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1. INTRODUCTION

Stevia rebaudiana is a perennial herb, commonly referred as honey leaf, candy leaf and sweet leaf. It belongs to Asteraceae family and grows upto 1m (Hoekstra and Schaneberg, 2007). Stevia is a common ingredient in beverages and used as a vasodilator, cardiotonic, anesthetic and anti-inflammatory (Jayaraman et al., 2008). Stevia is the world’s only natural sweetener with zero calories, zero carbohydrates, and has zero glycemic index. These attributes makes Stevia a good alternative to sugar or chemical sweeteners (http://www.Steviainfo.com).

In India, the stevia plant has been introduced in the states of Maharastra, Rajasthan and West Bengal. Stevia cultivation is limited by several factors and among these, fungal diseases plays a vital role. Major fungal diseases on Stevia rebaudiana include leaf spot caused by Alternaria (Maiti et al., 2007), root rot caused by Sclerotium rolfsii (Kamalakannan et al., 2006), Septoria leaf spot caused by Septoria steviae (Lovering and Reeleeder, 1996) and black spot caused by Alternaria steviae (Ishiba et al., 1982).

Plant pests are among the most important biotic agents causing serious losses and damages to agricultural products. Plant pests need to be controlled to ensure food, feed and fiber production (Heydari and Pessarakli, 2010). Fungicides offer protection against pathogens to a certain level, but their adverse effect on beneficial soil microorganisms and the environment cannot be ignored (Nakkeeran et al., 2006).

Chemicals in the soil can contaminate the water table and compromise continual water supply. Continuous exposure of chemicals to farm personnel could also result in health complications and immuno-compromised individuals could be at greater risk. The possibility of a target pest population developing resistance to pesticide is of great concern as it would result in increased resistance and virulent pathogenic strains (Gumude, 2008).

Biological control is found to be long-lasting, eco-friendly and economical and can be an alternative method to chemical control (Ranjani and Parakhia, 2009). Biocontrol using microbial agents especially plant growth promoting rhizobacteria (PGPR) has been particularly effective under field conditions. PGPR stimulates plant growth, maintains soil health and induces plant defense system against diseases (Nair and Anith, 2009). 

Pseudomonas and Bacillus sp are most diverse and versatile group of microflora of almost all the horticulture and forestry crops and have potential to synthesize different metabolites with diverse biological activities. The ability of soil microorganism to synthesize various metabolites is important in controlling the diseases of plants (Sharma and Kaur, 2010).

Fluorescent pseudomonads help in the maintenance of soil health, protect crops from pathogens and are metabolically and functionally diverse (Choudhary et al., 2009). Many Fluorescent pseudomonads protect plants from soil-borne diseases by the production of antimicrobial secondary metabolites such as 2, 4-diacetyl phloroglucinol (Rezzonico et al., 2007).

Bacillus sp have the characteristics of being widely distributed in soils, having thermal tolerance, showing rapid growth in liquid culture and readily form resistant spores (www.aidic.it/IBIC2008/webpapers/64Gheorghe.pdf.).

Unlike other pathogens, research is scarce demonstrating the effect of Pseudomonas and Bacillus to control Macrophomina phaseolina in stevia. Hence, the present work was therefore formulated with specific objectives such as

· Isolation and characterization of antagonistic bacteria through biochemical tests.

· Collection and maintenance of fungal pathogen.

· In vitro screening of antagonistic bacteria by Macrophomina phaseolina.
· Analysis of secondary metabolites such as Hydrogen cyanide (HCN), siderophores, Salicylic acid and Indole acetic acid (IAA).

· Evaluation of the efficacy of antagonists under green house conditions.
2. REVIEW OF LITERATURE
              The review of literature pertaining to the present study “Effect of bacterial antagonists on root rot of stevia caused by Macrophomina phaseolina” is discussed under the following headings.

2.1. Stevia rebaudiana
2.2. Root rot disease

2.3. Macrophomina phaseolina
2.4. Biological control of the plant fungal disease

2.5. In vitro inhibition of M. phaseolina by Pseudomonas fluorescens isolates 

2.6. In vitro inhibition of M. phaseolina by Bacillus subtilis  isolates

2.7. Mode of action of biocontrol agents

2.7.1. Hydrogen cyanide (HCN) 

2.7.2. Salicylic acid

2.7.3. Siderophores

2.7.4. Indole acetic acid 

2.8.   Induction of defense related enzymes and phenols

2.8.1. Phenylalanine ammonia lyase

 2.8.2. Peroxidase

2.8.3. Polyphenol oxidase

2.8.4. Phenols 

2.9. Talc based formulation of the antagonists

2.1. Stevia rebaudiana
Stevia is a perennial shrub that grows up to 1 m tall and has leaves 2-3 cm long. It belongs to the Astereceae family, which is indigenous to the northern regions of South America. Stevia is still found growing wild in the highlands of the Amambay and Iguacu districts (a border area between Brazil and Paraguay). It is estimated that as many as 200 species of Stevia are native to South America; however, no other Stevia plants have exhibited the same intensity of sweetness as S. rebaudiana. It is grown commercially in many parts of Brazil, Paraguay, Uruguay, Central America, Israel, Thailand, and China. 

In addition to being a sweetener, stevia is considered (in Brazilian herbal medicine) to be hypoglycemic, hypotensive, diuretic, cardiotonic and tonic. The leaf is used for diabetes, obesity, cavities, hypertension, fatigue, depression, sweet cravings, and infections. The leaf is employed in traditional medical systems in Paraguay for the same purposes as in Brazil (http://www.rain-tree.com/stevia.htm). The constituents responsible for stevia's sweetness were documented in 1931, when eight novel plant chemicals called glycosides were discovered and named. Of these eight glycosides, stevioside is considered the sweetest and has been tested to be approximately 300 times sweeter than sugar. Stevioside, comprising 6-18% of the stevia leaf, is also the most prevalent glycoside in the leaf. Other sweet constituents include steviolbioside, rebaudiosides A-E, and dulcoside A.

2.2. Root rot disease
Root rot caused by soil borne root infecting fungi is found in both indoor and outdoor plants, but more common in indoor plants with poor drainage. The roots of the plant rot usually as a result of overwatering. Soil borne fungal diseases are among the most important factors, limiting the yield of legume crops in many countries worldwide. Root rot caused by Aphanomyces euteiches, R. solani, Fusarium spp., Sclerotium rolfsii are the most destructive soil-borne diseases of pea, chickpea, lentil, faba bean and lupine (Ahmed et al., 2009).

Charcoal root rot, caused by the fungus M. phaseolina affects more than 300 species of plants, including many agricultural crop plants, forest tree seedlings, and native weeds. Charcoal root rot is found worldwide in warm temperate and tropical regions of both hemispheres. Irregular black lesions may extend from the soil surface to the top of the plant. Stalks cut longitudinally exhibit appreciable pith and wood decay. In advanced stages, the pith may completely disappear resulting in a hollow stalk. Leaves of affected plants turn yellow, droop, and die.

 2.3. Macrophomina phaseolina
Macrophomina phaseolina (Tassi) Goid. a soil borne fungus causes charcoal rot.  The fungus can infect the root and lower stem of over 500 plant species and is widely distributed in the United States. Charcoal rot is an important disease during hot, dry weather or when unfavorable environmental conditions stress the plant. 
M. phaseolina infects over 500 plant species and has a wide geographic distribution.  Major cultivated hosts include: Arachis hypogaea (peanut), Beta vulgarius, Brassica oleracea (Cabbage), Capsicum annuum (pepper), Cicer arietinum (chick pea), Citrus spp. Corchorus sp., Cucumis spp., Fargaria sp., Glycine Max (soybean), Gossypium sp., Helianthus annuus (sunflower), Ipomoea batatas (sweet potato), Medicago sativa (alfalfa), Phaseolus spp., Pinus spp., Prunus spp., Sesamum indicum (sesame), Solanum tuberosum (potato), Sorghum bicolor(sorghum)and Vigna unguiculata(bean) (http://www.cals.ncsu.edu/course/pp728/Macrophomina/macrophominia_phaseolinia.HTM).

The fungus is reported to be soil, seed and stubble borne. The evidence suggests that it is primarily a root inhabiting fungus and produces tuber or cushion shaped 1-8 mm diameter black sclerotia. These sclerotia serve as a primary means of survival. The sclerotia float freely on soil surface when field is flooded for irrigation and become primary inoculum for emerging seedlings. Additional sclerotia become dislodged and rise to the water surface in the flooded seed bed or any other factor, such as water wave action due to wind that disturbs the surface layer during growing season. The fungus can survive for more than 10 months under dry soil conditions. The severity of the disease is directly related to the population of viable sclerotia in the soil (Khan, 2007)

Germination of the microsclerotia occurs throughout the growing season when temperatures are between 28 and 35◦ C.  Microsclerotia germinate on the root surface, germ tubes form appresoria that penetrate the host epidermal cell walls by mechanical pressure and enzymatic digestion or through natural openings. The hyphae grow first intercellularly in the cortex and then intracellularly through the xylem colonizing the vascular tissue.  Once in the vascular tissue M. phaseolina spreads through the taproot and lower stem of the plant producing microsclerotia that plug the vessels. The rate of infection increases with higher soil temperatures and low soil moisture will further enhance disease severity.   

         Hot, dry weather promotes infection and development of charcoal rot. In soybean charcoal rot is a greater problem after anthesis and often occurs when the plant is under drought stress.  M. phaseolina can grow and produce large amounts of microsclerotia under relatively low water potentials allowing this disease to be recognized as favoring drought.  The mechanical plugging of the xylem vessels by microsclerotia, toxin production, enzymatic action, and mechanical pressure during penetration lead to disease development.  The population of M. phaseolina in soil will increase when susceptible hosts are cropped in successive years and can be redistributed by tillage practices (http://library.wur.nl/wda/dissertations/dis4214.pdf).

2.4. Biological control of the plant fungal disease
Plant diseases need to be controlled to maintain the quality and abundance of food, feed, and fiber produced by growers around the world. Different approaches may be used to prevent, mitigate or control plant diseases. Beyond good agronomic and horticultural practices, growers often rely heavily on chemical fertilizers and pesticides. However, the environmental pollution caused by excessive use and misuse of agrochemicals, as well as fear-mongering by some opponents of pesticides, has led to considerable changes in people’s attitudes towards the use of pesticides in agriculture. Consequently, some pest management researchers have focused their efforts on developing alternative inputs to synthetic chemicals for controlling pests and diseases. Among these alternatives are those referred to as biological controls. Biological control refers to the purposeful utilization of introduced or resident living organisms, other than disease resistant host plants, to suppress the activities and populations of one or more plant pathogens (Pal and Gardener, 2006).
Non-pathogenic soilborne microorganisms can promote plant growth, as well as suppress diseases. Disease suppression can occur through microbial antagonism or induction of resistance in the plant. Several rhizobacterial strains have been shown to act as plant growth-promoting bacteria through both stimulation of growth and induced systemic resistance (ISR) (Van Loon, 2007). Rhizosphere, the region around the roots harbor wide array of microbial populations, which may be beneficial, neutral or detrimental to plant growth. The reason for this efficient colonization and the presence of increased microbial populations has been ascribed to the nutrient rich environment of the rhizosphere. It has been reported that nearly 40% of total plant photosynthates are secreted through root exudates. Among the different groups of microbes which colonize the rhizosphere and the root surface, the plant growth promoting rhizobacteria (PGPR) are a class, which promotes plant growth. The plant growth promotion by such PGPRs is primarily rendered by their ability to produce phytohormones, improve the nutrient uptake and protection from pathogenic microorganisms (Rudrappa and Bais, 2007).

