EFFECT OF BREVIBACILLUS BREVIS ON THE INDUCTION OF DEFENCE ENZYMES BY FUSARIUM OXYSPORUM F.SP. LYCOPERSICI IN TOMATO 
Introduction

Fusarium wilt caused by Fusarium oxysporum f. sp. lycopersici (FOL) is one of the most damaging soil borne diseases of tomato, causing heavy economic losses (1999). Several methods are used to control FOL in the glasshouse and the field, including the use of resistant varieties (1993), cultural practices (1991), pesticides and fumigants (1998), but losses are still substantial. This problem is compounded by the fact that pesticide applications on glasshouse crops are strongly regulated. Difficulties in controlling FOL have prompted the search for alternatives that are efficient, reliable and environmentally acceptable (2007). Several biocontrol strategies have been proposed for controlling root pathogens, but practical applications are still limited, largely because of the lack of unequivocal answers to key questions, including the relationship that the biocontrol agent may establish with the plant and the exact mechanisms by which it may directly influence the pathogen or indirectly influence the plant by inducing metabolic changes (1995). 
Microbial suppression of FOL results from antagonism during saprophytic growth of the pathogen (2005). Several rhizobacterial isolates including Pseudomonas fluorescens, P. putida, P. aeruginosa and P. aureofaciens, Bacillus subtilis, Serratia marscens, Brevibacillus brevis and non pathogenic soil-borne fungi such as Trichoderma spp., are known to suppress soil-borne pathogens through rhizosphere colonization (1987; in press), antibiosis (1994), iron chelation by siderophore production (1992) and induction of systemic resistance in the host by activation of pathogenesis related proteins and hydrolytic enzymes (2003).
Treatment with rhizosphere bacteria and fungi may sensitize plants to better defend themselves against pathogen attack by triggering various defence mechanisms, such as production of phytoalexins, synthesis of phenolic compounds (1997; 2000), accumulation of pathogenesis-related proteins ( 2000) and formation of structural barriers (1996). Defence gene products include various enzymes involved in the phenylpropanoid pathway. Phenylalanine ammonia-lyase (PAL) is involved in the synthesis of phytoalexins and phenolic compounds, whereas peroxidases (POX) and polyphenol oxidases (PPO) catalyze the formation of lignin (2005). PRPs, such as β-1,3-glucanases and chitinases, degrade the fungal cell wall, causing lysis of fungal cell walls. Furthermore, chitin and glucan oligomers released during degradation of the fungal cell wall by the action of lytic enzymes act as elicitors that trigger various defence responses in plants (2005).

PAL plays an important role in the biosynthesis of various defence chemicals and in the production of phenolic residues that become incorporated into lignin (2006). PAL activity is induced in plant-pathogen interactions and following fungal elicitor treatment. (1999) reported that rhizosphere colonization by P. aeruginosa 7NSK2 increased PAL activity in bean roots and increased salicylic acid concentrations in leaves. The time required to activate the defence mechanisms is important in the suppression of the invading pathogen. PAL activity is highly variable and depends not only on the plant genotype, but also on the age and stage of development, organ, and type of plant tissue ( 1973; 2006). PAL activity in plant tissue also changes due to the effect of various external factors, such as light exposure, wounding, pathogen attack, and treatment with elicitors (Lawton and Lamb 1987, 1989, 1990). PAL expression is highly responsive to stress factors as indicated by increased content of PAL mRNA in soybean tissues treated with Phytophthora megasperma f.sp. glycinea ( 1984, 1985, 1987, 1993). (2006) demonstrated that PAL activity in different genotypes of tomato with varying degrees of resistance and susceptibility to bacterial canker disease, caused Clavibacter michiganensis ssp. michiganensis, increased or decreased according to the degree of host resistance and in parallel with changes in total phenol contents. 

Peroxidases represent another component in the early response of plants to pathogen attack, playing a key role in lignin biosynthesis which may limit the extent of pathogen spread (1989). The products of this enzyme in the presence of a hydrogen donor and hydrogen peroxide have antimicrobial activity (1983). Increased activity of cell wall bound peroxidases has been detected in several plants, such as cucumber (2000) and tobacco (1992), following pathogen attack. In bean, rhizosphere colonization by various bacteria induced PO activity (1992).

