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Prema.S

INTRODUCTION 


Stevia rebaudiana (Bert.) Bertoni is a herbaceous perennial plant of the Asteraceae family. It is native to Paraguay, where it grows wild in sandy soils. The leaf extract of this plant has been used traditionally in the treatment of diabetes. Leaves of this plant produce zero-calorie diterpene glycosides (stevioside and rebaudiosides), a non-nutritive, high-potency sweetener and substitute to sucrose, being 300 times sweeter than sucrose. It is recommended for diabetes. Stevia is considered (in Brazilian herbal medicine) to be hypoglycemic, hypotensive, diuretic and cardiotonic. The leaf is used for diabetes, obesity, cavities, hypertension, fatigue, depression, sweet cravings, and infections (http://en.wikipedia.org/wiki/Stevia). 
S.rebaudiana has been cultivated in many countries including India, Central America, Israel, Australia, Japan and China. Stevia products are used commercially in Japan, using locally grown and imported (mainly from China) dried stevia leaves (over 2000 tonnes refined products) and make up over 40% of the non-sucrose sweeteners (the others being fructose, syrups, honey etc.) and 5 to 6 % of the total sweetener market. In most other countries it is used directly by consumers. Domestic consumers utilize dried leaves, liquid extracts, crystals or powder in their drinks and cooking as an “herbal” supplement (www.stevia.com). The main stevioside producing countries are China and Paraguay with adjacent parts of Brazil. China is a main supplier to Japan, who is the main commercial producer and user of stevioside. Paraguay or Brazil is the main center for the production and distribution of stevia products direct to consumer via the health food and herbal product outlets and by direct order sold around the world. 

Although stevia has been in use in Asia and Europe for years, it was only in the past couple of years that stevia is introduced in India as a healthy alternative sweetener to sugar. India being largest consumer of cane sugar along with largest diabetic population in the world, stevia is ideally poised to make significant contribution in satisfying the Indian demand of natural low calories sweetener (www.everstevia.com/stevia.pdf). In India several important and necessary steps have to be taken up for its propagation. Development of seedlings suitable to India would be the first requirement. A crop production system, providing information on optimized crop inputs, weed and disease control, harvesting and handling methods would have to be detailed out. Awareness has to be created about the natural herb and the products manufactured out of it by the industries. 
The diseases affecting stevia include root rot disease, caused by S.rolfsii. The first signs of infection, though undetectable, are dark brown lesions at or just beneath the soil level. The first visible symptoms appear as yellowing and drooping of leaves, with wilting of plants and white cottony mycelial growth at the collar region (Kamalakannan et al., 2007). The pathogen is known to be very persistent in soil and capable of surviving in infested fields for very long periods and is difficult to control. 

Synthetic chemicals have been widely used to control the population of pathogens and pests so that agricultural produce can remain economically viable. The recalcitrance of these chemical pesticides in many cases leads to severe ecological damage (Devi and Lal, 2008). Extensive use of chemicals to control plant diseases has disturbed the delicate ecological balance of the soil, leading to groundwater contamination, development of resistant races of pathogen and health risks to humans. Inadequate effectiveness of chemical control and increasing restrictions on fungicide use have  given increasing impetus to biological control as an alternative tool for integrated disease management in numerous crops. The other major concern associated with this practice is the development of pathogen resistance and the secondary environmental impact produced by the presence of xenobiotic chemical compounds (Le´ on et al., 2009)

Plant growth-promoting rhizobacteria (PGPRs) are among many microbes identified as potential biological control agents (Mafia et al., 2009). Numerous plant growth promoting bacteria in the rhizophere soils have been isolated, each containing one or more mechanisms for the enhancement of plant growth. When in contact with plants, bacteria may exert a range of activities that singly or in combination can result in the promotion of plant growth. The direct promotion of plant growth may involve one or more of the mechanisms viz., (i) Asymbiotic N2 fixation (ii) Production of phytohormones such as Indole acetic acid (IAA), Gibberellic acid and cytokinins. (iii) Lowering ethylene level. (iv) Antagonism against phyto pathogenic micro organism by production of siderophore , production of β1, 3- glucanase  and (vii) Solubilization of mineral phosphate and other nutrients (Mahalakshmi and Reetha, 2009). 

A diverse array of bacteria including Pseudomonas, Azospirillum, Azotobacter, Bacillus, Klebsiella, Enterobacter and Serratia has been shown to promote plant growth. These bacteria are an important component of the rhizosphere of many plants, and are known to colonize the rhizosphere of wheat, potato, maize, grasses, pea and cucumber (Sadaghiani et al., 2008). PGPR have been applied to various crops to enhance growth, seed emergence and crop yield, and some have been commercialized. Another major benefit of PGPR is to produce antibacterial compounds that are effective against certain plant pathogens and pests (Herman et al., 2008; Minorsky, 2008). Moreover, PGPR mediate biological control indirectly by eliciting induced systemic resistance against a number of plant diseases. Application of some PGPR strains to seeds or seedlings has also been found to lead to a state of induced systemic resistance in the treated plant. PGPR have also been reported in cereal crops including rice Induced resistance is associated with changes in the plant’s defense mechanisms that can lead to a reduction in disease levels or increased tolerance of the plant to a pathogen. PGPR that are preinoculated on the plant may cause changes in the plant’s ability to defend itself against a variety of plant pests (Ashrafuzzaman et al., 2009).

 
Among bacteria, pseudomonads are considered to be important rhizosphere organisms, wherein considerable research is underway globally to exploit the potential of bacteria that belong to fluorescent pseudomonads (Choudary et al., 2009).The Gram-positive bacteria have received less attention than the fluorescent pseudomonads in the literature on biocontrol. However, their efficacy is striking. Many surveys of soil bacteria have identified strains of Streptomyces and Bacillus as potential biocontrol agent. Species belonging to Bacillus and Pseudomonas are frequently used as biocontrol agents, since they excrete hydrolytic enzymes able to degrade cell walls, iron-chelating siderophores, and several cyclic lipodepsipeptides (LDP). 

Pseudomonas fluorescens is considered to be the most promising member of PGPR, which is easily distinguishable from other bacteria owing to their ability to produce water soluble, yellow green pigments (Upadhyay and Sreevastava, 2010). Pseudomonas are gram-negative, strictly aerobic, polarly flagellated rods. They are aggressive colonizers of the rhizosphere of various crop plants, and have broad spectrum antagonistic activity plant pathogens (Srivastava and Shalini, 2009). Pseudomonas excretes a great variety of antibiotics such as 2, 4-diacetylphloroglucinol (2, 4- DAPG), pyoluteorin, pyrrolnitrin, and hydrogen cyanide (Raaijmakers et al., 2002). These characteristics make Pseudomonas species good candidates for use as seed inoculant and root dips for biological control of soil-borne plant pathogen. 

Bacillus isolates are known to synthesize a vast number of peptides with antibacterial and antifungal activity. Some studies indicate the presence of substances of the volatile and diffusible antibiotic type such as subtilin and iturins that inhibit pathogen growth. Another characteristic of the Bacillus species is that it has endospores that allow them to survive in extreme temperature conditions; desiccation, pH, pesticides, fertilizers, and storage time (Gacitúa et al., 2009). Bacillus subtilis is one such commercialized PGPR organism and it acts against a wide variety of pathogenic fungi. 

The present study was carried out with the following objectives:

· Isolation of plant growth promoting Pseudomonas and Bacillus strains from rhizosphere soils. 

· Screening the Pseudomonas and Bacillus isolates against Sclerotium rolfsii under in vitro condition. 

· To test the status of secondary metabolites such as siderophores, HCN, salicylic acid, IAA. 

· To evaluate the performance of selected isolates for the management of root rot under green house condition. 

· To study the induction of various defense-related enzymes. 

2.0 REVIEW OF LITERATURE
 The review of literature pertaining to the present study “Effect of bacterial antagonists against Sclerotium rolfsii, a root rot pathogen of Stevia (Stevia rebaudiana)” is discussed under the following headings.

2.1. Stevia rebaudiana
2.2. Root rot disease

2.3. Sclerotium rolfsii
2.4. Biological control of the plant fungal disease

2.5. Talc based formulation of the antagonists

2.6. Pseudomonas spp. as biocontrol agent against S.rolfsii under greenhouse condition

2.7. Bacillus spp. as biocontrol agent against S.rolfsii under greenhouse condition

2.8. Anti microbial compounds of biocontrol agents

2.8.1 Hydrogen cyanide (HCN)

2.8.2 Salicylic acid (SA)
2.8.3 Siderophores

2.8.4 Indole acetic acid (IAA)
2.9. Induction of defense related enzymes and phenols

2.9.1. Phenylalanine ammonia lyase

2.9.2. Peroxidase (PO)
2.9.3. Polyphenol oxidase (PPO)
2.9.4. Phenols

 2.1. Stevia rebaudiana
Stevia is a genus of about 240 species of herbs and shrubs in the sunflower family (Asteraceae), native to subtropical and tropical regions from western North America to South America (www.efloras.org). The species Stevia rebaudiana, commonly known as sweet leaf, sugarleaf, or simply stevia, is widely grown for its sweet leaves. As a sweetener and sugar substitute, stevia's taste has a slower onset and longer duration than that of sugar (http://plants.usda.gov/).

The steviol glycosides are responsible for the sweet taste of the leaves of the stevia plant. The sweetness of these compounds range from 40 to 300 times sweeter than sucrose. They are heat-stable, pH-stable, and do not ferment. They also do not induce a glycemic response when ingested, making them attractive as natural sweeteners to diabetics and others on carbohydrate-controlled diets (Brandle, 2007). In terms of weight fraction, the four major steviol glycosides found in the stevia plant tissue are:

·         5–10% stevioside (250–300X of sugar) 

·         2–4% rebaudioside A — most sweet (350–450X of 
               sugar) and least bitter 

·         1–2% rebaudioside C 

·         ½–1% dulcoside A. 

It is being cultivated in Japan, Taiwan, Philippines, Hawaii, Malaysia and overall South America for food and pharmaceutical products. Products can be added to tea and coffee, cooked or baked goods, processed foods and beverages, fruit juices, tobacco products, pastries, chewing gum and sherbets. In Japan alone, 50 tones of stevioside are used annually with sales valued in order of 220 million Canadian dollars (Ahmed et al., 2007).