Plant growth promoting rhizobacteria (PGPR) are beneficial soil bacteria, which may facilitate plant growth and development both directly and indirectly. Direct stimulation may include providing plants with fixed nitrogen, phytohormones, iron that has been sequestered by bacterial siderophores and soluble phosphate, while indirect stimulation of plant growth includes preventing phytopathogens (biocontrol) and thus, promote plant growth and development. PGPR perform some of these functions through specific enzymes, which provoke physiological changes in plants at molecular level (Saleem et al., 2007). Colonization of the plant root system by PGPRs was shown to reduce pathogen attack directly through production of antimicrobial substances (e.g. siderophores, β-1,3 glucanase, chitinases, antibiotics, and cyanidric acid), and through competition for space, nutrients and ecological niches. PGPRs also suppress pathogens indirectly through induction of systemic resistance (Mafia et al., 2009).
2.5. In vitro inhibition of Macrophomina phaseolina by Pseudomonas fluorescens   isolates 
The effectiveness of plant growth promoting rhizobacteria especially Pseudomonas fluorescens isolates were tested against charcoal rot of chickpea both in green house as well as in field conditions. Among all the P. fluorescens isolates, Pf4-99 was found most effective in the improvement of chickpea crop in green house as well as in field. Pf4-99 also effectively promoted plant growth. This isolate also inhibited the mycelial growth of the M. phaseolina under in vitro conditions and reduced the disease severity (Kumar et al., 2007). Ziedan and El-Mohamedy (2008) reported that in vitro, Pseudomonas fluorescens was the best antagonistic bacteria to pathogens (Fusarium oxysporum, M. phaseolina  and Rhizoctonia solani).

Ten strains of Pseudomonas aeruginosa (PN1 - PN10) isolated from rhizosphere of chir-pine were tested for their plant growth promontory properties and antagonistic activities against M. phaseolina in vitro and in vivo. In dual culture, P. aeruginosa PN1 caused 69% colony growth inhibition. After 90 days, P. aeruginosa PN1 increased plant growth and biomass in pots trial containing M. phaseolina-infested soil (Singh et al., 2010). P. fluorescens was isolated from rhizosphere soil on King’s B medium and its antagonistic effect on three fungal plant pathogens was studied in vitro. Maximum inhibition was observed in Pythium ultimim (80%) followed by M. phaseolina (70%) and Pyricularia oryzae (50%) (Goud & Muralikrishnan, 2009).

Bacterial isolates having antifungal and good plant growth-promoting attributes were isolated from chir-pine (Pinus roxburghii) rhizosphere. An isolate, Bacillus subtilis BN1 exhibited strong antagonistic activity against M. phaseolina, and other phytopathogens including Fusarium oxysporum and Rhizoctonia solani. BN1 resulted in vacuolation, hyphal squeezing, swelling, abnormal branching and lysis of mycelia. The cell-free culture filtrate of BN1 inhibited the growth of M. phaseolina. Pot trial study resulted in statistically significant increase in seedling biomass besides reduction in root rot symptoms in chir-pine seedlings (Singh et al., 2008).

Seven strains of P. aeruginosa were isolated from inner roots of healthy chilli plants growing under field condition. In dual culture plate assay, one strain of P. aeruginosa inhibited the radial growth of all the four test root rotting fungi M. phaseolina, Rhizoctonia solani, Fusarium solani and F. oxysporum by producing the zone of inhibition (Tariq et al., 2009). Over one hundred eighty seven Pseudomonas fluorescens isolates were obtained using the soil dilution method on King B medium and screened against M. phaseolina in vitro. Dual culture, volatile metabolite and cell free culture test showed that all 12 selected isolates of Pseudomonas inhibited growth of the pathogen. Inhibition varied from 28 to 58% in dual culture, from 16 to 54% in volatile metabolite production and from 25 to 73% in cell free culture test (Etebarian et al., 2008).

Fluorescent pseudomonads based bioformulation was evaluated for their ability to control Macrophomina root rot disease in mungbean (Vigna mungo). P. fluorescens isolate Pf1 showed the maximum inhibition in mycelial growth of M. phaseolina under in vitro conditions (Saravanakumar et al., 2007). Pseudomonas aeruginosa, a plant growth promoting rhizobacterium and Paecilomyces lilacinus, an egg parasite of root knot and cyst nematodes inhibited the growth of M. phaseolina, Fusarium solani and F. oxysporum in dual culture plate assay. Application of P. aeruginosa with a medicinal plant Launaea nudicaulis at 0.5% as soil amendment resulted in maximum reduction in M. phaseolina infection on mungbean roots in greenhouse experiments (Mansoor et al., 2007).

2.6. In vitro inhibition of Macrophomina phaseolina by Bacillus subtilis  isolates

The impact of some strains of PGPR, Bradyrhizobium japonicum USDA 110, Azotobacter chroococcum, Azospirillum brasilense, B.megaterium, B.cereus and Pseudomonas fluorescens isolates were tested against M. phaseolina on soybean plants and  their effect on the percentage of healthy plant and growth of soybean were studied. In pots, all tested PGPR significantly decreased damping off, rotted and wilted plants and increased healthy plants compared with control. B.megaterium showed the highest percentage of healthy plants (Barougy et al., 2009). 

A study was conducted to identify Bacillus isolates and establish the mechanisms of antagonism against M. phaseolina. The isolates were identified as Bacillus subtilis IX 007, B. amyloliquefaciens VII 015 and VIII 016, B. pumilus IX 030, and B. stearothermophilus TM 008. It was not possible to identify the (-) Gram VI 009 isolate. At all the evaluated temperatures, isolates inhibited M.phaseolina, reaching 75% reduction of mycelial growth (B. subtilis IX 007 at 25 °C) (Sandra Gacitúa et al., 2009). In vitro activity of 13 native strains of Bacillus sp. isolated from soil was tested against M. pasheolina using a dual assay in nutrient agar. All the strains showed inhibition of radial growth of M. phaseolina from 31-80 percent, with strains LUM B01 and B04 in a 80.8 and 75 percent, respectively with the highest antifungal activity (Junco et al., 2009). 

The potential of antagonistic bacteria to control charcoal root rot of coniferous seedlings caused by M. phaseolina (Tassi) Goid. in forest nurseries was determined. Among 568 bacterial isolates tested in vitro, 19.8 percent displayed some capacity to inhibit the mycelial growth of M. phaseolina, with inhibition between 1.7% and 67.6 percent. In the first nursery trial, Bacillus amyloliquefaciens VII 015, Bacillus pumilus IX 030, Bacillus stearothermophilus TM 008 and other two Bacillus sp. (VI 009 and IX 049) strains, significantly reduced the total, pre- and post-emergency mortality of seedlings, but no isolate reduced the incidence of M. phaseolina in seedlings (Valiente et al., 2008). 

 2.7. Mode of action of biocontrol agents

  
Microbial inoculants can elicit physiological changes in plants that are mainly mediated by microbial production of secondary metabolites especially phytohormones. Bacteria can influence plant growth indirectly through the production of biocontrol agents against soil borne pathogens (Glick et al., 2007). In the last few years, fluorescent pseudomonads has drawn a worldwide attention because of production of secondary metabolites such as pyocyanin, siderophore, antibiotics, HCN, enzymes and phytohormones. These had been implicated in reduction of plant pathogenic fungi and harmful rhizobacteria. Bacillus and pseudomonas are known to suppress diseases by inhibition of pathogens by competition of Fe(III), inhibition of pathogen by diffusible or volatile products, induction of resistance in plants and aggressive root colonization and stimulation of plant growth (Siddiqui, 2006). 

2.7.1. Hydrogen cyanide (HCN) 

Volatile compounds such as ammonia and hydrogen cyanide  produced by a number of rhizobacteria were reported to play an important role in biocontrol . HCN expression and production by Pseudomonas is strongly dependent on iron availability. Moreover, the antifungal activity of Pseudomonas and others (Bacillus and Azotobacter) may be due to the production of HCN and siderophores or synergistic interaction of these two or with other metabolites. Some members of Pseudomonas strains antagonized some plant pathogens and produced hydrogen cyanide (HCN) that inhibited the growth of infected plant and reduce their yield. That was due to, ability of HCN to interfere with cytochrome oxidation of infected plant (Hassanein et al., 2009).

Meena et al. (2001) reported that the volatile metabolites produced by P. fluorescens strain Pf1 significantly inhibited the growth of M. phaseolina under in vitro condition.
2.7.2. Salicylic acid

Salicylic acid is a natural phenolic compound present in many plants and is an important component in the signal transduction pathway and involved in local and systemic resistance to pathogens. Several studies have been made in the salicylic acid mediated induction of systemic resistance by P. aeruginosa strain 7NSK2 and P. fluorescens strain CHAO against soil-borne fungi and viruses (Siddiqui and Shaukat, 2005). Salicylic acid production has been observed for several bacterial strains and exogenously applied SA induces resistance in plant species (Achuo et al., 2004).

Zhang et al. (2002) reported that the plants treated with B.pumilis strain SE34 has greatly increased levels of salicylic acid, compared with that of non-treated plants or plants treated with two gram-negative bacteria. Synthesis of salicylic acid by bacteria can make the plant more tolerant to pests and pathogens by stimulating systemic acquired resistance (SAR), a common defense program induced in plants to combat pathogens (Bostock, 2005).

2.7.3. Siderophores

Siderophores are defined as low molecular weight, virtually ferric specific legends, the biosynthesis of which is carefully regulated by iron and the function of which is to supply iron to the cell. Microbial siderophores form Fe complexes with high stability constants and therefore play a role in the Fe uptake by microorganisms. Siderophores were found in soil solutions at concentrations that may influence the Fe nutrition of plants (Sadaghiani et al., 2008). There is evidence that siderophores fulfill an active role in the inhibition of a microorganism with another. A parent strain of Pseudomonas fluorescens producing siderophore increased the emergence of cotton seedlings(Gossypium herbaceum L.) in  soil infested with Pythium ultimum as compared to a P. fluorescens mutant strain.


Iron is generally present in the microbial environment as the ferric iron (Fe+3), which is virtually insoluble in the presence of O2 and therefore, is not available for microbial growth. Siderophores chelate Fe (III) and microbial membrane receptor proteins specifically recognize and take-up the siderophore-Fe complex (Singh et al., 2009).

2.7.4. Indole acetic acid 

Indole acetic acid (IAA) is quantitatively the most abundant naturally occurring auxin produced by bacteria (Lambrecht et al., 2000). The effect of IAA produced by P. fluorescens on the root development of black currant cuttings was observed by Dubeikovsky et al. (1993). Among the four bacterial antagonists tested, production of IAA was more in B. subtilis (BsW1) and in P. fluorescens (PfCIAH-196), which might be responsible for the enhanced plant growth (Umamaheswari et al., 2008).