Higher plants produce chitinases in response to microbial infection, some injuries and as a defence mechanism against fungal pathogens (1985). Chitinases and (-1,3-glucanases, two groups of PRPs, show synergism in antifungal activity. These enzymes are components in the systemic acquired resistance (SAR) response, in which salicylic acid acts as a signal molecule (2001). These enzymes also cleave oligomeric molecules from pathogen cell walls that act as elicitors of phytoalexin and phenolic compound synthesis (Keen and Yoshikawa, 1983; Mauch et al., 1988; van 1994).

The implication of lytic enzymes in biocontrol was confirmed in overproducing cotton mutants (2003; 2003), and the expression of some of these enzymes in transgenic plants greatly increased resistance to different pathogens (2003). Increased activities and accumulation of these enzymes depended mainly on the inducing agent, but was also influenced by plant genotype, physiological condition, and the specific pathogen (2001). Based on the importance of defence enzymes in resistance to pathogen attack, the present study was conducted to determine changes in the expression of the defence enzymes PAL, PO and chitinases with time in the presence or absence of FOL and the biocontrol agent Brevibacillus brevis, and to examine correlations between variations in enzyme activities and disease progress in tomato.
Materials and methods 

Plant materials

Tomato seeds of the variety ‘Money Maker’ were obtained from Moles Seed Ltd., Colchester, Essex, UK and stored at 4ºC until required. Seed were sown in polyethylene 48 multi-cell trays (LBS Polyethylene, Colne, Lancashire, UK) containing Shamrock potting compost (Bullrush Horticulture Ltd, Northern Ireland, UK). Twenty days after emergence, seedlings were transferred to 9 cm-diameter pots containing 75g of the same potting compost. Plants were watered regularly with tap water. 
Inoculations

For bacterial and fungal inoculations cultures were prepared as described in Chapter 2.

Twenty days after potting, plants were removed from the pots and the roots gently washed free of adhering compost under running tap water. Plants were root-dip inoculated by immersion for 30 min in one of the following suspensions: B. brevis alone suspended in ringer solution (1/ 4th strength ringer solution; 108 CFU ml-1), FOL alone suspended in distilled water (5 x 106 conidia ml-1), a combination of B. brevis (108 CFU ml-1) + F. oxysporum f. sp. lycopersici (5 x 106 conidia ml-1), or distilled water as a control (in press). In the combined treatment, roots were first immersed in the B. brevis suspension for 30 min and subsequently transferred to the suspension of FOL conidia for a further 30 min. Following inoculation, plants were re-potted in 9 cm-diam. pots containing 75g fresh potting compost and replaced in a randomised block design on the glasshouse bench. Forty five plants were used per treatment, giving 5 plants for each subsequent assessment day. Plants were harvested at 0, 1, 2, 4, 6, 7, 14, 21 and 28 days after treatment, the root systems washed free of adhering compost, frozen in liquid nitrogen and stored at -80◦C until required.
Assessment of Symptoms

Disease development in the plants was assessed at 7-day intervals over the 28 day period, on a scale of 0-3, where 0 = healthy; 1 = limited wilting and yellowing of first true leaves; 2 = severe wilting and yellowing of leaves; 3 = dead plant. Disease progress was recorded as percentage disease by the following method:

% disease = (disease scores in treatment/ maximum possible score) x 100
Extraction of Proteins from Plant Tissues
For isolation and determination of host defence enzymes in the plant, total protein was extracted from frozen tomato roots. To determine the activities of PAL, POX and chitinase, tissues were frozen in liquid nitrogen, ground to a fine powder in a pre-chilled mortar with a pestle, and extracted in sodium phosphate buffer at molarities and pH values appropriate to the enzyme under assay (see below). 