 2.2. Root rot disease
Root rot is a condition found in both indoor and outdoor plants, although more common in indoor plants with poor drainage. Root rot is a general term that describes any disease where the pathogen (causal organism) attacks and leads to the deterioration of a plant’s root system. Most plants are susceptible to root rots, including both woody and herbaceous ornamentals. Root rots can be chronic diseases or, more commonly, are acute and can lead to the death of the plant. Plants with root rot are often stunted or wilted, and may have leaves with a yellow or red color, suggesting nutrient deficiency. The roots of these plants reveal tissue that is soft and brown.

 
Root rot infection typically occurs at the collar at the soil surface, both in seedlings and in older plants. Initial symptoms of a sclerotium root rot are grey, water soaked lesions, which later become brown and spread downward. The fungus often produces a fan of silky, white mycelia and large, round, sclerotia. The leaves of affected plants turns yellow to brown and fall prematurely bottom upwards, until only the youngest leaf remains. The plant eventually dies, as the roots can no longer supply sufficient water and nutrients to the plant.

 
The root rot of stevia caused by S.rolfsii was first reported in India in 2007. This sclerotium root rot disease is a major concern in many stevia growing areas, and leads to economic losses. The symptom appears as yellowing and dropping of leaves, with the wilting of plants and white cottony mycelia growth at the collar region. The mycelia growth spread to the stem and root, with associated tissue rotting. The pathogen is characterized by cottony mycelia growth on the surface of the root with small (1-3 mm) spherical sclerotia that are brown (Kamalakannan et al., 2007).
 2.3. Sclerotium rolfsii
Sclerotium rolfsii is a soilborne fungal pathogen, causes disease on a wide range of agricultural and horticultural crops. S. rolfsii has a very extensive host range which includes more than 500 plants particularly in the tropical, subtropical and warm temperate areas. Susceptible agricultural hosts include sweet potato (Ipomea batatas), pumpkin (Cucurbita pepo L.), corn (Zea mays), wheat (Triticum vulgare) and peanut (Arachis hypogea). Horticultural crops affected by the fungus are included in the genera Narcissus, Iris, Lilium, Zinnia, and Chrysanthemum.

Although S. rolfsii is thought to have caused serious crop losses over many centuries, the first unmistakable report of the fungus dates back to 1892 with Peter Henry Rolfs’ discovery of the organism in association with tomato blight in Florida. The wide host range, prolific growth, and ability to produce persistant sclerotia contribute to the large economic losses associated with the pathogen. S. rolfsii attacks stems, roots, leaves, and fruit. (Okereke and Wokocha, 2007). The fungus occasionally produces basidiospores at the margins of the lesions and the under humid conditions, though this form is not common. Seedlings are very susceptible and die quickly once infected. Older tissues that have formed woody tissue are gradually girdled by lesions and they eventually die and invaded tissues are brown and soft. 
2.4. Biological control of the plant fungal disease
Biocontrol of plant disease involves the use of an organism or organisms to reduce disease. The phenomenon of disease suppressive soils has fascinated plant pathologists for decades. Observed in many locations around the world, suppressive soils are those in which a specific pathogen does not persist despite favorable environmental conditions, the pathogen establishes but doesn't cause disease, or disease occurs but diminishes with continuous monoculture of the same crop species. The phenomenon is believed to be biological in nature because fumigation or heat-sterilization of the soil eliminates the suppressive effect, and disease is severe if the pathogen is re-introduced.

There are three main mechanisms by which one microorganism may limit the growth of another microorganism: antibiosis, mycoparasitism, and competition for resources. Antibiosis is defined as inhibition of the growth of one microorganism by another as a result of diffusion of an antibiotic. Antibiotic production is very common among soil-dwelling bacteria and fungi. Antibiotic production appears to be important to the survival of microorganisms through elimination of microbial competition for food sources, which are usually very limited in soil. Another mechanism of biocontrol is destructive mycoparasitism. This is parasitism of a pathogenic fungus by another fungus. It involves direct contact between the fungi resulting in death of the plant pathogen, and nutrient absorption by the parasite. Microorganisms compete with each other for carbon, nitrogen, oxygen, iron and other micronutrients. Nutrient competition is likely to be the most common way by which one organism limits the growth of another.

Bacteria that colonize the rhizosphere and plant roots, and enhance plant growth by any mechanism are referred to as plant growth-promoting rhizobacteria (PGPR). In the context of increasing international concern for food and environmental quality, the use of PGPR for reducing chemical inputs in agriculture is a potentially important issue. PGPR have been applied to various crops to enhance growth, seed emergence and crop yield, and some have been commercialized. Another major benefit of PGPR is to produce antibacterial compounds that are effective against certain plant pathogens and pests. Moreover, PGPR mediate biological control indirectly by eliciting induced systemic resistance against a number of plant diseases (Jetiyanon and Kloepper, 2002). 
Application of some PGPR strains to seeds or seedlings has also been found to lead to a state of induced systemic resistance in the treated plant. In addition to improvement of plant growth, PGPR are directly involved in increased uptake of nitrogen, synthesis of phytohormones, solubilization of minerals such as phosphorus, and production of siderophores that chelate iron and make it available to the plant root (Ashrafuzzaman et al., 2009).

PGPR have attracted much attention in their role in reducing plant diseases. Although the full potential has not been reached yet, the work to date is very promising and may offer organic growers some of their first effective control of serious plant diseases. Some PGPR especially if they are inoculated on the seed before planting, are able to establish themselves on the crop roots. They use scarce resources, and thereby prevent or limit the growth of pathogenic microorganisms (Stuart, 2007).

2.5. Talc based formulation of the antagonists
Talc based formulation of the PGPR isolates, Bacillus subtilis (CBE4) and Pseudomonas chlororaphis (BCA) were prepared and various treatments namely seed treatment and soil application were given for assessing their ability to control damping off disease under greenhouse condition. The treatment with the isolate CBE4 recorded a least per cent disease incidence of 15.66 followed by 16.07% in treatment with BCA. Significant increases in plant growth were induced by treatment with PGPR isolates CBE4 and BCA. The efficacies of these PGPR isolates are equivalent to the standard fungicide Ridomil (Kavitha et al., 2006).
Eight talc based bioformulations using two isolates of Pseudomonas fluorescens Q18 (B1) and CKK-3 (B2) were prepared and tested for their growth promoting activities. The talc based bioformulation of B1 strain was found to be effective in promoting seedling height, root length, seedling dry weight and root dry weight (Ardakani et al., 2010). The efficacy of plant growth-promoting rhizobacteria (PGPR) was tested against the powdery mildew of grapevine caused by Uncinula necator (Schw.) Burn. Foliar application of talc-based Pseudomonas fluorescens strain Pf1 at 2% significantly reduced the incidence of powdery mildew under greenhouse conditions (Sendhilvel et al., 2007).

The efficacy of biocontrol agents on Macrophomina phaseolina (Tassi) Goid, which causes dry root rot of pigeonpea were studied. The talc based formulations of these bioagents were applied, seed treatment (4g/kg seed) along with soil application (2 g talc powder mixed with FYM/pot) supported the maximum plant survival and less root rot incidence compared to other treatment (Lokesha and Benagi, 2007). The efficacy of various carriers in sustaining the population of Bacillus subtilis BSCBE4 and P.cholororaphis PA23 strains during storage were assessed. The results demonstrated that Bacillus and Pseudomonas strains survived up to 180 days in peat and talc formulation (Nakkeeran et al., 2006).

The application of talc-formulation of Pseudomonas fluorescens through seed, seed treatment and foliar spray and foliar spray alone significantly reduced the leaf blight incidence both under greenhouse and field conditions (Chitra et al., 2006). Biocontrol agents Pseudomonas fluorescens (Pf1 and Py15) and Bacillus subtilis (Bs16) were tested alone, together, and in conjunction with the most effective plant extract, Zimmu, in both in vitro and in vivo experiments for control of A. solani. All isolates were compatible with each other and with Zimmu leaf extract. Among the various bioformulations tested as seed treatment and foliar application, the talc-based formulation of Pf1 + Py15 + Bs16 + Zimmu was superior in reducing the early blight disease incidence when compared to other treatments.

2.6. Pseudomonas spp. as biocontrol agent against S.rolfsii under greenhouse condition
Pseudomonads are considered to be important rhizosphere organisms, wherein considerable research is underway globally to exploit the potential of one such group of bacteria that belongs to fluorescent pseudomonads (FLPs). FLPs help in the maintenance of soil health, protect crops from pathogens and are metabolically and functionally most diverse. Many plant-associated FLPs promote plant growth by suppressing pathogenic microorganisms, synthesizing growth-stimulating plant hormones and promoting increased plant disease resistance. Others inhibit plant growth and cause disease symptoms ranging from rot and necrosis through to developmental dystrophies such as galls (Choudhary et al., 2009). 

Antifungal activity of five strains of Pseudomonas fluorescens were tested against some plant pathogens such as Alternaria cajani, Curvularia lunata, Fusarium sp., Bipolaris sp. and Helminthosporium sp. Out of the five strains studied, the best result was shown by A-5, which showed almost complete inhibition against pathogenic fungi such as Curvularia lunata and Fusarium sp. at 4000 and 5000 μg/mL while strain L-5 was resistant against Fusarium sp. and Helminthosporium sp. at 5000 μg/mL (Srivastava and Shalini, 2008). 207 bacteria were isolated from composts and tested for their plant growth-promoting traits and antagonistic ability. Twelve isolates based on different plant growth-promoting traits and seed vigor index were evaluated at greenhouse for plant growth-promoting activity on pearl millet. Seven isolates significantly increased shoot length and ten isolates showed significant increase in leaf area, root length density, and plant weight. Maximum increase in plant weight was by Serratia marcescens EB 67 (56%), Pseudomonas sp. CDB 35 (52%), and Bacillus circulans EB 35 (42%) (Hameeda et al., 2006). 

Ziedan and El-Mohamedy (2008) reported that Pseudomonas fluorescens was the best antagonistic bacteria to pathogens that were isolated from grapevine rhizosphere viz., Fusarium oxysporum Schlech., M. phaseolina (Maubl) Ashby and Rhizoctonia solani Kühn. Soil treatment by P.fluorescens around main stem of diseased grapevine (Thomspon cv. seedless) reduced root-rot precentage and disease severity. Increasing P.fluorescens inoculum rate reduced the rate of root-rot incidence of grapevine plant and disease severity.