2.8.   Induction of defense related enzymes and phenols

Systemic acquired resistance (SAR) and induced systemic resistance (ISR) are two forms of induced resistance wherein plant defenses are preconditioned by prior or treatment that results in resistance against subsequent challenge by a pathogen or parasite (Choudary et al., 2007). Induced systemic resistance by antagonistic bacteria has earlier been reported by several workers (Bakker et al., 2007). The level of defense-related enzymes is known to play a crucial role in the degree of host resistance. Increase in activity and accumulation of these enzymes depends mainly on the inducing agent but also on the plant genotype, physiological conditions and the pathogen.

The defense genes peroxidases (PO) and polyphenol oxidases (PPO) catalyses the formation of lignin and phenylalanine ammonia lyase (PAL) is involved in the synthesis of phytoalexins and phenolics (Karthikeyan et al., 2005).

Meena et al. (2000) reported that seed inoculation of P. fluorescens induce systemic resistance against leaf spot fungus (Cercosporidium personatum) in groundnut. Maximum disease protection was observed after 30 days of inoculation and there was increase in the activity of Phenylalanine ammonia lyase (PAL), phenolic content and lytic enzymes (defense related enzymes) in the treated plants.
2.8.1. Phenylalanine ammonia lyase (PAL)

 
Phenylalanine ammonia lyase is the first enzyme in the phenylpropanoid pathway that catalyses the conversion of L-phenylalanine to trans-cinnamic acid which in turn enters different biosynthetic pathways leading to lignin synthesis, a major product of phenylpropanoid metabolism. This defense mechanism is used for protection against pathogen invasion. Since changes in PAL activity are key events controlling the synthesis of phenylpropanoids, PAL has become one of the most extensively studied enzymes in plants. Induction of PAL as a response to pathogen infection is well documented in various host-pathogen interactions (Geetha et al., 2005). Renuka et al. (2008) observed increased activity of PAL in chrysanthemum plants against Alternaria chlamydospora pretreated with bacterial antagonist P. fluorescens Pf1.
2.8.2. Peroxidase (PO)

Peroxidase is a key enzyme in the biosynthesis of lignin and other oxidized phenols. PO catalyses the oxidation of hydroxyl-cinnamyl alcohols into free radical intermediates, which subsequently are coupled to lignin polymers (Gross, 1980).

Peroxidases are defense-related enzymes, with broad action spectrum activity. They play key roles in plant-pathogen interactions and are believed to be one of the most important factors of the plant's biochemical defense against pathogenic microorganisms, and is actively involved in the self-regulation of plant metabolism after infection (Saravanan et al., 2004).

Kannan and Karthik (2009) reported higher PO activity in cocoa seedlings treated with P. fluorescens and Bacillus subtilis challenged with T.viride. 
2.8.3. Polyphenol oxidase (PPO)

PPO usually accumulates upon wounding in plants. Biochemical approaches to understand PPO function and regulation are difficult because the quinonoid reaction products of PPO covalently modify and cross-link the enzyme. The increased activation of PPO could be detected in cucumber leaf in the vicinity of lesions caused by some foliar pathogens. PO and PPO were reported to be capable of oxidizing phenols to quinones and they are associated with disease resistance in plants (Mansfield, 1983).


Increased activity of PPO was observed in Pf1 pretreated ragi plants challenge inoculated with the Pyricularia grisea and remained at higher levels up to 9 days (Radjacommare et al., 2004). 

2.8.4. Phenols 

Plant phenolics are the well-known antifungal, antibacterial and antiviral compounds and they play an important role in determing resistance or susceptibility of a host to parasite infection. Plant phenolics and their oxidation products such as quinones are highly toxic to invading fungi (Sequeira et al., 1991). Girish and Umesha (2005) observed that the rate of reduction in the bacterial canker disease incidence was directly proportion to the amount of increased level of total phenol content. Dutta et al. (2008) recorded increased level of phenol content in the leaves of pigeon pea against Fusarium pretreated with PGPR.

2.9. Talc based formulation of the antagonists

A talc-based powder formulation developed by Vidhyasekaran and Muthamilan (1995) was effective for the control of rice blight (Vidhyasekaran et al., 1997a), rice sheath blight (Vidhyasekaran and Muthamilan, 1999a) and pigeon pea wilt (Vidhyasekaran et al., 1997b).The talc-based bio-formulation containing P. fluorescens isolate Pf1 was found to protect the  tomato plants against wilt (Ramamoorthy et al., 2002).

The application of talc-formulation of Pseudomonas fluorescens strains (PF1 and FP7)  through seed, root, soil and foliar spray significantly reduced the sheath blight and leaf folder incidence both under greenhouse and field conditions(Radja Commare et al., 2002). The PGPR mixed bioformulation Pf1+B. subtilis+neem+chitin was found to be the best for reducing the fruit rot incidence besides increasing the plant growth and yield parameters under both greenhouse and field conditions (Bharathi et al., 2004).Talc formulation of five PGPR strains significantly reduced red rot disease incidence when the treated canes were challenge inoculated with pathogen (Senthil et al., 2003).

Foliar application of talc-based Pseudomonas fluorescens strain Pf1 at 2% significantly reduced the incidence of powdery mildew of grapevine caused by Uncinula necator (Schw.) Burn.  under glasshouse conditions through the induction of defense gene products such as peroxidase (PO), polyphenol oxidase (PPO) and chitinase (Sendhilvel et al., 2007).

The talc-based powder formulation of a mixture of Pf32, Pf93 and B49 effectively controlled bacterial blight of cotton (BLB) of cotton in both greenhouse and field trials (Salaheddin et al., 2010).

3. MATERIAL AND METHODS

                 Root rot of Stevia rebaudiana caused by Macrophomina phaseolina  causes economic loss. Although fungicides have been widely used to control fungal pathogen, it leads to deleterious effects on environment and human health. Biocontrol is an alternative method to chemical control. Several microorganisms have been successfully used as biocontrol agents such as Pseudomonas sp, Bacillus sp, Trichoderma sp. The present study was undertaken to identify effective isolates in vitro as well as to assess the status of secondary metabolites production and to determine defense related enzyme activity such as phenylalanine ammonia lyase activity,  peroxidase, polyphenol oxidase and total phenol in Stevia rebaudiana (Plate 1) against root rot disease after treatment with the antagonistic microorganisms.

The detailed experimental procedure pertaining to the study “Induction of systemic resistance by bacterial antagonists in Stevia (Stevia rebaudiana) against Macrophomina phaseolina, a root rot pathogen” is presented under the following headings.

3.1. Collection and maintenance of Stevia plants

3.2. Collection and maintenance of fungal pathogens 

3.3. Isolation of bacterial antagonists

3.4 Characterization of bacterial antagonists

3.5. In vitro screening of bacterial isolates against M.phaseolina
3.6. Status of secondary metabolites of the bacterial isolates

3.6.1. Hydrogen cyanide (HCN) production 

       3.6.1.1. Qualitative assay 

        3.6.1.2. Quantitative assay

3.6.2. Salicylic acid (SA) production

3.6.3. Siderophore production 


3.6.4. Indole acetic acid (IAA)

3.7. Development of talc based formulation of the antagonistic bacteria
3.8. Efficacy of talc based formulation the isolates under greenhouse condition

3.9. Induction of defense mechanism 

         3.9.1. Sample collection

3.9.1.1. Estimation of phenylalanine ammonia lyase activity 

3.9.1.2. Assay of peroxidase 

3.9.1.3. Assay of polyphenol oxidase

3.9.1.4. Estimation of total phenol 

3.10.  Statistical analysis

3.1 Collection and maintenance of Stevia plants


Stevia plants were collected from Medicinal Plants Nursery, Department of Forests, Aliyar Nagar and maintained under green house conditions (Plate1)

3.2. Collection and maintenance of fungal pathogens 


The soil borne fungal pathogen Macrophomina phaseolina was collected from the Department of Plant Pathology, Tamil Nadu Agricultural University, Coimbatore-03 and was maintained on agar slants containing Potato Dextrose Agar (PDA) (Appendix I) medium at 5oC (Plate 2).
3.3. Isolation of bacterial antagonists


Soil antagonistic microbes viz., Pseudomonas spp., and Bacillus spp., were isolated from the rhizosphere soil using King’s B medium (KB) (King et al., 1954) and Nutrient Agar medium (NA) (Difco Manual, 1953) respectively. Their identity was established using biochemical tests and the pure culture were maintained on King’s B medium and Nutrient Agar medium respectively (Plate 3 and 4).

3.4. Characterization of bacterial antagonists

3.4.1 Staining Procedures

3.4.1.1 Gram’s Staining (Sundarajan, 1995)

           
 Thin smear of the isolates were made on glass slides, air dried and then heat fixed. Crystal violet was added and left to stand for 30 seconds and then washed with distilled water. Then the slides were flooded with Gram’s iodine for 30 seconds and washed with distilled water. 
Plate 1: Stevia rebaudiana
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Plate 2: Macrophomina phaseolina
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Plate 3: Pseudomonas fluorescens isolates
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Plate 4: Bacillus subtilis isolates
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          The smear was decolourised with 95% ethanol. It was then counter stained with saffaranin for one minute and washed with water. After the smear was air dried, the slide was examined under oil immersion.

3.4.1.2 Endospore Staining



Thin smear of bacteria were prepared on clean glass slides, air dried and heat fixed. Malachite green was added and kept in a steaming water bath for 5 minutes and the stain was reapplied if it begins to dry out. The slide was removed and rinsed with water until the runs clear. The slide was then flooded with saffranin for 20 seconds and then rinsed with water. After air drying, the slide was examined under oil immersion. Endospores appeared green and the cells stained pink.

3.4.2 Biochemical tests (Dubey and Maheswari, 2004)

3.4.2.1 Starch hydrolysis test


Sterile starch agar plates were prepared and the bacterial culture was plated on to the plates. The isolates were incubated at 370C for 48 hours and then flooded with iodine solution. A clear zone around the organism indicated positive result. Dark blue colouration of the medium with no clear zone formation indicated a negative result.

3.4.2.2. Methyl red test 


Sterile MR-VP broth was inoculated with the bacterial culture and incubated at 370C for 24 hours. Methyl red solution was added after the incubation period. A change in the colour of the medium from yellow to red indicated a positive result.

3.4.2.3 Voges Proskauer test


 Sterile MR-VP broth was inoculated with the bacterial culture and incubated at 370C for 24 hours. 40% KOH solution (VP Reagent B) and Barrit’s reagent were added after the incubation period. The tubes were gently shaken for 30 seconds with the caps off to expose the media to oxygen. A change in the colour of the broth from yellow to pink was observed for positive result.

3.4.2.4 Indole test 


Sterile peptone broth was taken in test tubes and inoculated with the bacterial cultures. It was incubated for incubated at 370C for 24 hours.  After the incubation period, Kovac’c reagent was added. Cherry red ring formation indicated appositive result. An absence of the cherry red ring indicated a negative result.

3.4.2.5 Catalase test


To 1 ml of the bacterial culture, 0.5ml of 3% hydrogen peroxide was added. Immediate liberation of air bubbles indicates that the organism is catalase positive and the absence of liberation of air bubbles indicates that the organism is catalase negative.

3.4.2.6 Gelatin liquefaction (Hilderbrand et al., 1992)


About 20 ml of the sterilized medium (nutrient agar15g, potassium dihydrogen phosphate 0.5g, dipotassium hydrogen phosphate 1.5g, gelatin 4.0g, glucose 0.05g, distilled water 1000ml) was poured into sterile plates and was allowed to solidify. Each isolate was inoculated into the medium as a singler streak. The plates were then kept in an inverted position and incubated at 370C for 24 hours.then the plates were flooded with mercuric chloride (15g HgCl2 100 ml of distilled water, 20ml of HCl was added and mixed well) solution and the zone of hydrolysis was observed. 