Phenylalanine ammonia-lyase activity was assayed according to (2006). Homogenized tissue (0.1 g) was added to 1ml of 50 mM sodium phosphate buffer, pH 7 and the suspension vortexed for 30 sec. The homogenate was centrifuged (Biofuge Fresco) at 8000 x g for 30 min. One ml of 30mM  PAL (in sodium phosphate buffer) was added as substrate to the supernatant and the mixture incubated in a water bath at 370C for 1h. The absorbance of the mixture was measured at 290nm using a spectrophotometer (CECIL, CE1010). One unit of enzyme activity was defined as the amount of enzyme releasing 1 µmol of trans-cinnamic acid min-1 mg-1 protein under the standard assay conditions.
Peroxidase activity was assayed using guaiacol (Sigma) as the hydrogen donor (1995). One g homogenized tissue was added to 1 ml cold 10mM sodium phosphate buffer, pH 6, and 0.1 g polyvinylpolypyrrolidone added. The mixture was shaken vigorously for 30 sec and centrifuged at 8000 x g for 30 min. The final reaction mixture comprised 0.1 ml supernatant, 0.25% (v/v) guaiacol and 100mM hydrogen peroxide in 10 mM sodium phosphate buffer, pH 6. The mixture was incubated at 28+2 ºC for 30 min and diluted to give change in absorbance of 0.2 – 0.5 units min-1 at 470nm. Peroxidase activity was expressed as the increase in absorbance at 470nm min-1 g-1 fresh weight mg-1 protein per minute.

Chitinase activity was estimated using the method of (2006). Colloidal chitin was prepared according to Hsu and Lockwood (1975). Forty g purified chitin powder (Sigma) was dissolved in 400 ml conc. HCl by stirring for 30 to 50 min. Chitin was precipitated as a colloidal suspension by adding the acidic solution slowly to 2 l. cold (5◦C) water. The suspension was collected on Whatman No. 3 filter paper under vacuum before washing by suspending in approx. 5 l of tap water and refiltering. The washing was repeated until the pH of the suspension was approx. 3.5. Water content of the colloidal chitin was determined by drying a sub-sample at 100◦C. Prior to use, the chitin was resuspended in water and the suspension blended at high speed in a Wareing Blender for 10 min. Autoclaved filter cake or aqueous suspensions could be stored indefinitely at room temperature.

Chitinase assay

For chitinase extraction, 1 g tissue was homogenized in 1 mM sodium phosphate buffer, pH 6.5. The homogenate was centrifuged at 13500 x g for 30 min. at 4°C. One ml supernatant was incubated with an equal volume of 10 % (w/v) colloidal chitin at 50°C for 1 hour. The reaction was terminated by adding 1.0 ml NaOH and boiling for 5 min. One ml of supernatant obtained after centrifugation at 1500 x g for 10 min was mixed with 1.0 mL dinitrosalicylic acid (DNS) and the mixture boiled for 5 min. Distilled water (5 ml) was added to the solution and absorbance measured at 540 nm. One unit of chitinase activity was defined as the amount of enzyme required to catalyze the release of 1 µmol of N-acetyl-D-glucosamine (NAG) mg-1 protein in 1 hour at 50 ◦C, pH 6.5.
Protein Estimation    

Protein concentration was determined using the method of Bradford (1976). Coomassie Brilliant Blue, 100 mg, was dissolved in 50 ml 95% ethanol, 100 ml 85% w/v phosphoric acid added and the mixture diluted to 1 l using distilled water. The solution was filtered three times through Whatman No.1 filter paper. To estimate protein content of plant extracts, 0.1 ml extract was added to 0.9 ml sodium acetate buffer and 2 ml dye reagent and mixed thoroughly. Following incubation at room temperature for 5 min, absorbance was measured at 595nm. Protein concentration was estimated against a standard curve prepared using 0 – 0.3 mg ml-1 bovine serum albumin (BSA).
Statistical Analysis

Mean enzyme activity data from each replicated experiment was analysed by two-way ANOVA with treatments and days as the two factors. Data obtained for disease assessment were analyzed using Duncan’s multiple range tests
RESULTS
Phenylalanine Ammonia-Lyase activity

A significant (p = 0.001) increase in PAL activity was observed within 24 hr of treatment with FOL (Figure 3.1a), compared with control plants; the increase continued until day 6. An increase in PAL activity (p = 0.05) was also observed in plants treated with both FOL and B. brevis, although the difference between this treatment and the controls was not evident until 48 hours after treatment. In plants treated with B. brevis, PAL activity was significantly higher than in controls only at 6 days after treatment (p=0.05).

In a second experiment, PAL activity was recorded at 4 time points from 7 to 28 days after treatment, at intervals of 7 days (Fig 3.1b). PAL activity changed significantly in all treatments (p = 0.01). Highest activity was present in plants inoculated with FOL, both alone and in combination with B. brevis. (p = 0.001). Increases in PAL activity also occurred up to 21 days after treatment in control plants and those treated with B. brevis alone, although at all sampling times, activity was higher in plants treated with B. brevis compared to controls (p = > 0.05).