Four bacterial strains, Pseudomonas chlororaphis (PA-23), Bacillus amyloliquefaciens (BS6), Pseudomonas sp. (DF41) and B. amyloliquefaciens (E16) which had been found to have biocontrol activity in vitro assays against Sclerotinia sclerotiorum, the causal agent of stem rot of canola, were tested for their efficacy in greenhouse and field conditions. Field studies over a period of two years indicated that disease control with PA-23 and BS6 was comparable to that achieved with the fungicide Rovral Flos (iprodione) (Fernando et al., 2007). The ability of fluorescent Pseudomonas and Glomus fasciculatum on growth performance of Vigna radiata in pathogen-infested soil was studied. The Inoculation with either fluorescent Pseudomonas or G. fasciculatum or both induced a significant increase in root and shoot length, plant vigour index, dry weight and total N and P content in V. radiata as compared to uninoculated control (Muthuramalingam and Santhaguru, 2009).

Muthukumar et al. (2010) reported that nine bacterial endophytes were isolated from stem and root portions of chillies and tested for their efficacy against Pythium aphanidermatum (Edson) Fitzp. Out of these nine bacterial endophytes, EBC 5, EBC 7 and EBC 6 recorded the minimum mycelial growth (28.00, 30.66 and 33.33 mm, respectively) with maximum inhibition zone of (12.33, 11.66 and 11.08 mm, respectively) of pathogen over control. Chilli seeds treated with a combination of EBC 5and EBC 6 recorded the lowest incidence of pre and post-emergence damping-off (9.10 and 12.33 per cent, respectively) at seven and 14 days after sowing when compared to individual treatment. Muthukumar (2008) observed that the endophytic bacteria stem isolate-5 significantly reduced the colony growth of P. aphanidermatum. Muthukumar and Bhaskaran (2007) revealed that among the 12 isolates of P. fluorescens tested, P. fluorescens 3 and 4 were highly effective in inhibiting the mycelial growth of Pythium sp.

 2.7. Bacillus spp. as biocontrol agent against S.rolfsii under greenhouse condition
In in vitro assays, B.subtilis HS93, B. licheniformis LS674 and T.harzianum were antagonistic to Phytophthora capsici and Rhizoctonia solani and produced high levels of chitinase. The results showed that the organisms had high level of antagonism against both pathogens in presence of chitin (Ahmed et al., 2007). A combination of two compatible biological control agents, Bacillus subtilis CA32 and Trichoderma harzianum RU01, both antagonistic to the pathogen Rhizoctonia solani, was used to control damping-off in Solanum melongena and Capsicum annuum. Significant plant protection was achieved when either B. subtilis added to the seeds or T. harzianum added to soil (Abeysinghe, 2009).

Research was carried out to study the efficiency of bio-control agents for controlling root-rot and wilting diseases of tomato. Obtained results showed that Trichoderma harzianum-I, Pseudomonas fluorescens-II and Bacillus subtilis-I were the best strains for controlling Rhizoctonia solani, Sclerotium rolfsii and Fusarium oxysporum sp lycopersici (Zaghloul et al., 2008) . Four hundred bacterial isolates were isolated from rhizosphere of some plants collected from Egypt and screened for production of chitinase enzyme. Four isolates designated MS1, MS2, MS3 and MS4 were the most potent chitinolytic bacterial species. The isolates were identified as Bacillus licheniformis, Stenotrophomonas maltophilia, Bacillus licheniformis and B. thuringiensis. In vitro, MS1 and MS3 were the most active species, and they suppressed the growth of all tested pathogenic fungi (Rhizoctonia solani, Macrophomina phaseolina, Fusarium culmorum, Pythium sp, Alternaria alternata and Sclerotium rolfsii) (Kamil et al., 2007).

The effectiveness of ten plant growth-promoting rhizobacteria (PGPR) was evaluated for the control of mini-cutting rot of eucalyptus caused by Cylindrocladium candelabrum and Rhizoctonia solani. The most effective group of isolates was FL2 (Pseudomonas sp.), 3918, S1 and S2 (Bacillus subtilis) (Mafia et al., 2009). Idris et al. (2007) reported that seventy-eight bacterial isolates were obtained and subsequently tested both in vitro and in the greenhouse for the inhibition of mycelial growth of F. oxysporum. The most effective isolates were identified by means of the API system as members of the genus Bacillus including B. cereus, B. subtilis, B. circulans, B. licheniformis and B. stearothermophilus.

2.8. Anti microbial compounds of biocontrol agents
Rhizosphere soil is a “hot-spot” for microbial growth and major microbial activities. The growth of many microorganisms in the rhizospheric region depends on the root exudates released by the plants (Bais et al., 2006). The direct means may includes: Fixation of atmospheric nitrogen (Zehr et al., 2003), production of siderophores (Machuca and Milagres, 2003), solubilization of minerals like phosphorus (Tilak et al., 2005) and synthesis of phytohormones like indole acetic acid (IAA) (Chung and Tzeng, 2004). Indirect mechanisms include inhibition of phytopathogens and thus promoting plant growth (Padalalu and Chopade, 2006). 
Disease control by antagonistic bacteria involves antagonism and direct elicitation of plant defense responses that may operate either individually or collectively. PGPR that indirectly enhance plant growth via suppression of phytopathogens do so by a variety of mechanisms. These include the ability to produce siderophores that chelate iron, making it unavailable to pathogens; the ability to synthesize anti-fungal metabolites such as antibiotics, fungal cell wall-lysing enzymes, or hydrogen cyanide, which suppress the growth of fungal pathogens; the ability to successfully compete with pathogens for nutrients or specific niches on the root; and the ability to induce systemic resistance (Cartieaux et al., 2003).
2.8.1 Hydrogen cyanide (HCN)

A secondary metabolite produced commonly by rhizosphere pseudomonads is Hydrogen Cyanide (HCN), a gas known to negatively affect root metabolism and root growth. HCN is an effective inhibitor of cytchrome c oxidase and metalloenzymes. Its production by PGPR is implicated in biological control of black root rot, root rot of tomato and damping off diseases. 

Kremer and  Souissi, (2001) reported that approximately 32% of bacteria from a collection of over 2000 isolates were cyanogenic, evolving HCN from trace concentrations to > 30 nmoles/mg cellular protein. Cyanogenesis was predominantly associated with pseudomonads and was enhanced when glycine was provided in the culture medium. 47 fluorescent Pseudomonas spp., some with known biological control activity against certain soil-borne phytopathogenic fungi such as, Macrophomina phaseolina, Rhizoctonia solani, Phytophthora nicotianae var. parasitica, Pythium sp. and Fusarium sp. in vitro were assessed for their ability to produce known secondary metabolites such as, siderophore, HCN and protease. Among the 47 strains 17% produced HCN (Ahmadzadeh et al., 2006).

P. fluorescens strain CHA0, produces DAPG and HCN, which is a major factor in the control of soil borne diseases by the organism (Jamali et al., 2009).  Six potential isolates of Bacillus and Pseudomonas were evaluated under pot and field conditions for the biocontrol of wilt disease complex of pigeonpea caused by Heterodera cajani, Meloidogyne spp. and Fusarium udum. Isolate Pa324 was found best for the biocontrol of wilt disease and produced greater amounts of siderophores, HCN and IAA (Siddiqui and Shakeel, 2009).

Some metabolites produced by Pseudomonas aeruginosa zag2 had antagonistic activities against certain fungi. The antifungal activity of pyocyanin, siderophore and hydrogen cyanide produced by P. aeruginosa were studied. The bacteria produced toxic volatile compound (HCN) which reduced the growth of both F. oxysporium and Helmithosporium sp. while A. niger was not affected (Hassanein et al., 2009).

2.8.2 Salicylic acid

The signal molecules salicylic acid (SA), jasmonic acid (JA) and methyl jasmonate (MeJA) are endogenous plant growth substances that play key roles in plant growth and development, and responses to environmental stresses. This can result in induction of defense responses and provide protection for plants from pathogen-attack. Such signaling molecules, when exogenously applied, have been shown to move systemically through plants, resulting in the expression of a set of defense genes that are activated by pathogen infection, thus inducing resistance against pathogens (Hongjie Yao and Shiping Tian, 2005).

Two plant growth-promoting rhizobacteria (PGPR), viz., Pseudomonas fluorescens strain Pf4 and P. aeruginosa strain Pag, protected chickpea (Cicer arietinum) plants from Sclerotium rolfsii infection when applied singly or in combination as seed treatment. The two PGPR strains induced the synthesis of specific phenolic acids, salicylic acid (SA), as well as total phenolics at different growth stages of chickpea seedlings with varied amount. Salicylic acid (SA) was induced frequently during the first 3 weeks of growth only (Singh et al., 2002).
Ryu et al. (2003) showed that four strains (90-166, SE34, 89B61 and T4) induced resistance against phytopathogens. Elicitation of induced resistance with these strains depended on how disease severity was measured. Three strains (90-166, 89B61 and T4) induced resistance in NahG plants (SA-deficient), indicating a salicylic acid-independent pathway, which agrees with the previously reported pathway for induced resistance by PGPR.

Expression of induced resistance was cytologically compared between cucumber plants induced with either plant growth-promoting rhizobacteria (PGPR) or chemicals. Inoculation with PGPR strains Serratia marcescens (90–166) and Pseudomonas fluorescens (89B61) induced systemic protection in the aerial part of cucumber plants against the anthracnose pathogen Colletotrichum orbiculare. Disease development was significantly reduced in these plants compared to control plants that were not inoculated with the PGPR strains. Induction with DL-3-aminobutyric acid (BABA) or amino salicylic acid (ASA) also significantly reduced disease development (Jeun et al., 2004).

Cucumber root rot caused by Pythium aphanidermatum can be suppressed by introduced plant growth-promoting rhizobacteria (PGPR). Preliminary experiments clarified that this root disease could be suppressed by strains of Pseudomonas aureofaciens, P. corrugata, and P. fluorescens. High levels of salicylic acid (SA) accumulated in bacteria-induced roots, as well as in pathogen-infected roots, which suggests that SA may be associated with cucumber resistance response (http://digitool.Library.McGill.CA:80/R/-?func=dbin-jump-  full&object_id=35862&current_base=GEN01).

2.8.3 Siderophores

Siderophores (from the Greek: “iron carriers”) are defined as relatively low molecular weight, ferric ion specific chelating agents elaborated by bacteria and fungi growing under low iron stress. The role of these compounds is to scavenge iron from the environment and to make the mineral, which is almost always essential, available to the microbial cell. Plants such as oats are able to assimilate iron via these microbial siderophores. It has been demonstrated that plants are able to use the hydroxamate-type siderophores ferrichrome, rodotorulic acid and ferrioxamine B; the catechol-type siderophores, agrobactin; and the mixed ligand catechol-hydroxamate-hydroxy acid siderophores biosynthesized by saprophytic root-colonizing bacteria. All of these compounds are produced by rhizospheric bacterial strains, which have simple nutritional requirements, and are found in nature in soils, foliage, fresh water, sediments, and seawater. 