3.4.2.7. Growth at 40C (Hilderbrand et al., 1992)


Each isolate was inoculated on KB slants and incubated at 40C for 48 hours and was observed for growth.

 3.4.2.8 Growth at 410C


Each inoculate was inoculated on KB slants and incubated at 410C for 48 hours and was observed for growth

3.5  
In vitro screening of the bacterial isolates against 
Macrophomina phaseolina

The effective isolates of Pseudomonas and Bacillus strains were identified by dual plate technique. The bacterial strains were streaked on one side of the Petri dish (1 cm away from the edge of the plate) with PDA medium and a mycelial disc of the three day old culture of pathogen was placed on the opposite side of the Petri dish perpendicular to the bacterial streak (Vidhyasekaran et al., 1997). The plates were incubated at room temperature (28 + 2oC) for 4 days. After four days of incubation, the pathogen growth and inhibition zone were recorded and expressed in mm.

3.6. Status of secondary metabolites of the bacterial isolates 


From the in vitro screening test, effective isolates were selected for analyzing the status of secondary metabolites.

3.6.1. Hydrogen cyanide (HCN) production

3.6.1.1. Qualitative assay



Production of HCN was determined by using modified procedure of Miller and Higgins (1970). Pseudomonas and Bacillus strains were grown on Trypticase soy agar (TSA). Filter paper soaked in picric acid solution (2.5 g of picric acid; 12.5 g of Na2CO3, 1000 ml of distilled water) was placed in the lid of each Petri dish. Dishes were sealed with parafilm and incubated at 28oC for 48 hr. A change in the colour of the filter paper discs from yellow to light brown, brown or reddish brown was recorded as an indication of weak, moderate or strong in producing HCN by each strain, respectively.  

3.6.1.2. Quantitative assay


The bacterial strains were grown on Trypticase soy broth (TSB). Filter paper was cut into uniform strips of 10 cm long and 0.5 cm wide saturated with alkaline picrate solution and placed inside the conical flasks in a hanging position. After incubation at 28 ± 2oC for 48 h, the sodium picrate in the filter paper was reduced to a reddish compound in proportion to the amount of hydrocyanic acid evolved. The colour was eluted by placing the filter paper in a clean test tube containing 10 ml of distilled water and absorbance was measured at 625 nm (Sadasivam and Manickam, 1992).

3.6.2. Salicylic acid (SA) production


Salicylic acid production of the selected isolates was determined as per the method described by Meyer and Abdallah (1978). The strains were grown in the standard succinate medium at 28 ± 2oC for 48 h.  Cells were collected by centrifugation at 6000 g for 5 min and were resuspended in 1 ml of 0.1 M phosphate buffer. Four ml of cell free culture filtrate was acidified with 1 N HCl to pH 2.0 and SA was extracted in CHCl3 (2×2ml). Four ml of water and 5 µl of 2M FeCl3 were added to the pooled CHCl3 phases. The absorbance of the purple iron-SA complex, which was developed in the aqueous phase, was read at 527 nm.   A standard curve was prepared with SA dissolved in succinate medium and quantity of SA produced was expressed as (g ml-1 (Meyer et al., 1992).
3.6.3. Siderophore production 

3.6.3.1. Quantitative detection of siderophore (Reeves et al., 1983)


The Pseudomonas and Bacillus strains were grown in KB broth for 3 days and centrifuged at 10000 rpm for 20 min. The supernatant was used for estimation of catecholate type and salicylate type of siderophore. The pH of the supernatant was adjusted to 2.0 with 1 N HCl and equal quantity of ethyl acetate was added in a separatory funnel, mixed well and ethyl acetate fraction was collected. This process was repeated three times to bring the entire quantity of siderophore from the supernatant. The ethyl acetate fractions were pooled, air dried and dissolved in 5 ml of ethanol (50%). Five ml of ethyl acetate fraction was mixed with 5 ml of Hathway’s reagent (1.0 ml of 0.1 M FeCl3 in 0.1 N HCl to 100 ml of distilled water + 1.0 ml of potassium ferricyanide). The absorbance for dihydroxy phenol was read at 700 nm. A standard curve was prepared using dihydroxy benzoic acid .The quantity of siderophore synthesized was expressed as (g ml-1 of culture filtrate. 


To measure the salicylate type of siderophore 5 ml of the assay solution was added with 5 ml of Hathway reagent and absorbance was measured at 560 nm with sodium salicylate as a standard.

3.6.4. Indole Acetic Acid


Trypticase soy broth with tryptophan as precursor (100g/ml) was inoculated with Pseudomonas and Bacillus strains and incubated in a rotary shaker for 30 h. Supernatants from the cultures were collected after centrifugation at 2000 rpm for 10min. to one ml of the cell free culture filtrate, 2ml of Salkowsky reagent (1ml of 0.5 M FeCl3 in 50ml of 35% HClO4) was added and incubated at 28 ± 20 C for 30 min. The absorbance was measured at 530nm. A standard curve was prepared with IAA and the quantity of IAA produced was expressed as μg ml-1 (Gorden and Paleg., 1957)                         3.7. Development of talc based formulation of the bacterial         antagonists 
          The effective strains were formulated by using talc as carrier material.Ten gram of carboxy methylcellulose was mixed with 1 kg of talc powder and the pH was adjusted to 7.0 by adding calcium carbonate. The mixture was then autoclaved for 30 min for two consecutive days. The bacterial culture was grown in King’s medium B (KMB) for 48 hr.  Four hundred milli litre of bacterial inoculum was added to 1 kg of talc mixture and mixed well under sterile conditions. The product was dried under shade to bring the moisture content less than 20 per cent. The formulation was packed in polythene bags, sealed and kept under room temperature (Vidhyasekaran and Muthamilan., 1995).

3.8. Efficacy of talc based formulation of the bacterial antagonists against root rot disease under greenhouse condition


Potting medium (red soil: sand: manure at 1:1:1 w/w/w) was autoclaved for 1 h for two consecutive days and filled in pots. The talc based formulations of the effective isolates were applied to the potting mixture at the rate of 10g per kg. Carbendazim (the chemical fungicide) was used as a standard treatment for comparison and applied as soil drenching at the recommended dosage. The culture of M.phaseolina, mass multiplied in sand maize medium (Riker and Riker, 1936) (sand and maize powder at the ratio of 19: 1) was incorporated with potting medium on three days after sowing at the rate of 5g per kg of soil. The pathogen alone inoculated served as control. Three replications (Three pots per replication) were maintained and the pots were arranged in a randomized manner. The damping-off incidence was recorded on 1,3,5 and 7 days after inoculation (DAI). 

3.9. Induction of defense mechanism


Induction of defense mechanism by Pseudomonas and Bacillus were assessed in response to infection by M.phaseolina in stevia. Three replications were maintained for each treatment.

3.9.1. Sample collection


For all the experiments, plant samples were collected from treated, pathogen inoculated and un-inoculated control at two days interval starting from 0 to 7 days after inoculation of the pathogen. 

3.9.1.1. Estimation of PAL activity

       This enzyme was estimated by the method of Dickerson et al., (1984) (Appendix I).

3.9.1.2. Assay of peroxidase  

                  Peroxidase catalyses the oxidation of a variety of electron donors with the help of H2O2 and thus scavenge the endogenous H2O2.  This was estimated by the method of Hammerschmidt et al., (1982). (Appendix II).

3.9.1.3. Assay of polyphenol oxidase 
             Polyphenol oxidase was estimated by the method of Mayer et al. (1965). (Appendix III).

3.9.1.4. Estimation of total phenol 

            Total phenol was estimated by the method of Zieslin and Ben-Zaken (1993). (Appendix IV).

3.10. Statistical Analysis

All the experiments were repeated once with similar results. The data were statistically analyzed (Gomez and Gomez, 1984) and treatment means were compared by Duncan's Multiple Range Test (DMRT). The package used for analysis was IRRISTAT version 92 developed by the International Rice Research Institute, Biometrics Unit, The Philippines.

4. RESULTS AND DISCUSSION

The herb Stevia rebaudiana is the world’s only natural sweetener with zero calories. The phytopathogenic fungi causes number of diseases such as charcoal rot,root rot, dry rot, wilt in plants. To control these phytopathogens, chemical management is not feasible, as pathogens are both seed and soil borne. Biocontrol can offer a very good alternative for the management of pathogens.


Therefore the study was made to evaluate the efficacy of talc based powder formulation of bacterial antagonists (Pseudomonas fluorescens and Bacillus subtilis) in the management of root rot of stevia caused by Macrophomina phaseolina.

The results obtained for the study entitled “Induction of systemic resistance by bacterial antagonists in Stevia (Stevia rebaudiana) against Macrophomina phaseolina, a root rot pathogen” are presented and discussed as follows: 

4.1. Isolation and biochemical characterization of the bacterial antagonists 

 4.1.1. Isolation and biochemical characterization of Pseudomonas fluorescens               isolates

       4.1.2. Isolation and biochemical characterization of Bacillus subtilis isolates

4.2. In vitro inhibition of Macrophomina phaseolina by Pseudomonas fluorescens     isolates 

4.3. In vitro inhibition of Macrophomina phaseolina by Bacillus subtilis isolates

4.4. Anti microbial compounds of biocontrol agents

       4.4.1. Hydrogen cyanide (HCN) production

        4.4.1.1 Hydrogen cyanide production by Pseudomonas fluorescens isolates
        4.4.1.2 Hydrogen cyanide production by Bacillus subtilis isolates
      4.4.2. Salicylic acid production

               4.4.2.1. Salicylic acid production by Pseudomonas fluorescens isolates

               4.4.2.2. Salicylic acid production by Bacillus subtilis isolates

      4.4.3. Siderophore production

      4.4.3.1. Siderophore production by Pseudomonas fluorescens isolates

      4.4.3.2. Siderophore production by Bacillus subtilis isolates

       4.4.4. Indole acetic acid (IAA) production

               4.4.4.1. Indole acetic acid production by Pseudomonas fluorescens isolates

      4.4.4.2. Indole acetic acid production by Bacillus subtilis isolates

4.5.    Induction of plant defense mechanism 

4.5.1. Induction of phenylalanine ammonia lyase activity    

4.5.2. Induction of peroxidase activity

4.5.3. Induction of polyphenol oxidase activity

4.5.4. Induction of total phenol


4.1. Isolation and biochemical characterization of the Bacterial antagonists 

4.1.1. Isolation and biochemical characterization of Pseudomonas fluorescens isolates
Seventeen isolates of Pseudomonas fluorescens were isolated from rhizosphere regions of different crops. All the isolates were found to fluoresce on King’s B medium and did not grow at 41ºC and showed a positive response for gelatin liquefaction test, starch hydrolysis test, voges proskaur test, catalase test and growth at 4ºC. Hence they were grouped in to Pseudomonas fluorescens and named as AUP1 to AUP17. (Table 1 and Plate 3).