Peroxidase Activity

Peroxidase activity of tomato plants with different treatments after 0 - 28 days is presented in Fig 3.2 a & b. No significant differences in peroxidase activity were observed for different treatments from 0-2 days (p = >0.05; Figure 3.2a). A significant increase in peroxidase activity (p = 0.001) for plants treated with FOL was seen at 4 days, however, compared with other treatments. No significant differences in peroxidase activity between other treatments and control were observed at any time point (p = >0.05).

No clear changes in peroxidase activity were found in any treatment other than the control between days 7 and 28 (Figure 3.2b). Activity in plants treated with FOL alone was significantly higher than in other treatments at day 7, but decreased to day 28. Peroxidase activity recorded in control plants increased throughout the time period. 
Chitinase activity

Chitinase activity showed a general increase in all treatments, from day 0 to day 6 (Fig 3.3a). In plants treated with FOL alone, or in combination with B. brevis, activity was similar throughout the time period, and was significantly greater than in roots of control plants or in those treated with B. brevis alone at days 4 and 6 after treatment. In control plants, activity was significantly greater (p=0.05) at 2 days after treatment, compared with all other treatments. 

Significant higher amounts of chitinase activity was found in all treatments compared to control plants (p = 0.001) at day 7 days, after which activity decreased in all treatments. No changes in chitinase activity were observed in any treatment from day 14 onwards. 

Disease symptoms

At all time points, the highest amount of disease (p = 0.001) was recorded on plants treated with FOL alone (Table 3.1). Disease symptoms increased progressively with time on plants treated with FOL alone. Compared with FOL treated plants, those treated with B. brevis and FOL developed less symptoms. Some symptoms were also evident by day 21 on plants treated with B. brevis alone, or on controls. 


Table 3.1  Average disease (%) in tomato plants for different treatments over the period of 28 days. 
	Serial no.
	Treatments


	Average Disease (%) ( SE in different treatmentsa

	
	
	0
	7
	14
	21
	28

	1
	control
	0
	0
	0
	20 + 1.52 e
	33.33 + 1.04 d

	2
	B.B
	0
	0
	0
	13.33 + 0.72 e
	13.33 + 1.31 e

	3
	B.B+ FOL
	0
	0
	13.33 + 1.34 e
	20 + 1.2 e
	33.33 + 2.21 d

	4
	FOL
	0
	33.33+ 1.62 d
	46.66 + 2.0 c
	66.66 + 2.5 b
	94.33 + 2.24 a


a: Disease development was scored on a categorical scale of 0-3, where 0 = healthy; 1 = limited wilting and yellowing of first true leaves; 2 = severe wilting and yellowing of leaves; 3 = dead plant. Disease score (%) was calculated using the formula given above. Numbers followed by the same letter are not significantly different (p >0.05)
DISCUSSION

The results obtained in this work suggested that PAL and, to a lesser extent, peroxidases and chitinases, may be of significance in the response of tomato roots to inoculation with FOL. In general, the responses found here indicate that activities of these enzymes were raised in plants inoculated with FOL even if plants were also treated with the biological control agent B. brevis. The response occurred earlier with PAL than with peroxidase, and was later still for chitinase.

An increase in PAL activity in plants is a common reaction to pathogen attack and has also been related with resistance induced by JA (2006), SA (2006), and also by AM fungi (2005). Also high activity of PAL in FOL (alone or plus with B. brevis) indicated that the development of acquired resistance in tomato plants may be attributed to the FOL induced PAL gene expression irrespective of the presence of B. brevis. Where, the pathogen could activate PAL by enhancing the accumulation of PAL mRNA, the synthesis of new PAL protein subsequently enhances the accumulation of phenylpropanoids such as phenolic acids (2006). Finally, the results suggested that PAL accumulation is more rapidly and more consistently observed in roots of infected tomato plants, especially in those treated with the pathogen or the pathogen plus B. brevis. Thus accumulation of phenolic compounds and high activity of lignification enzymes in these plants may be a component in the defence signals activated by pathogen and biocontrol agents which lead to the activation of defence systems in tomato against FOL attack, hence minimizing the disease development and maintaining plant health.