Fluorescent pseudomonads have been recognized as biocontrol agents against certain soil-borne plant pathogens. They produce yellow-green pigments (pyoverdines) which fluoresce under UV light and function as siderophores. They deprive pathogens of the iron required for their growth and pathogenesis. 

Rhizospheric bacteria are known to influence plant growth by direct and indirect mechanisms. A total of 220 phosphate solubilizing bacteria were isolated from different rhizosphere soil in Northern part of Thailand. More than 64% of the isolates produced ammonia and 23% produced siderophore on chrome azurole S agar plates (Chaiharn et al., 2008). A cold resistant mutant of Pseudomonas fluorescens ATCC 13525 was developed, which could grow equally well at 25 and 10 °C and its effect on plant growth promotion under in vitro and in situ conditions was observed. Siderophore estimation revealed it to be a siderophore-overproducing mutant (17-fold increase) when compared to its wild type counterpart (Katiyar and Goel, 2004)

Microbial biota associated with wheat rhizosphere during flowering-stage and their plant growth promoting traits was investigated. 16S rRNA gene sequencing was performed of the isolates. Strains of P. aeruginosa, P. lini and P. thivervalensis exhibited in vitro fungal growth inhibition. Arthrobacter globiformis Y2S3 exhibited indole acetic acid production, siderophore production and antifungal activity (Sachdev et al., 2009). Two bacterial strains that amplified part of the nifH gene, RP1p and RP2p, belonging to the genus Enterobacter and Serratia, were isolated from the rhizosphere of Lupinus albescens. The isolates produced siderophores and indole compounds, but none of them was able to solubilize phosphate (Giongo et al., 2010).
2.8.4 Indole acetic acid

A total of 44 bacterial isolates were isolated from the rhizosphere of tomato grown in Cuddalore and Nagapattinam districts of Tamil Nadu, India. These bacterial isolates were grouped into Azospirillum (18 isolates) Azotobacter (9) Pseudomonas (12) and Bacillus (5) based on their morphological and biochemical characteristics. All the isolates were screened for their plant growth promoting activities viz., IAA production, phosphate solubilization, siderophore production, HCN production, ACC deaminase activity and antifungal activity. The maximum 1AA production of 3.6 μg/ml siderophore production of 0.86 μg /ml were recorded by the Pseudomonas isolates TMPS-9 and TMPS-7 respectively (Mahalakshmi and Reetha, 2009).

Seven plant growth-promoting rhizobacterial (PGPR) strains were isolated from the rhizoplane and rhizosphere of wheat from four different sites of Pakistan. These strains were analyzed for production of indole acetic acid (IAA), phosphorous solublization capability and inhibition of Rhizoctonia solani on rye agar medium. These three strains belonging to Azotobacter and Azospirillum produced IAA ranging from 19.4 to 30.2 ug/ml and possessed phosphorus solublization capability (Fatima et al., 2009).

The sweet potato endophytic isolates were analyzed for IAA production. Four out of the eleven endophytes produced IAA. When the maximum IAA producing endophyte (SPb) was inoculated into a hybrid poplar (Populus tremula x P.alba), INRA 717–1B4, which is normally difficult to root, excellent growth was observed. After 3 weeks, four out of the five endophyte-inoculated plants grew 5 cm taller, and had highly branched root systems and several more leaves than the uninoculated controls (Khan and Doty, 2009).

2.9. Induction of defense related enzymes and phenols

Induced resistance is a state of enhanced defensive capacity developed by a plant reacting to specific biotic or chemical stimuli. Induced systemic resistance (ISR) is a mode of action of plant growth-promoting rhizobacteria (PGPR), especially fluorescent pseudomonads, in suppressing diseases (Bakker et al., 2007). In the last decade it has become clear that elicitation of ISR is a widespread phenomenon, not only for fluorescent pseudomonads but for a variety of nonpathogenic microorganisms and biological control agents. ISR is phenotypically similar to systemic acquired resistance (SAR) that is triggered by necrotizing pathogens in that disease caused by a challenging pathogen is reduced.
2.9.1. Phenylalanine ammonia lyase
Fungal antagonistic Trichoderma spp. is effective for the management of soil borne plant pathogens. Efficacy of various isolates of T.virens were evaluated under green house condition for efficacy in suppressing incidence of Fusarium wilt disease and promoting plant growth in tomato. Expression of various defence related enzymes was found involved in the induction of systemic resistance against pathogen infection. Tomato plants treated with seed at 4 g/kg and soil application of 4 kg/ha of talc based formulation of T. virens (Tv1) with challenge inoculation of Fusarium enhance the maximum induction of defense enzyme such as Peroxidase (PO), Polyphenol Oxidase (PPO) and Phenylalanine Ammonia Lyase (PAL) rather than the other isolates of T.virens. The enzyme activity increased from 7th day of sampling and the maximum was observed on 14th day of sampling and then it slightly decreased (Christopher, 2010).


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 and 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).

The activities of phenylalanine ammonia lyase (PAL) and 1, 3 glucanase in both leaf and root tissues of three black pepper varieties (tolerant P24; and susceptible Panniyur' and Subhakara) were determined in healthy and Phytophthora capsici infected tissues. Infection generally enhanced both of these enzyme activities. In the infected leaves, there was significant increase in PAL activity. Among the three varieties studied, P24 showed higher PAL activity (38.4%) in the leaves on infection with P. capsici (Jebakumar et al., 2001).

2.9.2. Peroxidase

Bacillus subtilis strain BSCBE4 and Pseudomonas chlororaphis strain PA23 (P. aureofaciens) were effective biocontrol agents against Pythium aphanidermatum, the causal agent of dampingoff of hot pepper (Capsicum annum L.) in greenhouse vegetable production systems. The two bacterial strains induced development of plant defense related enzymes including phenylalanine ammonia lyase, peroxidase, polyphenol oxidase, phenol content, suppressed incidence of damping-off and increased growth of hot pepper seedlings (Nakkeeran et al., 2006).
Twenty tomato (Solanum lycopersicon) cultivars were screened for resistance against bacterial spot disease incited by Xanthomonas axonopodis pv. vesicatoria under field conditions with and without pathogen infection. The activity of POX enzyme with the cultivar (PKM-1) was highest at 15 hpi (48 AOD at 470 nm rain -1 mg -1 protein) upon pathogen treatment and was significantly reduced in the untreated control (35 AOD at 470 nm min -1 mg -1 protein). The POX activity was maximum at 15 h after inoculation (Kavitha and Umesha, 2008)
2.9.3. Polyphenol oxidase

Pseudomonas fluorescens isolate Pf1 was found to protect tomato plants from wilt disease caused by Fusarium oxysporum f. sp. lycopersici. Induction of defense proteins and chemicals by P. fluorescens isolate Pf1 against challenge inoculation with F. oxysporum f. sp. lycopersici in tomato was studied. Activities of phenylalanine ammonia-lyase (PAL), peroxidase (PO) and polyphenol oxidase (PPO) increased in bacterized tomato root tissues challenged with the pathogen at one day after pathogen challenge and activities of PAL and PO reached maximum at the 4th day while activity of PPO reached maximum at the 5th day after challenge inoculation (Ramamoorthy et al., 2002).

The treatment with Pseudomonas fluorescens PfB13 enhanced the activity of defence enzymes responsible for the induction of systemic resistance viz., peroxidase, PPO and PAL in banana plants for management of nematode, Rodopholus similes infesting banana (Senthilkumar et al., 2008). 

2.9.4. Phenols

Pseudomonas fluorescens isolate Pf1 was found to protect tomato plants from wilt disease caused by Fusarium oxysporum f. sp. lycopersici. Induction of defense proteins and chemicals by P. fluorescens isolate Pf1 against challenge inoculation with F. oxysporum f. sp. lycopersici in tomato was studied. Phenolics were found to accumulate in bacterized tomato root tissues challenged with F. oxysporum f. sp. lycopersici at one day after pathogen challenge. The accumulation of phenolics reached maximum at the 5th day after pathogen challenge (Ramamoorthy et al., 2002).

.
Karthikeyan (2009) demonstrated that the preinoculation of black gram plants with Pseudomonas fluroscens viz. Pf1 and CHAO was 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.

Two PGPR viz., Pseudomonas fluroscens strain Pf4 and P.aeruginosa strain Pag, protected chickpea (Cicer arietinum) plants from S.rolfsii infection when applied singly or in combination as seed treatmrnt. The two strains induced synthesis of specific phenolic acids, salicylic acid as well as total phenolics at different growth stages of chickpea seedlings with varied amount (Singh et al., 2003).
3. MATERIALS AND METHODS

The detailed experimental procedure pertaining to the study Effect of bacterial antagonists against Sclerotium rolfsii, a root rot pathogen of Stevia (Stevia rebaudiana) 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 S.rolfsii
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


3.62. 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 


3.8.1. Sample collection


3.8.1.1. Estimation of phenylalanine ammonia lyase activity 


3.8.1.2. Assay of peroxidase 


3.8.1.3. Assay of polyphenol oxidase


3.8.1.4. Estimation of total phenol 

4.0 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 Sclerotium rolfsii 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. The smear was decolourised with 95% ethanol until no more colour flowed from the slide. 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.
Plate 1. Stevia rebaudiana
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Plate 2. Sclerotium rolfsii
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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.

Plate 3. Pseudomonas fluorecens isolates
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Plate 4. Bacillus subtilis  isolates
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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 single 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 Sclerotium rolfsii

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) (Appendix I). 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 (Appendix I) 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 S.rolfsii, 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 S.rolfsii 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 II)

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 III)

3.9.1.3. Assay of polyphenol oxidase 


Polyphenol oxidase was estimated by the method of Mayer et al. (1965). (Appendix IV)

3.9.1.4. Estimation of total phenol 


Total phenol was estimated by the method of Zieslin and Ben-Zaken (1993). (Appendix V)
4.0 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.

4.0 RESULTS AND DISCUSSION

Root rot is a general term that describes any disease where the pathogen (causal organism) attacks and leads to the deterioration of a plant’s root system. Root rots can be chronic diseases or, more commonly, are acute and can lead to the death of the plant. The root rot of stevia caused by Sclerotium rolfsii was first reported in India by Kamalakannan et al. (2007). This Sclerotium root rot disease is a major concern in many stevia growing areas, and leads to economic losses. The pathogen is known to be very persistent in soil and capable of surviving in infested fields for very long periods and is difficult to control. 