 
Ramamoorthy et al. (2002) characterized 18 isolates of Pseudomonas fluorescens based on biochemical characterization. Reddy et al. (2010) isolated ten bacterial strains from rhizosphere soil samples collected from rice seedlings grown from Andhra Pradesh. All the strains were gram negative, rod shaped and produced yellowish green pigment on King’s B medium. All isolates showed positive response to gelatin liquefaction, oxidase test and arginine dihydrogenase test and were identified as P .fluorescens.
Table 1: Biochemical tests for characterization of Pseudomonas fluorescens Isolates

	S.no
	P. fluorescens Isolates
	Catalase
	Starch hydrolysis
	Gram’s Staining
	Methyl red
	Gelatin liquefaction
	Indole 
	Fluorescent on KB.
	Growth at 4ºC
	Growth at 41ºC
	Voges proskauer

	1
	AUP1
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	2
	AUP2
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	3
	AUP3
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	4
	AUP4
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	5
	AUP5
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	6
	AUP6
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	7
	AUP7
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	8
	AUP8
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	9
	AUP9
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	10
	AUP10
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	11
	AUP11
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	12
	AUP12
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	13
	AUP13
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	14
	AUP14
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	15
	AUP15
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	16
	AUP16
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+

	17
	AUP17
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+


Table 2: Biochemical tests for characterization of Bacillus subtilis isolates.
	S.no
	Bacillus sp. Isolates
	Catalase
	Starch hydrolysis
	Gram’s Staining
	Methyl red
	Gelatin liquefaction
	Indole 
	Voges proskauer
	Endospore staining

	1
	AUB1
	+
	+
	+
	-
	+
	-
	+
	+

	2
	AUB2
	+
	+
	+
	-
	+
	-
	+
	+

	3
	AUB3
	+
	+
	+
	-
	+
	-
	+
	+

	4
	AUB4
	+
	+
	+
	-
	+
	-
	+
	+

	5
	AUB5
	+
	+
	+
	-
	+
	-
	+
	+

	6
	AUB6
	+
	+
	+
	-
	+
	-
	+
	+

	7
	AUB7
	+
	+
	+
	-
	+
	-
	+
	+

	8
	AUB8
	+
	+
	+
	-
	+
	-
	+
	+

	9
	AUB9
	+
	+
	+
	-
	+
	-
	+
	+

	10
	AUB10
	+
	+
	+
	-
	+
	-
	+
	+

	11
	AUB11
	+
	+
	+
	-
	+
	-
	+
	+

	12
	AUB12
	+
	+
	+
	-
	+
	-
	+
	+

	13
	AUB13
	+
	+
	+
	-
	+
	-
	+
	+

	14
	AUB14
	+
	+
	+
	-
	+
	-
	+
	+

	15
	AUB15
	+
	+
	+
	-
	+
	-
	+
	+

	16
	AUB16
	+
	+
	+
	-
	+
	-
	+
	+


4.1.2. Isolation and biochemical characterization of Bacillus subtilis isolates
Sixteen isolates of  Bacillus subtilis were isolated from rhizosphere soil using nutrient agar medium. All the isolates were found to be Gram positive, and showed positive response for catalase test, starch hydrolysis test, voges proskaur test, gelatin liquefaction test and produced endospores. (Table 2 and Plate 4).

Foeldes et al. (2000) characterized 25 Bacillus isolates besed on the biochemical tests. Twenty five of these isolates proved to be Gram-positive, endospore-forming, motile, catalase-positive and mostly oxidase-positive rods.

Souza and Martins (2001) isolated bacteria from soil and identified as Bacillus subtilis based on catalase positive, motility, pH and growth characteristics.
4.2. In vitro Screening of Pseudomonas fluorescens isolates against     Macrophomina phaseolina
Seventeen isolates of Pseudomonas fluorescens were screened for their efficacy in inhibiting the mycelial growth of Macrophomina phaseolina under in vitro conditions. The results of the in vitro inhibition of Macrophomina phaseolina by P.fluorescens isolates are presented in Table 3 and Plate 5. 

The results revealed that all the isolates of Pseudomonas fluorescens inhibited the mycelial growth of Macrophomina phaseolina. The maximum inhibition was observed in P. fluorescens isolate AUP16 (26.66 mm). This was followed by AUP6 with the mycelial growth of 23.33 mm. The other isolates also inhibited the mycelial growth which ranges from 31.33 mm to 54.33 mm. However, the least inhibitory effect was observed in AUP5 and AUP11 with the mycelial growth of 61.33 mm and 62.0 mm, respectively.

Similarly, the maximum inhibition zone was recorded in AUP16 (26.0 mm). This was followed by AUP6 and AUP7 with the value of 20.33 mm and 18.66 mm respectively. The other isolates recorded less inhibition zone. However, the isolates AUP5, AUP8 and AUP11 did not show any inhibition zone.
TABLE 3

Effect of Pseudomonas fluorescens isolates on radial mycelial growth of Macrophomina phaseolina
	Sl. No.
	Pseudomonas isolates
	Mean mycelial growth* (mm)
	Inhibition zone*   (mm)
	Percentage inhibition (%)

	1.
	       AUP1
	54.33e
	1.0gh
	29.07

	2.
	AUP2
	51.0de
	3.0fg
	33.42

	3.
	AUP3
	40.66c
	8.66e
	46.92

	4.
	AUP4
	49.0d
	4.66f
	36.03

	5.
	AUP5
	61.33f
	-
	19.9

	6.
	AUP6
	28.33b
	20.33b
	63.02

	7.
	AUP7
	31.33b
	18.66bc
	59.10

	8.
	AUP8
	59.33f
	-
	22.55

	9.
	AUP9
	48.0d
	7.33e
	37.34

	10.
	AUP10
	54.33e
	3.33fg
	29.07

	11.
	AUP11
	62.0f
	-
	19.06

	12.
	AUP12
	48.0d
	13.0d
	37.34

	13.
	AUP13
	50.0de
	4.66f
	34.73

	14.
	AUP14
	49.0d
	4.33f
	36.03

	15.
	AUP15
	33.33b
	15.0d
	56.49

	16.
	AUP16
	26.66a
	26.0a
	65.20

	17.
	AUP17
	32.33b
	17.66c
	57.79

	18
	Control
	76.6g
	-
	


* Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

Among the 20 fluorescent Pseudomonads isolates tested for their efficacy in inhibiting the mycelial growth, five isolates of P.fluorescens Pf1, PFCOT, FP7, PFCOP and PB2 showed higher inhibitory effect on mycelial growth of P.aphanidermatum when compared to other isolates. Among these five isolates, Pf1 biovar I exhibited the maximum inhibition of mycelial growth under in vitro condition by recording an inhibition zone of 13.7 mm (Ramamoorthy et al., 2002a).
Siddiqui (2007) studied the effect of 18 isolates of Bacillus and Pseudomonas on A.triticina under in vitro condition and reported that the isolates Pa22, Pa23, Pa26, Pf27, Pa28, B25, B27, B28 and B30 showed inhibitory effects. Two isolates of Pseudomonas fluorescens (Pf1 and Py15) and one isolate of Bacillus subtilis (Bs16) were effective in reducing the mycelial growth of A.solani under in vitro condition with 75.5 mm and 76.5 mm respectively (Latha et al., 2009).
Seven strains of Pseudomonas aeruginosa were isolated from inner roots of healthy chilli plants growing under field condition. In dual culture plate assay, one strain of P. aeruginosa inhibited the radial growth of all the four test root rotting fungi Macrophomina phaseolina, Rhizoctonia solani, Fusarium solani and F. oxysporum by producing the zone of inhibition (Tariq et al., 2009).

DAPG production ability was found in 76 of the 230 biocontrol fluorescent Pseudomonads (33%) and it was associated with superior disease suppression ability (Rezzonico et al., 2007). Kamalakannan (2004) studied the effect of crude extract of DAPG from P.fluorescens isolate, PfC6 on the mycelial growth of R.solani at different concentrations. The inhibitory effect of phenazine-1-carboxylic acid by several strains of  P.fluorescens  was studied by Mazzola et al. (1992) and Whistler and Pierson (2003). Thus, the results of the present study indicate that the inhibitory effect of P.fluorescens   might be due to the production of antibiotics like DAPG, bacteriocins and phenazines.
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4.3 In vitro screening of Bacillus subtilis against Macrophomina phaseolina
The effect of Bacillus subtilis on the mycelial growth of Macrophomina phaseolina has been presented in Table 4 and Plate 6.
                                                    TABLE 3
Effect of Pseudomonas fluorescens isolates on radial mycelial growth of Macrophomina phaseolina

	S No.
	Bacillus  subtilis isolates
	Mean mycelial growth* (mm)
	Inhibition zone*   (mm)
	Percentage inhibition (%)

	1
	        AUB1
	59.66g
	-
	22.11

	2
	AUB2
	50.66ef
	3.66h
	33.86

	3
	AUB3
	63.0h
	-
	17.75

	4
	AUB4
	48.0e
	6.33fg
	37.34

	5
	AUB5
	29.0ab
	17.33ab
	62.14

	6
	AUB6
	28.33a
	18.33a
	63.02

	7
	AUB7
	31.66b
	14.66cd
	58.67

	8
	AUB8
	60.0gh
	-
	21.67

	9
	AUB9
	53.0f
	5.0gh
	30.81

	10
	AUB10
	49.0e
	5.33fgh
	37.34

	11
	AUB11
	30.33ab
	15.66bc
	60.40

	12
	AUB12
	48.66e
	5.0gh
	46.92

	13
	AUB13
	42.0d
	7.66f
	45.17

	14
	AUB14
	38.33c
	12.33de
	49.96

	15
	AUB15
	40.66cd
	10.66e
	46.92

	16
	AUB16
	43.0d
	5.33fgh
	43.86

	17
	CONTROL
	76.6i
	-
	-


* Mean of three replications
In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

The results revealed that all the isolates of Bacillus subtilis inhibited the mycelial growth of Macrophomina phaseolina. The maximum inhibition was observed in Bacillus subtilis isolate AUB6 (28.33 mm). This was followed by AUB5 with the mycelial growth of 29.0 mm. The other isolates also inhibited and the mycelial growth ranges from 30.33 mm to 59.0 mm. However the least inhibitory effect was observed in isolates AUB8 and AUB3 with the mycelial growth of 60.0 mm and 63.0 mm respectively.

Similarly, the maximum inhibition zone was recorded in AUB6 (18.33mm). This was followed by AUB5 and AUB11 with the value of 17.33 mm and 15.66 mm respectively. The other isolates recorded least inhibitory zone. However the isolates AUB1, AUB8 and AUB3 did not show any inhibition zone.
These results were similar to those of other researchers. The in vitro activity of Bacillus subtilis was reported by Neetu singh (2008), where B.subtilis isolate BN1 strongly inhibited the growth of M. phaseolina (75%). Among the four antagonists tested, G. virens was found significantly superior in inhibiting the growth (78.22%) of M. phaseolina, with P. fluorescens (76.66%), followed by Bacillus subtilis (74.11%) and 73.88 per cent inhibition by Trichoderma harzianum (Lokesha and Benagi, 2007).
In vitro activity of 13 native strains of Bacillus sp. isolated from soil against Macrophomina pasheolina using a dual assay in nutrient agar was tested. All the strains showed inhibition of radial growth of M. phaseolina from 31-80 percent. The strains LUM B01 and B04 exhibited inhibition of  80.8 and 75.9 percent, respectively (Junco et al., 2009).

All the biocontrol agents tested were found to be effective in inhibiting the

mycelial growth of M. phaseolina in dual culture technique. Among the antagonists, R. meliloti was found to be  significantly better in inhibiting the growth of M. phaseolina followed by B. subtilis and Trichoderma viride (Anis et al., 2010). 