Although PAL accumulation seemed irrespective of presence of B. brevis, plants treated with B. brevis were still able to resist the pathogen as depicted by less and late development of disease symptoms. This result shows that the bacteria might be able to suppress disease incidence by some other mechanism(s) which could be antagonism or ISR or both.

Peroxidase is important in defence against pathogens, through its role in the oxidation of phenolic compounds to quinines, causing increase in antimicrobial activity. Therefore, it may be directly involved in stopping pathogen development (2004; 2006), accelerating cell death close to the infection site, preventing the advance of infection and/or by generating a toxic environment which will inhibit the growth of the pathogen (1995). Peroxidase activities in different tomato plants in the present study varied with time, with highest activity in control plants. This high activity of peroxidase in control plants may be attributed to the compost used, as growth substrate has been reported to be involved in activation of various defence enzymes in plants (2007).

It is important to consider that plants co-inoculated with B. brevis + FOL showed consistent peroxidase activities at different time points suggesting the possible role of B. brevis in inducing the POX gene and thus protecting the plant against possible disease progression. Several non-pathogenic bacterial strains have been reported to induce POX in different plants, for example rice (2001; 2008), Arabidopsis, (2007), cucumber (2000), tomato ( 2004) and cotton (1995) . 

Chitinase is another important enzyme and has been related with plant defence mechanisms against infection through its ability to degrade fungal cell walls. The results obtained here have shown that infection of tomato plants with FOL significantly increased chitinase activity up to 7 days, after which activity decreased. In comparisons between treatments, FOL alone or in combination with B. brevis caused highly significant increases in chitinase activity through the different stages of growth until day 7, as compared to plants treated with B. brevis for which chitinase activity was found to decrease between 1-2 days, possibly due to feed back repression of plant chitinase genes by exogenous chitinase produced by B. brevis or catalytic repression due to accumulation of chitin monomers by the activity of bacterial chitinase produced by B. brevis inoculation (2007). Despite this decrease in chitinase activity, in B. brevis treated plants disease symptoms were less severe, suggesting possible involvement of antagonism mediated by exogenous production of chitinase by B. brevis. Similar results were recorded by (2006), who demonstrated a relationship between chitinase and melon resistance to Fusarium oxysporum infection, associated with certain isoforms of these enzymes produced by chitinolytic bacteria. Chitinase hydrolyzed polymers from the fungal cell walls, and fragments of cell wall were shown to induce defence reaction in the plants by switching on genes responsible for the synthesis of PRPs (2007). A high level of chitinase activity was observed in control plants initially, possibly due to inducing factors present in compost (2002, 2003; 2006, 2008). 

Although in the present study the potential role of compost in inducing defence enzymes was not proven, elevated activities of chitinase, POX and PAL expression were observed at different times in control tomato plants grown on compost which can be correlated with the observed plant health. Previous work has, however, demonstrated that compost may enhance the defence capacity of the plants against a transgenic (-glucuronidase (GUS)-expressing strain of the fungal root pathogen Fusarium oxysporum f.sp. radicis-lycopersici (2006). The foliar pathogen Septoria lycopersici was used to assess the induction of systemic resistance in plants growing on compost as compared with plants growing on peat (2006). 

The observed capacity of compost to alter the expression pattern of certain PR genes in the root system of tomato plants (1997; 2005) provides an opportunity in future studies to examine their cellular localization and suggest putative roles for these genes in plant defence mechanisms, without having to deal with the inherent complexities of the pathological condition of diseased tissues.

In general, the present study has demonstrated the activity pattern of important defence enzymes of tomato plants upon infection with FOL in the presence and absence of B. brevis and shows that induction of these enzymes in tomato plant as a result of pre-inoculation with B. brevis could play a role in biological control against the pathogen directly by antagonism and indirectly by releasing oligosaccharides from the pathogen cell wall that could elicit host defence reactions (1999; 2004). Further studies in this regard specifically with respect to induction of PAL by inoculation of B. brevis will be carried out to elucidate possibilities of using the bacteria as a potential biocontrol agent for controlling FOL through enhanced PAL accumulation. Moreover proteomic analyses will be used to examine the host proteins induced by B. brevis and playing a role in disease control.
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