A diverse array of bacteria including Pseudomonas and Bacillus, have been shown to promote plant growth. Plant growth promoting rhizobacteria (PGPR) have the ability to produce siderophores, antibiotics, fungal cell wall-lysing enzymes, or hydrogen cyanide, which suppress the growth of fungal pathogens. They also have the ability to successfully compete with pathogens for nutrients or specific niches on the root and the induced systemic resistance.

The study was therefore conducted to assess the efficacy of the application of powder formulations for the control of root rot of stevia caused by S.rolfsii.
The results obtained for the study Effect of bacterial antagonists against Sclerotium rolfsii, a root rot pathogen of Stevia (Stevia rebaudiana) entitled are presented and discussed as follows: 

4.1. Isolation and Biochemical characterization of the bacterial antagonists from the rhizosphere of different crops.

4.1.1. Isolation and Biochemical Characterization of Pseudomonas isolates
4.1.2. Isolation and Biochemical Characterization of Bacillus isolates
4.2. In vitro inhibition of Sclerotium rolfsii by Pseudomonas fluorescens isolates 

4.3. In vitro inhibition of Sclerotium rolfsii by Bacillus subtilis isolates

4.4. Anti microbial compounds of biocontrol agents

4.4.1 Hydrogen cyanide (HCN) production


4.4.1.1. HCN production by Pseudomonas fluorescens isolates

4.4.1.2. HCN 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. Efficacy of talc based formulation the isolates under greenhouse condition
4.6.   Induction of plant defense mechanism 

4.6.1. Induction of phenylalanine ammonia lyase   activity    

4.6.2. Induction of peroxidase activity

4.6.3. Induction of polyphenol oxidase activity

4.6.4. Induction of total phenol
4.1. Isolation and Biochemical characterization of the bacterial antagonists from the rhizosphere of different crops

4.1.1. Isolation and Biochemical Characterization of Pseudomonas fluorescens Isolates


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


Ramamoorthy et al. (2002) characterized 18 isolates of Pseudomonas fluorescens based on biochemical characterization.  Prasanna 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 showed positive response to gelatin liquefaction test, oxidase test and were identified as P. fluorescens.
4.1.2 Isolation and Biochemical Characterization of Bacillus subtilis isolates
Sixteen isolates of Bacillus 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 proskauer test, gelatin liquefaction test and produced endospores. Hence they are identified as Bacillus subtilis and named as AUB1 to AUB16 (Table 2, Plate 4).

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

Table 1. Biochemical tests for characterization of Pseudomonas fluorescens isolates

	S.no
	Pseudomonas sp. 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
	+
	-
	-
	-
	+
	-
	+
	+
	-
	+


(+) - Positive result,  (-) - Negative result

Table 2. Biochemical tests for characterization of Bacillus subtilis isolates.

	S.no
	Bacillus spp. 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
	+
	+
	+
	-
	+
	-
	+
	+


(+) - Positive result,  (-) - Negative result

4.2. In vitro inhibition of Sclerotium rolfsii by Pseudomonas fluorescens isolates 
The results of the In vitro inhibition of S. rolfsii by Pseudomonas fluorescens isolates are presented in Table 3 (Plate 5). Most of the isolates inhibited the growth of the pathogen. Among the seventeen isolates, AUP16 (25.33 mm) and AUP6 (27.66 mm) recorded the lowest mycelial growth, followed by AUP15 (28.60 mm) and AUP5 (30.66 mm). The other isolates showed mycelial growth between 31.00 mm and 63.00 mm. Uninoculated control showed a mycelial growth of 76.66 mm. The maximum inhibition zone was observed in AUP16 (16.33 mm) and AUP6 (14.33 mm). The other isolates showed minimum inhibition zone.

Babu and Kumar (2008) reported that P. fluorescens isolate Pf-1 inhibited the mycelial growth of S. rolfsii completely (100%). Among the five isolates from the rhizosphere, Pf-1 was found to be the most effective isolate in reducing the mycelial growth and sclerotial population of the pathogen. Abeysinghe (2009) reported that P. fluorescens CA 05, P. putida CA 28 and B. subtilis CA32 were effective biocontrol agents in the control of S.rolfsii and Rhizoctonia solani in Capsicum annum.

Two different isolates of PGPR from a pool of 233 isolates, PGPR1 and PGPR4, showed strong inhibitory effect against S. rolfsii (Anandraj and Dinesh, 2008). 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 (Kishore et al., 2005).


The long-term activity of some antagonistic fungal and bacterial agents against the incidence of faba bean root rot incidence was evaluated when applied as a bio-priming seed treatment. Antagonistic fungal and bacterial agents were screened against R.solani, Fusarium solani and S.rolfsii under in vitro conditions. The isolates of B.subtilis and P.fluorescens had inhibitory effect against the pathogens under in vitro condition (El Mougy and Abdel-Kader, 2008). Palaiah et al. (2007) reported that the culture filterate of two P.fluorescens and one B.subtilis were highly antagonistic to S.rolfsii.

The mycoparasitic potential of Pseudomonas spp. is well documented (Keel and Defago, 1979; Elad et al., 1980). In the present study, AUP16 and AUP6 showed maximum inhibition of mycelial growth. Production of antibiotics, namely HCN, pyrrolnitrin, phenazine and 2, 4-Diacetyl phloroglucinol (DAPG) and lytic enzymes by P.fluorescens against fungal pathogens were reported by many workers (Ramamoorthy and Samiyappan, 2001; Viswanathan and Samiyappan, 2001). 

The above facts suggest that the inhibition of root rot pathogen S.rolfsii by P.fluorescens is due to the production of antibiotics, siderophore mediated competition and lytic enzymes which might have degraded the fungal cell wall and restricted the growth of fungus under In vitro conditions. 
Table 3. In Vitro screening of Pseudomonas fluorescens isolates against Sclerotium rolfsii
	S No.
	Pseudomonas fluorescens isolates
	Mean mycelial growth* (mm)
	Inhibition zone*   (mm)
	Percentage inhibition (%)

	1
	       AUP1
	54.33de
	0.50f
	29.12

	2
	AUP2
	40.66c
	7.00de
	46.96

	3
	AUP3
	40.66c
	7.00cd
	46.96

	4
	AUP4
	60.00fg
	-
	21.73

	5
	AUP5
	30.66ab
	12.33ab
	60.00

	6
	AUP6
	27.66a 
	14.33ab
	62.92

	7
	AUP7
	43.00c
	6.33e
	43.90

	8
	AUP8
	31.00ab
	13.33b
	59.56

	9
	AUP9
	73.00g
	-
	4.77

	10
	AUP10
	76.33ef
	-
	0.43

	11
	AUP11
	34.33b
	13.00b
	55.21

	12
	AUP12
	40.00c
	10.66c
	47.82

	13
	AUP13
	52.00d
	0.33f
	32.16

	14
	AUP14
	42.00c
	7.00de
	45.21

	15
	AUP15
	28.60a
	13.33b
	63.91

	16
	AUP16
	25.33ab
	16.33a
	66.95

	17
	AUP17
	42.00c
	6.66e
	45.21

	18
	Control
	76.66h
	-
	


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

4.3. In vitro inhibition of Sclerotium rolfsii by Bacillus subtilis isolates

The results of the in vitro inhibition of Sclerotium rolfsii by Bacillus subtilis isolates are presented in Table 4, Plate 6. All the isolates inhibited the growth of the pathogen. Among the sixteen isolates, AUB10 (28.66 mm) and AUB6 (30.66 mm) recorded the lowest mycelial growth, followed by AUB13 (32.33 mm) and AUB2 (32.46 mm). The other isolates showed mycelial growth between 35.66 mm and 73.66 mm. Uninoculated control showed a mycelial growth of 76.66 mm.

All the isolates showed the development of an inhibition zone except AUB3, AUB7 and AUB12, which did not show the development of inhibition zones. The maximum inhibition zone was observed in AUB10 (18.0 mm) and AUB6 (16.66 mm). The other isolates showed inhibition zone within the range of 14.30 mm and 0.33 mm.
A total of 137 bacterial isolates from surface sterilized root, stem, and nodule tissues of soybean were screened for their antifungal activity against major phytopathogens, Rhizoctonia batataticola, Macrophomina phaseolina, Fusarium and Sclerotium rolfsii. Nine bacterial endophytes in which eight of the isolates belonged to Bacillus suppressed the pathogens under In vitro plate assay (Senthilkumar et al., 2009). Bacillus subtilis CA 32r, a stable spontaneous kanamycin resistant isolate, showed antagonism against S. rolfsii, the causal agent of collar rot and root rot of chilli (Abeysinghe, 2007). 

Two isolates, Bacillus sp. BS87 and RK1, selected from soil in strawberry fields in Korea, showed high levels of antagonism towards Fusarium oxysporum f. sp. fragariae in vitro (Nam et al., 2009). Morsy et al. (2009) reported that Trichoderma and Bacillus genera were found to be feasible biocontrol microorganisms to suppress several pathogens like Fusarium solani. 

Table 4. In Vitro screening of Bacillus subtilis isolates against Sclerotium rolfsii
	S No.
	Bacillus  subtilis isolates
	Mean mycelial growth* (mm)
	Inhibition zone*   (mm)
	Percentage inhibition (%)

	1
	        AUB1
	44.53e
	4.23d
	41.91

	2
	AUB2
	32.46bc
	14.30a
	57.65

	3
	AUB3
	73.66g
	-
	3.91

	4
	AUB4
	50.66f
	1.00f
	33.91

	5
	AUB5
	37.66d
	9.66c
	50.87

	6
	AUB6
	30.66ab 
	16.66a
	62.61

	7
	AUB7
	57.33g
	-
	25.21

	8
	AUB8
	52.33f
	1.33ef
	31.73

	9
	AUB9
	44.33e
	3.66de
	42.17

	10
	AUB10
	28.66a
	18.00a
	60.00

	11
	AUB11
	43.66e
	5.66d
	43.04

	12
	AUB12
	70.33g
	-
	8.25

	13
	AUB13
	32.33cd
	14.33b
	57.82

	14
	AUB14
	35.66cd
	11.00c
	53.48

	15
	AUB15
	52.66f
	0.33f
	31.30

	16
	AUB16
	35.66bc
	11.00c
	53.48

	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.


