antimicrobial substances against the growth of FOL, directly.

However, in the pot experiment non-antagonistic activity strain BT20 inhibited wilt

symptoms with a low wilting score and high plant weight. Tomato roots treated with a

cell-free filtrate of B. thuringiensis suppressed the development of wilt symptoms

caused by bacterial wilt disease Ralstonia solanacearum, through the plant defense

system. The co-activation of ET-dependent signaling pathway with the SA-dependent

signaling pathway and suppression of JA-dependent signaling may play key roles in

induced resistance of B. thuringiensis to R. solanacearum in tomato (Hyakumachi et al.,

2014). In experiment 1, it is also possible that some kind of elicitor compounds existed

in BT20, and caused induced systemic resistance to control FOL, indirectly.

B. thuringiensis was considered the most used bacteria against plant parasitic

nematodes and this agreement with those obtained by Dawar et al., 2008 who recorded
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that B. thuringiensis significantly reduced eggs hatching of M. javarnica in vitro whereas
mortality of larvae was significantly increased with an increase in exposure time. B.
thuringiensis Cry6Aa2 toxin exhibits obvious toxicity to J2 of M. hapla, and
significantly inhibits egg hatching, motility, and penetration to host plant (Yu et al.,
2015). Inhibition in J2 emergence and great J2 mortality in vitre by culture filtrate
application with B#64 have been recorded (Khan et al., 2010). This may be due to the
production of metabolites against root-knot nematodes. According to these researches,
the mechanisms of B. thuringiensis control nematode might due to: producing
nematicide crystal proteins or metabolites (Jouzani et al., 2008; Khan et al., 2010);
changing nematode physiology behavior and interrupting with plant recognition- related
to the production of secondary metabolites, which reduce the attraction of the
nematodes to the roots or degrade specific exudates of the roots that control the
behavior of these species (Sikora et al., 1993). Our research also agreed with these
opinions. Experiment 2 showed Cry proteins with vegetative cell suspension and culture
filtrate of six B. thuringiensis strains showed nematicide effect to J2s and eggs of M.
incognita. It indicated the toxicity of secondary metabolites and Cry proteins produced

by B. thuringiensis to M. incognita. Many previous studies have demonstrated that the
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nematode stylet is too small to pass the proteins of particular size (Bockenhoff and
Grundler, 1994). However, the smallest size of nematicide proteins which can enter
RKN has been found (Li et al., 2007).

The mechanisms of most biocontrol agents have been elucidated, including
antimicrobial substances (Cazorla et gl., 2007; Kavroulakis et al., 2010); enzymes
(Singh et al., 1999); increasing of natural resistance of the host (Cartieaux et al., 2003);
competition for nutrients (Larkin and Fravel, 1999), and formation of biofilm (Haggag
and Timmusk, 2007). Since B. subtilis is a PGPR, and biofilm formed by B. subtilis just
like a kind of biobarrier on the roots to protect plants from pathogens being infected was
conferred (Bais et al., 2004; Morikawa et al., 2006), we also would like to prove biofilm
formation ability by B. thuringiensis and biocontrol effect further. As a result, we
documented B. thuringiensis strains have the ability to colonize and form biofilms on
plant root surfaces in experiment 2.

Bacillus species are the most common types of bacteria isolated from soil samples
(Hallmann et al., 1998). B. subtilis is the best-characterized member of the Bacillus
genus, and has become an excellent biocontrol agent (Kunst et al., 1997). B. subtilis has

many characteristics a PGPR, including the production of structurally diverse antibiotics
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(Liu et al. 2006), formation of viable spores (Cenci et al., 2006), promotion of plant

growth (Ryu et al. 2004), and a ubiquitous presence in soil (Bais et al., 2004). B. subtilis

strains showed nematicidal and antifungal activities against M incogrila

(Burkett-Cadena et al., 2008) and F. oxysporum (Archana et al., 2009). The reduction of

root knot nematodes associated with B. subtilis may be attributed to diverse mechanisms

which involve phytohormones production, mineral solubilisation, secreting nematicidal

products, change of root exudates, inhibition of nematode penetration into the roots, and

reduction of the activity of egg hatching factors (Ji et al., 2006; Karanja et al., 2007;

Huang et al., 2009). There were also several mechanisms of B. subtilis to control

soilborne pathogens. B. subtilis strains applied to seedlings have been found to be

effective in suppressing wilt diseases through producing antifungal compounds;

inducing systemic resistance in the treated plants; forming biofilm just like a kind of

biobarrier on the roots to protect plants from pathogens infection (Bais et al., 2004;

Kloepper et al., 2004; Stein, 2005; Morikawa et al., 2006).

B. thuringiensis 1s member of Bacillus spp. the same with B. subtilis, hence the

biocontrol effect of plant disease was expected. Our research also indicated B.

thuringiensis can promote plant growth, form biofilm, suppress wilt disease, inhibit root
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knot nematode, and control fungi-nematode complex disease. According to the previous
discussion, several mechanisms of B. thuringiensis to control complex disease were
considered. B. thuringiensis showed antagonistic activity and toxicity effect to
Fusarium oxysporum and M. incognita, to suppress the growth of FOL and kill the
nematode directly; interrupt the life cycle of the pathogens, such bacterial antibiotics
and other compounds present in cultural metabolites might be responsible for J2
mortality and inhibition of egg hatch and fungal growth; stimulate inducing systemic
resistance in the plants to inhibit plant diseases indirectly; form biofilm to produce
antimicrobial substances and form a biobarrier on the roots to protect plants (Fig. 6).
Complex disease inhibition effect of B. thuringiensis may be attributed to the
comprehensive function of these mechanisms. The current study discovered for the first
time that B. thuringiensis has activity to control Fusarium oxysporum, promote seed
germination and root and shoot elongation, inhibit complex disease.

This research indicated that environmentally friendly B. thuringiensis is an
alternative biocontrol agent, because it can not only kill target insects as a best
bio-pesticide, but also control plant disease effectively. Since the cost of biotic pesticide

was higher than chemical pesticide, the new way will be considered, such as
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dual-control, it means using only one biocontrol agent to control several diseases

simultaneously. For instance, we can only use B. thuringiensis to control plant disease,

nematode damage and pest at the same time to reduce the cost. Furthermore, the results

of this study may be capacity to reduce environmental loading, keep food safety and

increase production quantity.
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Fig. 6.
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Fig. 6.. Comprehensive interaction of B. thuringiensis, plant parasite nematode,

pathogen and plant.
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