Bacteria produce different kinds of metabolites including antibiotics and toxins in the medium which inhibit the growth of pathogenic organisms. In the present study, the inhibitory effect of the Bacillus subtillis isolates might be due to the production of antibiotics such as surfactin and iturin.
4.4 Antimicrobial compounds of bacterial isolates
The effective isolates of  Bacillus subtillis and Pseudomonas fluorescens were screened for the production of antimicrobial compounds like HCN, siderophore, salicylic acid and indole acetic acid.

4.4.1 HCN production 
Volatile compounds such as HCN and ammonia were produced by a number of rhizobacteria were reported to play an important role in biocontrol. HCN expression and production by Pseudomonas was strongly dependent on iron availability. HCN is an effective inhibitor of cytchrome c oxidase and metalloenzymes. Its production by PGPR is implicated in the biological control of black root rot, root rot of tomato and damping off diseases.
4.4.1.1 HCN production  by Pseudomonas fluorescens isolates

The production of HCN by Pseudomonas fluorescens was analysed both quantitatively and qualitatively.

Table 5. HCN production by Pseudomonas fluorescens isolates

	Sl. No.
	Pseudomonas isolates
	HCN production*

	
	
	Quantitative Analysis (1 unit = 0.001 absorbance at 625 nm)
	Qualitative Analysis

	1.
	               AUP6
	0.089b
	Strong

	2.
	AUP7
	0.030c
	Moderate

	3.
	AUP12
	0.010e
	Weak

	4.
	AUP15
	0.013e
	Weak

	5.
	AUP16
	0.095a
	Strong

	6.
	AUP17
	0.024d
	Weak


*  Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.
Isolates AUP16 and AUP6 showed Strong amount of HCN production with 0.095 and 0.089 O.D, while the isolates AUP7, AUP17, AUP15, and AUP12 showed weak production (Table 5, Plate 7).

Plate 7. HCN production by Pseudomonas fluorescens isolates



Plate 8. HCN production by Bacillus subtilis isolates



4.4.1.1.2 HCN production by Bacillus subtilis isolates

The production of HCN by Bacillus subtilis was analysed both quantitatively and qualitatively. The results are tabulated. (Table 6 and Plate 8).
 Among the six isolates, all of them produced only negligible amount of HCN. Isolates AUB6, AUB5, AUB11, AUB7, AUB14 and AUB15 showed HCN production of 0.008, 0.005, 0.003, 0.002, 0.001 and 0.001 O.D, respectively. All the isolates showed weak production of HCN.

Table 6. HCN production by Bacillus subtilis isolates

	Sl. No.
	Bacillus isolates
	HCN production*

	
	
	Quantitative Analysis (1 unit = 0.001 absorbance at 625 nm)
	Qualitative Analysis

	1.
	               AUB5
	0.005b
	     Weak

	2.
	AUB6
	0.008a
	     Weak

	3.
	AUB7
	0.002cd
	     Weak

	4.
	AUB11
	0.003c
	     Weak

	5.
	AUB14
	0.001d
	     Weak

	6.
	AUB15
	0.001d
	     Weak


* Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

The results are similar with the other researchers. Kamalakannan et al. (2004) reported that Pseudomonas fluorescens PfC6 produced HCN in higher amount. Ahmadzadeh et al. (2006) observed that eight strains including CHAO, P-5, P-10, P-12, P-18, P-21, P-32 and P-57 were able to produce different quantities of HCN.  Umamaheshwari et al. (2008) reported strong production of HCN in Pf CIAH-196 followed by moderate level in Pf C6. In quantitative estimation, PfCIAh-196 recorded a maximum HCN production (O.D 0.093) while B. subtilis isolates did not produce HCN. Senthilkumar et al. (2009) screened different bacterial isolates for HCN production of which isolate HKA-72, HKA-107 and HKA-109 belonging to genus Bacillus produced HCN.
4.4.2 Salicylic acid production 
Salicylic acid is a natural phenolic compound present in many plants and is an important component in the signal transduction pathway and involved in local and systemic resistance to pathogens. These induced defense responses by salicylic acid are probably involved in the expression of  a range of defense genes, especially those encoding the pathogenesis-related PR proteins, such as chitinase, β-1,3-glucanase and peroxidase.

              Table 7. Salicylic acid production by Pseudomonas fluorescens  isolates
	Sl. No.
	Pseudomonas fluorescens  isolates
	Salicylic acid production* ((g/ml)

	1.
	               AUP6
	                  34.42b

	2.
	AUP7
	                  32.12b

	3.
	AUP12
	                 19.73d

	4.
	AUP15
	                 22.25cd

	5.
	AUP16
	                45.66a

	6.
	AUP17
	                25.47c


        *   Mean of three replications

        In a column, means followed by a common letter(s) are not significantly different   

        (P=0.05) by DMRT.

4.4.2.1. Salicylic acid production by Pseudomonas fluorescens isolates
The selected isolates were screened for salicylic acid production. Pseudomonas fluorescens isolate AUP16 showed maximum production of salicylic acid. AUP16 showed 45.66 µg ml-1 followed by AUP6, AUP7, AUP17, AUP15 and AUP12 isolates which recorded 32.42 µg ml-1 , 32.12 µg ml-1,  25.47 µg ml-1, 22.25 µg ml-1 and 19.13 µg ml-1 of salicylic acid production respectively (Table 7).

4.4.2.2 Salicylic acid production by Bacillus subtilis  isolates


Salicylic acid production by Bacillus subtilis isolates were analysed (Table 8). All the isolates produced salicylic acid and among them, isolate AUB6 produced greater amount of salicylic acid (30.29 µg ml-1) followed by AUB5 which recorded 17.21 µg ml-1 of salicylic acid production. Other isolates also produced salicylic acid to lesser extent.

Table 8. Salicylic acid production by Bacillus subtilis  isolates

	Sl. No.
	Bacillus subtilis  isolates
	Salicylic acid production* ((g/ml)

	1.
	               AUB5
	17.21b

	2.
	AUB6
	30.29a

	3.
	AUB7
	11.24cd

	4.
	AUB11
	13.30c

	5.
	AUB14
	9.63de

	6.
	AUB15
	7.88e


*   Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

Zhang et al. (2002) reported that plants treated with B.pumilis strain SE34 had greatly increased levels of salicylic acid, compared with that of non-treated plants. Santhini et al. (2005) reported that the isolate PfUA7 showed maximum production of salicylic acid (159.70 (g/ml) among the 12 isolates of P.fluorescens tested.

Nandhini (2007) tested six isolates of Bacillus subtilis for their ability to produce salicylic acid and revealed that all the isolates produced salicylic acid, among the isolates, AUBS2 showed maximum production (17.89 (g/ml). Devi (2009) reported that among ten P.fluorescens isolates, AUPF2 recorded maximum salicylic acid production (28.18 (g/ml) and among ten Bacillus subtilis isolates AUB2 showed maximum salicylic acid production (25.50 (g/ml).
4.4.3 Siderophore production 
Siderophores are low molecular weight compounds that are produced under iron-limiting conditions, chelate ferric (Fe3+) ion with a high specific activity and serve as vehicles for the transport of Fe(III) into microbial cell. Siderophores are produced by fluorescent Pseudomonads that inhabit the plant rhizosphere have received much attention recently due to their role in the biological control of soil borne plant pathogens in disease suppressive soils (Viswanathan and Samiyappan, 1999).

4.4.3.1 Siderophore production by Pseudomonas fluorescens  isolates
All the bacterial isolates were found to produce hydroxymate type of siderophore. The maximum siderophore production was recorded in AUP16 (41.49 µg ml-1). This was followed by AUP6 with the production of 36.31 µg ml-1.  Other isolates recorded siderophore production between 27.8 to 24.8 µg ml-1. The least production was observed in  AUP12 (12.80 µg ml-1) (Fig 1).

4.4.3.2 Siderophore production by Bacillus subtilis  isolates

Among the Bacillus isolates tested for production of siderophore AUB6 recorded 30.63 µg ml-1  which was the maximum amount followed by isolates AUB5, AUB11, AUB7, AUB14, AUB15 which recorded  27.98 µg ml-1, 22.84 µg ml-1, 12.26 µg ml-1, 6.43 µg ml-1 and 4.58 µg ml-1 of siderophore respectively. (Fig 2).


[image: image10]
Fig 1: Siderophore production by Pseudomonas fluorescens isolates

[image: image11]
                     Fig 2: Siderophore production by Bacillus subtilis isolates

 AUB6, AUB5 and AUB11 were found to be best in production of siderophore whereas other isolates showed lesser production. These results concur with that of other workers. Edi Husen (2003) reported that among fourteen isolates of soil bacteria, seven of them produced sideophore. Kavitha (2004) reported the production of siderophores of salicylate type by isolates of B. subtilis M3 and CBE4 respectively. The majority of bacteria isolated from rhizospheres of groundnut and mung bean predominantly produced catechol type siderophores except for a few fluorescent Pseudomonads that produced hydroxymates in addition to catecholates (Joshi et al., 2006).  Viswanathan and Samiyappan (2007) observed that Pseudomonas strains produced siderophore ranging from 4.97 to 8.67 µg ml-1 among the sugarcane native strains whereas, in other host strains the values ranged from 4.17 to 16.38 µg ml-1 respectively.

4.4.4 IAA Production
 
Indole acetic acid biosynthesis is also wide spread in plant associated Bacilli and considered to be directly involved in plant growth promotion(Tsavkelova et al., 2007; Idris et al., 2007). Indole acetic acid (IAA) is one of the most physiologically active auxins. IAA is a common product of L-Tryptophan metabolism by several microorganisms including PGPR. Microorganisms inhabiting rhizospheres of various plants are likely to synthesize and release auxin as secondary metabolites because of the rich supplies of substrates exuded from the roots.

4.4.4.1. IAA Production by Pseudomonas fluorescens  isolates       Pseudomonas fluorescens isolate AUP16 showed maximum production of Indole acetic acid. AUP16 showed 15.35µg ml-1 and the other isolates AUP6, AUP7, AUP17, AUP15 and AUP12 isolates recorded 13.89µg ml-1, 10.87 µg ml-1, 9.71µg ml-1, 1.33µg ml-1 and 0.96 µg ml-1 of  Indole acetic acid production respectively (Table 9).
4.4.4.2. IAA production by Bacillus subtilis  isolates

Among the  six Bacillus isolates tested for production of IAA, AUB6 recorded maximum production (13.75µg ml-1). This was followed by isolates AUB5, AUB11, AUB7, AUB14, AUB15 which recorded  8.42 µg ml-1, 6.31µg ml-1, 5.77 µg ml-1, 5.60 µg ml-1 and 4.22 µg ml-1 of  IAA respectively (Table 10).
Table 9 . IAA production by Pseudomonas fluorescens isolates

	Sl. No.
	Pseudomonas isolates
	IAA production* ((g/ml)

	1.
	              AUP6
	13.89b

	2.
	AUP7
	10.87c

	3.
	AUP12
	0.96f

	4.
	AUP15
	1.33e

	5.
	AUP16
	15.35a

	6.
	AUP17
	9.71d


* Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

Table 10. IAA production by Bacillus subtilis  isolates

	Sl. No.
	Bacillus isolates
	IAA production* ((g/ml)

	1.
	               AUB5
	8.42b

	2.
	AUB6
	13.75a

	3.
	AUB7
	5.77cd

	4.
	AUB11
	6.31c

	5.
	AUB14
	5.60d

	6.
	AUB15
	4.22e


*   Mean of three replications

In a column, means followed by a common letter(s) are not significantly different (P=0.05) by DMRT.