Four fungal antagonists viz., Trichoderma sp. (N1) Trichoderma viride, Trichoderma harzianum and Trichoderma hamatum and four bacterial antagonists namely Pseudomonas fluorescens - 1 (NI), Pseudomonas fluorescens - 2 (NI), Pseudomonas fluorescens (Pfl) and Bacillus subtilis were evaluated for the management of damping-off in chilli caused by Pythium aphanidermatum. The fungal 
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and bacterial antagonist effectively inhibited the growth of P.aphanidermatum under in vitro condition (Muthukumar et al., 2008).


Bacillus genus produces a large number of substances with antimicrobial action including antibiotics. B. subtilis is one of the important antibiotic producers of the Bacillus genera and some of its metabolites show antifungal and antibacterial activity against a number of phytopathogenic microorganisms (Chung et al., 2008; Tabbene et al., 2009). Several strains of B. subtilis produce cyclic lipopeptides, which belong to the family Iturin. Iturin A and other antibiotics of the family, namely, bacillomycin L, bacillomycin D, bacillomycin F and mycosubtilins are powerful antifungal agents (Fernando et al., 2005). Iturin A has strong antimicrobial action in suppressing Pythium ultimum, R. solani, F. oxysporum, S. sclerotiorum and M. phaseolina (Constantinescu, 2001). Bacillus subtilis produces another cyclic lipopeptide surfactin with weak antibiotic activity (Fernando et al., 2005).


In the present study also, B. subtilis inhibited the growth of the pathogen, S.rolfsii. This may be due to the production of antibiotics and secondary metabolites that were inhibitory to the pathogen.
4.4. Anti microbial compounds of biocontrol agents

The effective isolates of Bacillus subtilis and Pseudomonas fluorescens were screened for the production of antimicrobial compounds like Hydrogen cyanide (HCN), Siderophore, Salicylic acid (SA) and Indole acetic acid (IAA).

4.4.1 Hydrogen cyanide (HCN) production

A secondary metabolite produced commonly by rhizosphere Pseudomonads is HCN, a gas known to negatively affect root metabolism and root growth. HCN is an effective inhibitor of cytchrome c oxidase and metalloenzymes. Moreover, HCN and siderophores have been found to be inhibitory against different phytopathogens (Siddiqui, 2006). It has been documented that HCN and cell wall degrading enzymes could be involved in antagonistic activity and contributes to the biocontrol of plant diseases.

4.4.1.1. HCN production by Pseudomonas fluorescens isolates

Among the Pseudomonas fluorescens isolates, AUP16 and AUP6 showed high HCN production of 0.095 and 0.089 O.D, while the isolates AUP5 and AUP8 showed moderate HCN production of 0.052 and 0.011 O.D, respectively. The isolates AUP8 and AUP11 showed weak HCN production (Table 5, Plate 7).

P. fluorescens strain CHA0, produces 2,4-Diacetyl phloroglucinol (DAPG) and HCN, which is a major factor in the control of soil borne diseases by the organism (Jamali et al., 2009).  Some metabolites produced by Pseudomons aeruginosa zag2 had antagonistic activities against certain fungi. The antifungal activity of pyocyanin, siderophore and hydrogen cyanide produced by P. aeruginosa were studied. The bacteria produced toxic volatile compound (HCN) which reduced the growth of both F. oxysporium and Helmithosporium sp. while, A. niger was not affected (Hassanein et al., 2009).


Bano et al. (2003) reported that Pseudomonas aeruginosa NJ-15 produced lower HCN under iron-limiting conditions vis-à-vis higher HCN release with iron stimulation. Significant growth inhibition of phytopathogenic fungi was reported for Fusarium oxysporum, Trichoderma harzianum, Alternaria alternata and M phaseolina upon incubation with strain NJ-15 cells.
Table 5. HCN production by Pseudomonas fluorescens isolates

	Sl. No.
	Pseudomonas fluorescens isolates
	HCN production*

	
	
	Quantitative Analysis (O.D at 625 nm)
	Qualitative Analysis

	1.
	              AUP5
	0.052c
	Moderate 

	2.
	AUP6
	0.089b
	High 

	3.
	AUP8
	0.007e
	Weak

	4.
	AUP11
	0.011de
	Moderate 

	5.
	AUP15
	0.013d
	Moderate

	6.
	AUP16
	0.095a
	High 


            * Mean of three replications. 

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

            (P=0.05) by DMRT.
4.4.1.2. HCN production by Bacillus subtilis isolates
Among the Bacillus subtilis isolates, AUB6 and AUB10 showed moderate HCN production of 0.008 and 0.013 O.D, while the isolates AUB2, AUB13 and  AUB5 showed weak production of 0.008, 0.005 and 0.004 O.D. respectively(Table 6, Plate 8).

Six potential isolates of Bacillus and Pseudomonas were evaluated under pot and field conditions for the biocontrol of wilt disease complex of pigeonpea caused by Heterodera cajani, Meloidogyne spp. and Fusarium udum. Isolate Pa324 was found to be the best for the biocontrol of wilt disease and produced greater amounts of siderophores, HCN and IAA (Siddiqui and Shakeel, 2009). Lee et al. (2007) reported that among the 12 isolates of Bacillus subtilis were screened for disease suppression on red pepper plants and for the production of HCN, isolates R33 and R13 produced HCN.

Plate 7.HCN production by Pseudomonas fluorescens isolates
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Plate 8. HCN production by Bacillus subtilis isolates
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Table 6. HCN production by Bacillus subtilis isolates

	Sl. No.
	Bacillus subtilis isolates
	HCN production*

	
	
	Quantitative Analysis (O.D at 625 nm)
	Qualitative Analysis

	1.
	AUB2
	0.007bc
	Moderate

	2.
	AUB5
	0.004d
	Weak

	3.
	AUB6
	0.008b
	Moderate

	4.
	AUB10
	0.013a
	Moderate

	5.
	AUB13
	0.005cd
	Weak

	6.
	AUB14
	0.001e
	Weak 


        * 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 Salicylic acid production
Salicylic acid (SA) and acetylsalicylic acid (ASA) have been found to be active as antimicrobial agents in various trials as disease resistance inducers. These have been reported for inducing resistance against several plant pathogens, i.e. TMV, bacterial soft, bacterial wilt as well as soil borne fungal root rot and wilt diseases, in addition to fungal foliar diseases.

4.4.2.1. Salicylic Acid Production by Pseudomonas fluorescens isolates
Salicylic acid production was evaluated for six strains of Pseudomonas fluorescens. Among the isolates, AUP16 and AUP6 showed maximum salicylic acid production of 45.66 and 34.42 (g/ml respectively. This was followed by AUP5 (27.07 (g/ml) and AUP15 (25.47 (g/ml). The other isolates, AUP8 and AUP11 showed less SA production (Table 7).

 
The efficacy of salicylic acid and acetylsalicylic acid in addition to Rizolex-T as seed dressing or soil drench on lupin root rot incidence was evaluated in pots experiment using soil artificially infested with the disease agents under greenhouse conditions. All the tested treatments have significantly reduced the percentage of root rot incidence at both pre- and post-emergence stages of lupin plant growth comparing with the check treatment. The highest percentage of root rot infection was observed in lupin plants grown in infested soil with R. solani followed by these grown soil infested with S. rolfsii and F. solani. The corresponding disease percentages were 64.0 and 55.5%; 56.0 and 54.5%; and 36.0 & 43.8% at pre- and post emergence stages of plant growth, respectively (El-Mougy, 2004).

Table 7. Salicylic acid production by Pseudomonas fluorescens solates

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

	1.
	              AUP5
	27.07c

	2.
	AUP6
	34.42b

	3.
	AUP8
	15.6e

	4.
	AUP11
	19.73de

	5.
	AUP15
	25.47d

	6.
	AUP16
	45.66a


*   Mean of three replications. 

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

    (P=0.05) by DMRT.

Two plant growth-promoting rhizobacteria (PGPR), viz., P. fluorescens strain Pf4 and P. aeruginosa strain Pag, protected chickpea (Cicer arietinum) plants from S. rolfsii infection when applied singly or in combination as seed treatment. The two PGPR strains induced the synthesis of specific phenolic acids, salicylic acid (SA), as well as total phenolics at different growth stages of chickpea seedlings with varied amount. Salicylic acid (SA) was induced frequently during the first 3 weeks of growth only (Singh et al., 2002).
Schuhegger et al. (2006) reported that Serratia liquefaciens MG1 and P. putida IsoF colonize tomato roots, produce AHL (N-acyl L-Homoserine) in the rhizosphere and increase the systemic resistance of tomato plants against the fungal leaf pathogen, A. alternata. Salicylic acid (SA) levels were increased in leaves when AHL-producing bacteria colonized the rhizosphere. 

4.4.2.2. Salicylic Acid Production by Bacillus subtilis isolates
Among the Bacillus subtilis isolates, AUB10 and AUB6 showed maximum SA production of 34.88 and 30.29 (g/ml respectively. AUB2 (26.84 (g/ml) and AUB13 (21.79 (g/ml) were the next best in SA production (Table 8). The isolate, AUB5 and AUB 14 showed very less SA production.

Nijamole (2006) studied four different B.subtilis isolates for SA production. Among them, the isolate BS13 produced maximum amount of salicylic acid (0.47(g/ml). However, other isolates (BS8, BS9 and BS11) produced less amount of salicylic acid. 

The rhizobacterial isolate Bacillus licheniformis MML2501 effectively inhibited the mycelial growth of fungal pathogens viz., M. phaseolina, F. udum, F. oxysporum, Bipolaris oryzae, Pyricularia oryzae, A. alternata and C. lunata. Bacillus licheniformis MML2501 produced salicylic acid (SA), with a maximum yield of 18 µg/ml in optimized culture conditions such as pH 7.0, temperature 30°C, aminoacids at a concentration of 0.4 % and at 200 rpm shaken condition (Shanmugam and Narayanasamy, 2009).
Table 8. Salicylic acid production by Bacillus subtilis isolates
	Sl. No.
	Bacillus subtilis isolates
	Salicylic acid production* ((g/ml)

	1.
	               AUB2
	26.84b

	2.
	AUB5
	17.39d

	3.
	AUB6
	30.29a

	4.
	AUB10
	34.88a

	5.
	AUB13
	21.79c

	6. 
	AUB14
	9.63e


    *   Mean of three replications. 

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

4.4.3 Siderophore production
 
Under conditions of low iron availability, most aerobic and facultative anaerobic microorganisms including fluorescent pseudomonads produce low molecular Fe3+ specific chelators, siderophores. Competition for ferric iron between the microorganism and the plant pathogen is considered to be the mode of action of the siderophores. Siderophores also act as growth promotion factors and some are potent antibiotics (Neilands, 1981).
4.4.3.1. Siderophore production by Pseudomonas fluorescens isolates


An analysis of the nature of siderophore produced by the bacterial isolates revealed that they produced hydroxamate type of siderophore. Among the Pseudomonas fluorescens isolates, AUP16 and AUP6 produced the maximum amount of siderophore, i.e, 41.49 and 36.31 (g/ml respectively. This was followed by AUP5 and AUP15, whereas isolates AUP8 and AUP11 showed least siderophore production (Figure1).


Mathiyazhagan et al. (2004) reported that Bacillus subtilis (BSCBE4), Pseudomonas chlororaphis (PA23), endophytic P. fluorescens (ENPF1) all produced both hydroxamate and carboxylate type of siderophores and the siderophore production was maximum with the isolate ENPF1. Meena et al. (2001) reported that siderophore production was more in PfALR-7 and Pf1 isolates.

4.4.3.2. Siderophore production by Bacillus subtilis isolates


[image: image1.png]CERTIFICATE

This is to certify that the dissertation entitled “Effect of bacterial antagonists against
Sclerotium rolfsii, a root rot pathogen of Stevia (Stevia rebaudiana)” submitted to the
Avinashilingam Deemed University for Women, Coimbatore in partial fulfilment of the
requirements for the award of the degree of Master of Philosophy in Biotechnology is a
record of original research work done by Prema.S during the period of her study in the
Department of Biochemistry, Biotechnology and Bioinformatics, Avinashilingam
Deemed University for Women, Coimbatore under my supervision and guidance and the
dissertation has not formed the basis for the award of any Degree / Diploma /

Associateship / Fellowship or other similar title to any candidate of any University.

M} 10)3010

Signature of the Guide

Forwarded

,Pawmlkmﬁﬁﬁ‘?fi” /lo

Signature of the

Head of the Department




An analysis of the nature of siderophore produced by the Bacillus subtilis bacterial isolates revealed that they produced hydroxamate type of siderophore. Among the isolates, AUB10 and AUB6 produced the maximum amount of siderophore, i.e, 36.31 and 30.63 (g/ml respectively. This was followed by AUB2 and AUB13. Least siderophore production was shown by isolates AUB5 and AUB13 (Figure 2).

Chaiharn et al., (2009) screened 18 bacterial isolates for their siderophore production in liquid medium. The results showed some rhizobacteria produced hydroxamate and some of them produced catechol type of siderophore. The concentration of hydroxamate and catechol type of siderophore was found to be 3.84- 108.74 (g/ml and 0.70-9.25 (g/ml. respectively. 
Rhizospheric bacteria are known to influence plant growth by direct and indirect mechanisms. A total of 220 phosphate solubilizing bacteria were isolated from different rhizosphere soil in Northern part of Thailand. More than 64% of the isolates produced ammonia and 23% produced siderophore on chromeazurole S agar plates (Chaiharn et al., 2008).
Figure 1. Siderophore production by Pseudomonas fluorescens isolates
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Figure 2. Siderophore Production by Bacillus subtilis isolates
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Two bacterial strains that amplified part of the nifH gene, RP1p and RP2p, belonging to the genus Enterobacter and Serratia, were isolated from the rhizosphere of Lupinus albescens. The isolates produced siderophores and indolic compounds, but none of them was able to solubilize phosphate (Giongo et al., 2010).
4.4.4. Indole acetic acid (IAA) production

Indole-3-acetic acid (IAA), gibberellins and cytokinins, produced by plants that are essential to their growth and development, are produced also by various bacteria which live in association with plants. There is also evidence that the growth hormones produced by the bacteria can in some instances increase growth rate and improve yield of the host plants. Bacteria that inhabit the rhizosphere may influence plant growth by contributing to a host plant's endogenous pool of phytohormones, such as auxins. Production of the auxin indoleacetic acid (IAA) is widespread among plant-associated bacteria (Patten and Glick, 1996).

4.4.4. 1. Indole acetic acid production by Pseudomonas fluorescens isolates 
The ability of the antagonists to produce indole acetic acid was evaluated. Out of the six isolates, AUP16 and AUP6 produced 41.49 (g/ml and 36.31(g/ml of IAA respectively. The other isolates, i.e., AUP5, AUP15 and AUP11 produced 27.07, 24.89 and 14.15 (g/ml respectively (Table 9).

A total of 44 bacterial isolates were isolated from the rhizosphere of tomato grown in Cuddalore and Nagapattinam districts of Tamil Nadu, India. These bacterial isolates were grouped into Azospirillum (18 isolates) Azotobacter (9) Pseudomonas fluorescens (12) and Bacillus subtilis (5) based on their morphological and biochemical characteristics. The maximum IAA (3.6 μg/ml) was recorded by the Pseudomonas isolate (TMPS -9) (Mahalakshmi and Reetha, 2009).
Karnwal (2009) tested two Pseudomonas fluorescens isolates such as P.fluorescens AK1 and P.aeruginosa AK2 for their ability to produce indole acetic acid in pure culture in the presence and absence of L-Tryptophan. The results showed that in the absence of L-Tryptophan, P. aeruginosa AK2 produced significantly higher amounts of indole (0.8 (g/ml) than P.fluorescens AK1 (0.2 (g/ml). Suzuki et al. (2003) reported that P. fluorescens HP72 produces several secondary metabolites which suppress the brown patch disease in bent grass. The IAA produced by the P. fluorescens HP72 is positively correlated with the enhanced root growth rather than the biocontrol properties.
Table 9. Indole acetic acid production by Pseudomonas fluorescens isolates

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

	1.
	              AUP5
	27.07c

	2.
	AUP6
	34.42b

	3.
	AUP8
	10.28e

	4.
	AUP11
	14.15d

	5.
	AUP15
	24.89c

	6.
	AUP16
	41.49a


* Mean of three replications. 

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

Seven plant growth-promoting rhizobacterial (PGPR) strains were isolated from the rhizoplane and rhizosphere of wheat from four different sites of Pakistan. These strains were analyzed for the production of indole acetic acid (IAA), phosphorous solublization capability and inhibition of Rhizoctonia solani on rye agar medium. These three strains belonging to Azotobacter and Azospirillum produced IAA ranging from 19.4 to 30.2 ug/ml and possessed phosphorus solublization capability (Fatima et al., 2009).

4.4.4.2. Indole acetic acid production by Bacillus subtilis isolates

The Bacillus subtilis isolates were assessed for IAA production. The results showed that AUB10 and AUB6 produced maximum amount of IAA (15.63(g/ml and 13.75 (g/ml respectively), followed by AUB2 and AUB13. The isolates AUB 5 and AUB14 produced lesser amount of IAA (Table 10).
Swain et al. (2007) also observed that 5 five Bacillus subtilis strains (CM1-CM5) had the ability to produce IAA in the range of 0.12- 0.38 mg/l and this production was enhanced to 2.1-2.5 mg/l by addition of L Tryptophan.
Erturk et al. (2010) reported great variation in the IAA production capacity among PGPR tested. The PGPR used were Bacillus RC23, Paenibacillus polymyxa RC05, Bacillus subtilis OSU142, Bacillus subtilis RC03, Comamonas acidovorans RC41, Bacillus megaterium RC01 and Bacillus simplex RC19. All inoculated strains of PGPR were able to produce plant growth promoting phytohormone, IAA, affirming the natural ability of PGPR in synthesizing IAA. The amount of IAA produced varied among the bacteria, ranging from 4.3 (Bacillus RC23) to 7.2 μg (Bacillus simplex RC19) in the absence of tryptophan supplements.
Table 10. Indole acetic acid production by Bacillus subtilis isolates

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

	1.
	              AUB2
	10.98c

	2.
	AUB5
	8.42e

	3.
	AUB6
	13.75b

	4.
	AUB10
	15.63a

	5.
	AUB13
	9.89d

	6.
	AUB14
	5.60f


         * 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. Efficacy of talc based formulation of the bacterial antagonists under greenhouse condition
The use of fluorescent pseudomonads for increasing the yield and crop protection is an attractive approach in the modern system of sustainable agriculture. Fluorescent pseudomonads having antagonistic activity and increasing the plant growth would certainly be promising in evaluating suitable isolates in biological control (Viswanathan and Samiyappan, 1999).
Soil application (5g/kg of soil) of talc based formulation of P. fluorescens strain AUP16 and B.subtilis AUB10 strain effectively reduced the root rot incidence in stevia. The maximum reduction of disease incidence was noted in the treatment involving AUP16 (35.0%). The B.subtilis AUB10 strain was also effective and recorded 40.0% disease incidence. The lowest root rot incidence was recorded in the chemical carbendazim (12%).The inoculated control recorded maximum disease incidence of 85.0% (Table 11 and Plate 9).

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
	12.00a

	4.
	Control (Inoculated)
	85.00d


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

        (P=0.05) by DMRT.     

Talc based formulation of the PGPR isolates, Bacillus subtilis (CBE4) and Pseudomonas chlororaphis (BCA) were prepared and various treatments namely seed treatment and soil application were given for assessing their ability to control damping off disease under greenhouse condition. The treatment with the isolate CBE4 recorded a least per cent disease incidence of 15.66 followed by 16.07% in treatment with BCA. Significant increases in plant growth were induced by treatment with PGPR isolates CBE4 and BCA. The efficacies of these PGPR isolates are equivalent to the standard fungicide Ridomil (Kavitha et al., 2006).
Plate 9. Efficacy of talc based formulation of the bacterial antagonists against root rot disease under greenhouse condition
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1-Uninoculated control

2- AUB10 + Sclerotium rolfsii

3- AUP16 + Sclerotium rolfsii

4- Inoculated control

Ziedan and El-Mohamedy (2008) reported that Pseudomonas fluorescens was the best antagonistic bacteria to pathogens that were isolated from grapevine rhizosphere viz., Fusarium oxysporum Schlech., M. phaseolina (Maubl) Ashby and Rhizoctonia solani Kühn. Soil treatment by P.fluorescens around main stem of diseased grapevine (Thomspon cv. seedless) reduced root-rot precentage and disease severity. Increasing P.fluorescens inoculum rate reduced the rate of root-rot incidence of grapevine plant and disease severity.
The efficacy of biocontrol agents on Macrophomina phaseolina (Tassi) Goid, which causes dry root rot of pigeonpea were studied. The talc based formulations of these bioagents were applied, seed treatment (4g/kg seed) along with soil application (2 g talc powder mixed with FYM/pot) supported the maximum plant survival and less root rot incidence compared to other treatment (Lokesha and Benagi, 2007).
4.6.   Induction of plant defense mechanism 


Some selected strains of plant growth-promoting rhizobacteria (PGPR) have been found to activate plant defense via induced systemic resistance. Mechanisms of growth promotion involve modulation of plant regulatory mechanisms through the production of hormones or other compounds that influence plant development.