Among the 20 Pseudomonas isolates tested, seven isolates viz., Pf1, FP7, ATR, PSV, COP and COT were found to increase plant vigour and produced higher amounts of IAA under laboratory conditions (Ramamoorthy and Samiyappan, 2001). 

Ahmad et al (2005) observed substantial production of IAA ranging from 2.53-15.13 µg ml-1   by B. circulans MTCC 8983. Cirvilleri et al. (2005) observed that most of Pseudomonads isolates produced IAA and the level varied between 0.4- 15 mg/ml, respectively
Ramesh et al. (2009) reported the production IAA by rhizobacterial isolates and the values  ranged from 0.02-49.51 µg ml-1.

4.5. Efficacy of talc based formulation of the bacterial antagonists under greenhouse condition

Soil application of talc based formulation of Pseudomonas fluorescens and Bacillus subtilis  isolates, at the rate of 10 g/ kg of soil effectively reduced the root rot incidence in Stevia rebaudiana. The maximum reduction of disease incidence was observed in AUP16 (35 %) and AUB6 (40%). The other isolates AUP6 and AUB5 were also effective and they recorded 47% and 48% of disease incidence respectively. The lowest root rot incidence was observed in carbendazim (18%) treated plants. The inoculated control recorded maximum disease incidence of 78% (Table 13 and Plate 9).

Kishore et al. (2005) evaluated three hundred and ninety three strains were tested against the fungal pathogen of groundnut, S.rolfsii out of which Pseudomonas aeruginosa GSE18 and GSE 19 were found to be effective in controlling the seedling mortality and inhibition of the cell wall degrading enzymes of S.rolfsii.
Baysal et al. (2008) reported that Bacillus subtilis isolate EU07 was able to reduce crown and root rot incidence in tomato by 75% when applied as inoculant.

Plate 9.Efficacy of talc based formulation of the bacterial antagonists under greenhouse condition
[image: image12.jpg]i I””n NI B
A A
'!f“' R TR in-;‘.i,’"'www"m A

ﬂ"-"”a”
Lo

: N L S A ST
i) IR it
i Al ‘ll l"" .l,,"l‘"'l-i"'l" l'. l': ‘,l ‘.. ‘c "v' "“‘A"

i /R e 5%

't. KBS SN

u'”'-:!v"",l"ll ’ m,

;“1’ i HH 234 L V!'l‘l l' l'm l’l ."'J'ﬂ ﬂ,"l_" 1% 'I'l’ £: '. -' '- .'ﬂﬂ
Pyl

A A T e
D ’ " '” 'l ,‘ )' l " ’ ' ' ' , , a l l ." '] l"'.""‘ ..‘ 4 ."-Ar'. o“'l t 43 n-'. i
’ .’ ! '7' ' .'."l" ,' / '.',I."', ". 'l"' L

it it 'y 2
l ll‘ l "‘ . " 1 "l"" 4 s 4 PR § 3
AR T

. x{ : ‘]1,, ‘l 'n'l’l 'I'A " ‘ l ) .‘ Siaa A -
se e g S AT I A TINAT il ‘-n L UL
'.‘ii!"j"‘; ‘* ?5;‘ Vil “‘ [\H{\%lé"“.ﬂ‘l;‘ U ARl VY l":h :A_'.;nv :.:lfa i 4.. 'ft r)z'l:z_l‘:o'o'.. L0
L R TR ) uh‘n M .H,. T e SN n.uhfgm,},u A BASEOTNN AN 4'0' NS R .;
:l s ',--,i_ ‘4 i‘ 4 - N ‘\‘a‘ E |"', ‘ Y.!")'l % "‘ 'A'"‘ :""" .'.l X p" "r" ""‘ ‘1 t"Y‘ '7. -L‘."-.;
9 hISS l Y v l“‘il" '!" ‘3‘ ; ,fb"'_,’.,""."; ‘.'”35"? J' )3, T '. """ ,' o’ E R . 4 -"’_a“l‘
< ’ , ‘\‘ S | ll! "'|‘l' b4 I i‘l' o~ l“ _"'%ArA ,l"' Tl ' - ,"’ ' , "’ ’ ' J‘ ' 0'0'00' e ...""
e B A l'\m' p e T L 'l'i 1 DAL it i TRY: , K ",“ AR HAM L X
s b AT ": m'fu i ...' i1 It iy L U A
""'.",'!i‘ ‘ "l‘ (B l A“' v“" d' ' 2 '.j‘ ""!, lll' " ‘1.--,‘—-".""}:'. & "-‘v.":'
AR T e T R NS i B A O
a AT 34 STy ﬂ;h'»ﬂ.‘l'.i'\!l_',lr,-yi‘! i — :
ey R -~
pae """ b "a’li )‘Yn‘i
Wt B Tl SR

t“~" 1 sssa A bRIOAS j
sirstl s;';x‘-'-‘-‘;‘}‘:vf?}!f.!f!f






1

     2


   3

4
1-Uninoculated control

2- P.fluorescens isolate AUP16 +M.phaseolina
3- B. subtilis  isolate AUB6 +M.phaseolina
4- Inoculated control (M.phaseolina)

Table 11. Efficacy of talc based formulation of the bacterial antagonists under greenhouse condition

	Sl. No.
	Treatment
	Damping-off incidence* (%)

	1.
	AUP16
	35.00b

	2.
	AUP6
	47.00c

	3.
	AUB10
	40.00b

	4.
	AUB6
	48.00c

	3.
	Carbendazim
	18.00a

	4.
	Control (Inoculated)
	78.00d


  *   Mean of three replications.

        In a column, means followed by a common letter(s) are not significantly different  

        (P=0.05) by DMRT.     

4.5. Induction of plant defense mechanism 

Induced resistance is defined as an enhancement of the plants defensive capacity against a broad spectrum of pathogens and pests that is acquired after appropriate stimulation. Pre-treatment of plants with avirulent pathogens (biotic inducers) or chemical compounds (abiotic inducers) can enhance resistance to subsequent attack not only at the site of treatment, but also in tissues distant from the initial infection sites. Typically, this inducible resistance system known as systemic acquired resistance (SAR) is effective against diverse pathogens including viruses, bacteria and fungi (Ryals et al., 1996). Defense related genes encode a variety of proteins including enzymes controlling secondary metabolism, pathogenesis related proteins (PR) and regulatory proteins that control the expression of other defense related genes (Dixon et al., 1994). The defense gene products include polyphenol oxidase (PPO), 122 peroxidase (POD) that catalyzes the formation of lignin, and phenylalanine ammonia-lyase (PAL) that is involved in phytoalexins and phenolics synthesis.

In the present study, application of biocontrol agents gave maximum control of root rot of Stevia under green house condition (Plate 9). The efficacy of biocontrol agents to reduce root rot disease might be due to induction of defense related enzymes like PAL, PO, PPO and phenols.

4.5.1. Induction of phenylalanine ammonia lyase activity    

PAL is the first enzyme of phenylpropanoid metabolism in higher plants and it has been suggested to play a significant role in regulating the accumulation of phenolics, phytolexins and lignins, the three key factors responsible for disease resistance.

In Stevia, studies on induction of defense enzymes revealed that higher accumulation PAL was observed in plants treated with biocontrol agents and challenge inoculated with Macrophomina phaseolina. The treatment with AUP16 and AUB6 recorded maximum phenol (99.49 and 79.09 nmols cinnamic acid/min/g of leaf tissue)) on the 5th day after challenge inoculation and thereafter the activity declined slowly. In plants treated with pathogen alone, PAL activity increased up to 3 days and thereafter activity declined. Plants treated with the biocontrol agents alone also had significantly higher PAL activity compared to untreated control, but activity was less compared to challenge inoculated plants (Fig 3).

The present results revealed that the plants treated with Pseudomonas fluorescens showed an increase in the PAL activity and those plants challenge inoculated with M.phaseolina showed additional increase in PAL activity. Hence the biocontrol agents induced the host defense mechanism by increasing the PAL activity.

Similar results were reported by several workers. Induction of some defense related enzymes and phenolics in roots and shoots of two different genotypes of chickpea cultivars which were susceptible (L550) and resistant (ICCV10) to wilt disease treated with salicylic acid, spermine (Spm), SA+Spm and Fusarium oxysporum f. sp. ciceri was investigated. Higher levels of polyphenol oxidase (PPO), phenylalanine ammonia-lyase (PAL) and phenolics were observed in roots and shoots of resistant cultivar than that of susceptible cultivar on treatment with elicitors and pathogen (Raju et al., 2008).

Cucumber plants treated with Pseudomonas corrugata had initially higher levels of PAL and levels were lower after challenging the plant with P.aphanidermatum (Chen et al., 2000). Increased activity of PAL was observed in Pseudomonas fluorescens treated tomato and pepper plants in response to infection by F.oxysporum.f.sp.lycopersici and C.capsici (Ramamoorthy et al., 2002a).


[image: image13]Fig 3: Induction of PAL activity by bioformulations in Stevia rebaudiana with or without Macrophomina phaseolina
Increase in the PAL activity was observed in  groundnut leaves upon treatment with SA. In SA- treated leaves about a 150 percent increase in PAL activity was observed 4 days after challenge inoculation with C.personatum (Meena et al., 2001a).

Seedling dip and foliar application of the antagonistic bacteria Bacillus subtilis  (CBE4) recorded a maximum of PAL activity in Phyllanthus amarus on 4th day after challenge inoculation with Corynespora casiicola (Mathiyazhagan et al., 2004).

4.5.2. Induction of peroxidase activity
Peroxidases are defense related enzymes which play key roles in plant-pathogen interactions. PO is believed to be one of the most important factors of the plant's biochemical defense against pathogenic microorganisms, and is actively involved in the self-regulation of plant metabolism after infection. It is involved in substrate oxidation, cell wall lignification, photosynthesis, respiration and growth regulation. PO activity also has been associated with pathogenesis, which in turn leads to reinforcement of cell walls with phenol compounds.

 
The activity of peroxidase was induced on plants treated with biocontrol agents when compared with uninoculated control. PO activity was also increased in plants pretreated with biocontrol agent and challenge inoculated with Macrophomina phaseolina. The treatment with AUP16 and AUB6 recorded higher PO activity(0.55 and 0.478 change in absorbance/min/g of leaf tissue) on the 5th day after challenge inoculation and the activity was maintained at higher levels throughout the experimental period. In plants treated with pathogen alone, the activity of PO was lower when compared to biocontrol agent treated plants and were several folds lower than plants challenge inoculated with biocontrol agents (Fig 4).

Induced systemic resistance in rice has been correlated with a two fold increase in activity of pathogenisis related peroxidase in PGPR treated plants inoculated with the rice sheath pathogen, Rhizoctonia solani (Nandha kumar et al., 2001). Karthikeyan et al. (2005) observed increased peroxidase activity in Pseudomonas fluorescens Pf1 treated plants challenged with the pathogen A.palandui.

Saravanakumar et al. (2007) reported higher PO activity in mungbean plants after challenge inoculation with Macrophomina phaseolina pretreated with Pf1 bioformulation. Anand et al. (2009) recorded higher accumulation of PO in Pf1 treated cucumber plants challenged with Pseudoperonospora cubensis.
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Fig 4: Induction of PO activity by bioformulations in Stevia rebaudiana with or  without Macrophomina phaseolina
4.5.3. Induction of polyphenol oxidase activity

 
Polyphenol oxidase is a coppercontaining antioxidant enzyme that oxidizes phenolics to highly toxic quinines and contributes to disease resistance; quinones are presumably toxic to pathogens and also play a significant role in the lignin biosynthesis.

The activity of PPO was observed  in plants pretreated with biocontrol agent and challenge inoculated with Macrophomina phaseolina. The higher PPO activity of 0.34 (change in absorbance/min/g of leaf tissue) was recorded in plants treated with AUP16 and AUB6 (0.331 and 0.31 change in absorbance/min/g of leaf tissue) and challenge inoculated with Macrophomina phaseolina. The plants treated with biocontrol agents were less effective in inducing PPO activity but compared to control the activity was higher. In uninoculated and inoculated control the activity decreased from 3rd day. Increased activity of PPO was observed in plants challenged with the pathogen and the activity reached maximum on the 5th day after challenge inoculation (Fig 5).
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Fig 5: Induction of PPO activity by bioformulations in Stevia rebaudiana with or without Macrophomina phaseolina
Karthikeyan et al. (2005) reported increased activity of PO and PPO in Pf1 pretreated onion plants challenged with the pathogen and remained at higher levels upto 9 days. The activities reached maximum level(PO 1.77, PPO 1.086 absorbance/min/g of leaf tissue) at 5 days after challenge inoculation. 

Nakkeeran et al. (2006) observed with BSCBE4 and PA23 pretreated hot pepper seedlings inoculated with P. aphanidermatum. The activity of PPO increased upto 12 days after soil inoculation with the pathogen and the activity declined thereafter. 

4.5.4. Induction of total phenol

The results revealed that the phenolic content increased progressively upto 5 days in all the treatments and decreased after that. Total phenol content was significantly high in AUP16 treated plants (125 µg of catechol/g of leaf tissue) challenge inoculated with Macrophomina phaseolina followed by plants treated with AUB6 (119 µg of catechol/g of leaf tissue) and challenge inoculated with Macrophomina phaseolina. Plants inoculated with pathogens alone recorded increased accumulation of phenol till 3rd day and decreased thereafter and declined to initial level. Plants treated with biocontrol agents also increased in phenol content than that of inoculated control (Fig 6).

The results were similar to other researchers. Singh et al. (1998) found that seed and soil application of T. viridae enhanced the phenolics concentration in chickpea plants that leads to induced resistance to Macrophomina phaseolina. Benhamou et al (2000) reported that an endophytic bacterium Serratia plymuthica  induced the accumulation of phenolics in cucumber roots and offer resistance to P.ultimum infection.

Kamalakannan et al. (2004) demonstrated that highest phenol content occurred in plants treated with P. fluorescens isolate PFMMP (10.9mg/g) 9 days after inoculation, followed by P. fluorescens isolate PF1 (10.7mg/g), T.viride isolate TVUV10 (10.5mg/g) and B.subtilis isolate BSG3 (10.7mg/g). in plants inoculated 
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Fig 6: Induction of total phenols by bioformulations in Stevia rebaudiana with or without Macrophomina phaseolina
with the pathogen alone, phenol content  declined below the initial level on 12 days after inoculation.

Kavitha and Umesha (2008) reported in the 20 tomato cultivars maximum phenol content in the highly resistant cultivar (Safal) with 85 µg phenol/ g tissue upon pathogen inoculation. Karthikeyan (2009) demonstrated that the preinoculation of black gram plants with Pseudomonas fluroscens sviz.,Pf1  and CHAO were found to reduce urdbean crinkle virus (ULCV) infection significantly. Soil and foliar application of Pf1 induced accumulation of phenolics and enhanced activities of PAL, Peroxidase, and PPO.
Arun et al. (2010) reported increased total phenols in green ear infected tissues of HHB 67 (7.01 mg/g dry wt) in comparison to healthy counterparts (1.62 mg g-1 dry wt). Likewise phenols were higher in infected susceptible Eknath cultivar (3.45 mg g-1 dry wt) than normal tissues.

5. SUMMARY AND CONCLUSION

The present study entitled “Induction of systemic resistance by bacterial antagonists in Stevia (Stevia rebaudiana) against Macrophomina phaseolina, a root rot pathogen” was conducted with the following objectives.

· Collection and maintenance of fungal pathogen.

· Isolation and characterization of antagonistic bacteria through biochemical tests.

· In vitro screening of antagonistic bacteria by Macrophomina phaseolina.
· Analysis of secondary metabolites such as Hydrogen cyanide (HCN), siderophores, Salicylic acid and Indole acetic acid (IAA).

· Evaluation of the efficacy of antagonists under green house conditions.

The results of the present study were summarized as follows:

· Seventeen isolates of Pseudomonas fluorescens and sixteen isolates of     

       Bacillus subtilis were isolated from rhizosphere soils and confirmed by 

        biochemical tests.

· Among seventeen Pseudomonas fluorescens and sixteen Bacillus subtilis isolates tested under in vitro conditions, AUP16, AUP6, AUB6 and AUB5 isolates significantly reduced the mycelial growth of Macrophomina phaseolina and recorded maximum inhibition zones.

· Qualitative assay of HCN production revealed that AUP16 and AUP6 recorded strong HCN production whereas AUB6 and AUB5 showed HCN production.

· Salicylic acid production was found to be maximum in AUP16 followed by AUP6, AUB6 and AUB5 isolates respectively.

· IAA production recorded in AUP16 was found to be high compared to 

      other isolates AUP6, AUB6 and AUB5 which produced IAA in a lesser   

                         extent.

· In green house conditions, application of the biocontrol agents (AUP16,        

      AUP6, AUB6 and AUB5) challenged against M.phaseolina induced the 

     accumulation of defense enzymes like PAL, PO, PPO and phenolics   

       resulting in the suppression of M.phaseolina root rot.

· Among the four Talc based bioformulations, AUP16 significantly reduced  

       the root rot incidence.

Thus the present study reveals that the isolates AUP16 and AUB6 were found to be more effective in production of secondary metabolites such as HCN, salicylic acid, siderophores and IAA among the other isolates tested. Application of talc based formulation of the AUP16 and AUB6 isolates induced maximum accumulation of PAL, PO, PPO and phenolics in S.rebaudiana plants in response to invasion of M.phaseolina under green house condition and thus they can be used in the management of root rot of Stevia.
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APPENDIX -I

Media used

Potato Dextrose Agar (PDA) (Riker and Riker, 1933)

	Peeled potato

	:
	250.0 g

	Dextrose

	:
	20.0 g

	Agar
	:
	15.0 g

	Distilled water
	:
	1000ml

	pH
	:
	6.5




King’s B medium (King et al., 1954)

	Peptone
	:
	20.0 g

	Dipotassium hydrogen phosphate
	:
	1.5 g

	Magnesium sulphate
	:
	1.5 g

	Glycerol
	:
	10.0 ml

	Agar
	:
	15 g

	Distilled water

pH


	:

:
	1000 ml

7.2


Trypticase Soy Agar (TSA) (Miller and Higgins, 1970)

	Animal peptone 
	:
	5.0 g

	Soya peptone
	:
	5.0 g

	NaCl 

	:
	5.0 g

	Glycine
	:
	4.4 g

	Distilled water
	:
	1000 ml


Nutrient Agar Medium (NA)

       Peptone


: 5.0g

      Beef Extract

: 3.0g

      NaCl


: 5.0g

     Agar


: 20.0g

     Distilled Water

: 1000 ml

Standard Succinate medium (SSM) (Schwyn and Neilands, 1987)

	Succinic acid
	:
	4.0 g

	K2HPO4
	:
	6.0g

	KH2PO4
	:
	3.0 g

	(NH4)2 SO4
	:
	1.0 g

	MgSO47H2O 

	:
	0.2 g

	Distilled water 

pH                            

	:

:
	1000 ml  

7.0


APPENDIX II

Estimation of Phenylalanine ammonia lyase activity (Dickerson et al., 1984)

Enzyme extract 

One  gram of leaf sample was homogenized in 1 ml of ice cold 0.1 M sodium borate buffer (pH 7.0) containing 1.4 mM of 2 - mercaptoethanol and 0.1 g of insoluble polyvinylpyrrolidone. The extract was filtered through cheese cloth and centrifuged at16, 000 g for 20 min.  The supernatant was used as enzyme extract.

Procedure 


  Sample containing 0.4 ml of enzyme extract was incubated for 30 min at 300 C with 0.5 ml of 0.1 M borate buffer (pH 8.8) and 0.5 ml of 12 mM L-phenylalanine in the same buffer.  The reaction was stopped by the addition of 0.5 ml of 2N HCl. The amount of trans cinnamic acid synthesised was calculated. Enzyme activity was expressed as nmol of transcinnamic acid min-1 g of tissue-1.

APPENDIX III

Assay of peroxidase activity (Hammerschmidt et al., 1982).

Enzyme extract: 

Leaf samples (1g) were homogenised with 2 ml of 0.1M phosphate buffer (pH 7.0) at 4oC. Centrifuged the homogenate at 16,000g at 4oC for 15 minutes and the supernatant was used as enzyme source.

Procedure 

The reaction mixture consisted of 1.5 ml of 0.05M pyrogallol, 0.5 ml of enzyme extract and 0.5 ml of 1% H2O2.  The reaction mixture was incubated at room temperature (28 ( 2oC).  The change in absorbance at 420 nm was recorded at 30 second intervals for three minutes. The enzyme activity was expressed as changes in the absorbance min-1 g of tissue‑1.

APPENDIX IV
Assay of polyphenol oxidase activity (Mayer et al., 1965).

Enzyme extract  

One gram of leaf sample was homogenized in 2 ml of 0.1M Sodium phosphate buffer (pH 6.5). The homogenate was centrifuged at 16,000g at 4oC for 15 minutes.  The supernatant was used as enzyme source.

Procedure 

The reaction mixture consisted of 200 (l of the enzyme extract and 1.5 ml of 0.1M sodium phosphate buffer (pH 6.5).  To start the reaction, 200 (l of 0.01M catechol was added. The change in absorbance at 495 nm was recorded at 30 sec interval for 3 min. The enzyme activity was expressed as change in absorbance /min/ g of tissue.  

APPENDIX V

Estimation of total phenol ( Zieslin and Ben-Zaken., 1993)

Sample extract 

One gram of leaf sample was homogenized in 10 ml of 80% methanol. The homogenate was centrifuged at 10,000g for 20 minutes.  The supernatant was used as enzyme source.

Procedure 

The supernatant was evaporated to dryness and the residue was dissolved in 5 ml of distilled water. From this, 200 (l was taken and the volume was made up to 3 ml with distilled water. To that, 250 (l of Folin-Ciocalteau reagent (IN) was added. After 3 min, 1 ml of 20% sodium carbonate was added and mixed thoroughly. Then the tubes were placed in boiling water for 1 min and cooled. The absorbance was measured using a spectrophotometer at 725 nm. Catechol was used as the standard.  The phenol activity was expressed as (g of catechol/ g of tissue.  
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