4.6.1. Induction of phenylalanine ammonia lyase activity  
An almost ubiquitous feature of plant responses to incompatible pathogens or to elicitors is the activation of phenylpropanoid metabolism in which phenylalanine ammonia-lyase catalyses the first committed step of the core pathway of general phenylpropanoid metabolism (Vaâ -Squez et al., 2004).
Studies on the induction of PAL in stevia plants revealed that higher accumulation of PAL was observed in plants treated with the biocontrol agents and challenged with S.rolfsii. The activity of PAL was found to increase from the first day and remain high till the fifth day after challenge inoculation. The plants inoculated with the pathogen alone recorded increased activity of PAL but the induction of activity was observed for 1-5 days and thereafter declined. Soil application of AUP16 (98.06 nmoles of trans cinnamic acid/min/g leaf tissue on the fifth day) and AUB10 (94.34 nmoles of trans cinnamic acid/min/g leaf tissue on the fifth day) followed by challenge inoculation with S.rolfsii recorded the maximum PAL activity. The other isolates were less effective in inducing PAL synthesis (Figure 3).

Efficacy of various isolates of T.virens were evaluated under green house condition for efficacy in tomato plants treated with seed at 4 g/kg and soil application of 4 kg/ha of talc based formulation of T. virens (Tv1) with challenge inoculation of Fusarium enhance the maximum induction of defense enzyme such as Peroxidase (PO), Polyphenol Oxidase (PPO) and Phenylalanine Ammonia Lyase (PAL) rather than the other isolates of T.virens. PAL induction reached its maximum at 9th day (136.33 Change in absorbance/min/g-1 units) of the germination and thereafter it decreased. Inoculated control recorded minimum PAL induction (Christopher et al., 2010).
Pseudomonas fluorescens isolated from banana rhizosphere reduced the vascular discolouration associated with Fusarium wilt disease and induced the accumulation of resistance associated enzymes in roots. The PAL enzyme activity increased two fold in six days, later decreased (Saravanan et al., 2004). With P. aeruginosa KMPCH, a pyochelin-negative and SA-positive mutant of 7NSK2, was reported that bacterial SA induced phenylalanine ammonia lyase (PAL) activity in bean roots. (Höfte and Bakker, 2007).
Figure 3: Induction of Phenylalanine ammonia lyase activity by bacterial antagonists in Stevia rebaudiana with or without S.rolfsii
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4.6.2. Induction of Peroxidase activity


The induction of defense-related peroxidase (PO) activity in plants occurs in response to many biotic and abiotic stimuli. The association of peroxidases with disease resistance or susceptibility to pathogens has been reported for many crops. Increased activity of cell wall bound peroxidases has been elicited in different plants such as cucumber (Chen et al., 2000), rice (Reimers et al., 1992), tomato (Mohan et al., 1993) and tobacco (Ahl Goy et al., 1992) due to pathogen infection.

Peroxidase activity was measured in plants inoculated with the bioformulation and then challenge inoculated with S.rolfsii. In the present study, PO activity increased in plants pretreated with the biocontrol agents and challenge inoculated with the pathogen. Plants treated with AUP16 followed by challenge inoculation with S.rolfsii showed the highest increase (0.507 Change in absorbance/min/g of tissue) followed by AUB10 treated plants challenge inoculated with the pathogen (0.478 Change in absorbance/min/g of tissue).The increase was observe from the first day to the fifth day and thereafter it decreased. The PO activity was maintained at higher levels throughout the experimental period, compared to uninoculated control.  In plants inoculated with the pathogen alone, the PO activity decreased from the fifth day, reaching a level below the initial level on the seventh day (Figure 4).

The assay of defense enzymes in banana plants revealed that the induction of PO activity was significantly higher (2.150 Change in absorbance/min/g-1 units) and it was twice as high in plants treated with Pseudomonas fluorescens CHA0 + chitin and challenged with Banana bunchy top virus than untreated control (0.793 Change in absorbance/min/g-1 units) (Kavino 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 Macrophomina phaseolina under in vitro conditions. Increased accumulation of defence enzymes viz., phenylalanine ammonia lyase (PAL), peroxidase (PO), polyphenol oxidase (PPO), chitinase, β-1,3-glucanse and phenolics were observed in Pf1 bioformulation amended with chitin, pre-treated plants challenge inoculated with M. phaseolina under glasshouse conditions (Saravanakumar et al., 2007). 
Figure4. Induction of Peroxidase activity by bacterial antagonists in Stevia rebaudiana with or without S.rolfsii
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An isolate of B579, which was identified as Bacillus subtilis by 16S rDNA sequences analysis, was selected from 158 bacteria isolates as the best antagonist against F. oxysporum by dual plate assay. The activities of plant defense-related enzyme, peroxidase (POX), polyphenol oxidase (PPO) and phenylalanine ammonia-lyase (PAL) were significantly increased in plants treated with B579 (Fang Chen et al., 2009). Bacillus amyloliquefaciens strain KPS46 has been previously reported to promote plant growth and protect soybean plants from multiple diseases including bacterial pustule caused by Xanthomonas axonopodis pv. glycines. Greenhouse assays were evaluated for its efficient induction of defense-related enzymes in tested plants. The increase in production of total phenol, phenylalanine ammonia lyase, peroxidases and 1, 3-β-glucanases were expressed at higher levels in treatment with KPS46 challenge inoculated with the pathogen as compared with the diseased and control plants (Chakraborty et al., 2009).
4.6.3. Induction of Polyphenol oxidase (PPO) activity

The results of the PPO activation study showed that the polyphenol oxidase activity was increased in all the plants treated with the bioformulation of the bacterial antagonists. Higher PPO activity was observed in plants treated with AUP16 followed by challenge inoculation with S.rolfsii from the first day till the fifth day (0.298 Change in absorbance/min/g of tissue on the fifth day), thereafter it decreased. This was followed by plants treated with AUB10 by challenge inoculation with S.rolfsii, which showed a similar trend (0.243 Change in absorbance/min/g of tissue on the fifth day). In inoculated control, the activity was lower and decreased from the third day, reaching a level lower than the initial on the seventh day (Figure 5).

Figure5. Induction of Polyphenol oxidase activity by bacterial antagonists in Stevia rebaudiana with or without S.rolfsii
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Plant growth-promoting rhizobacterial (PGPR) strains were isolated from different agro-ecosystems of Tamil Nadu, India, and were tested for their efficacy against the sheath rot pathogen Sarocladium oryzae under in vitro, greenhouse and field conditions. The combination of Pseudomonas strains Pf1, TDK1 and PY15 was more effective in reducing sheath rot disease in rice plants compared to individual strains under glasshouse and field conditions. Quantitative analysis of peroxidase (PO), polyphenol oxidase (PPO) and chitinase activity in rice plants showed an increased accumulation of defence enzymes in the treatment with a combination of Pf1, TDK1 and PY15 compared to the treatment with individual strains and untreated controls (Saravanakumar et al., 2009).

The Pseudomonas fluorescens isolate 1 (Pf1) was found to protect ragi [Eleusine coracana (L.) Gaertner] from the blast fungus, Pyricularia grisea. Induction of defense proteins viz. chitinase, β-1, 3 glucanase, peroxidase (PO) and polyphenol oxidase (PPO) by the Pf1 isolate was studied against P. grisea. Isoform analysis of PPO showed the induction of PPO in P. fluorescens treated plants challenged with P. grisea (Radjacommare et al., 2005).  
Extracts from 20 non-host plant species were tested for their ability to inhibit the mycelial growth of Alternaria solani, the causal agent of early blight disease of tomato. The enzyme PPO accumulation was greater in Pf1 + Py15 + Bs16 + Zimmu treated plants compared to control (Latha et al., 2009).
4.6.4. Induction of total phenols 

Studies on the induction of total revealed that higher accumulation of phenolics was observed in plants pretreated with the biocontrol agents challenge inoculated with S.rolfsii.  Accumulation of phenolics started on the first day after challenge inoculation.


The plants pretreated with AUP16 and challenged with S.rolfsii showed the highest increase (95.51 μg catechol/g of leaf tissue on the fifth day) till the fifth day and then decreased. It was followed by plants pretreated with AUB10 and challenged with S.rolfsii (91.09 μg catechol/g of leaf tissue on the fifth day) till the fifth day and then decreased. The other treatments showed a similar trend. The inoculated control showed an increase in total phenols till the third day and thereafter it declined to a level below the initial level (Figure 6).


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 with the pathogen alone, phenol content declined below the initial level on 12 days after inoculation.


The effect of Pseudomonas fluorescens treatment and Fusarium oxysporum f. sp. cubense inoculation on induction of phenylalanine ammonia-lyase (PAL), peroxidase (POX), chitinase, and accumulation of phenolics in banana (Musa sp.) was studied. When banana roots were treated with P. fluorescens strain Pf10, a two-fold increase in phenolic content in leaf tissues was recorded 3 – 6 d after treatment. Challenge inoculation with F. oxysporum, the wilt pathogen, steeply increased the phenolic content in P. fluorescens-treated banana plants (Thangavelu et al., 2003).

Sari et al. (2007) reported that wheat plants treated with B. pumilus 7 km showed increased presence of soluble peroxidase (SPOX), ionically cell wall-bound peroxidase (CWPOX), β-1, 3-glucanase, β-1, 4-glucanase and phenolic compounds in bacterized roots challenged with the pathogen. Maximum total phenolic concentration was recorded on day 6.
Figure 6. Induction of total phenols by bacterial antagonists in Stevia rebaudiana with or without S.rolfsii
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5.0 SUMMARY AND CONCLUSION
The present study entitled “Effect of Bacterial Antagonists against Sclerotium rolfsii, a Root Rot Pathogen of Stevia (Stevia rebaudiana)” was conducted with the following objectives:

· Isolation and characterization of bacterial antagonists, Pseudomonas and Bacillus from the rhizosphere of different crops.

· Screening of bacterial antagonists against Sclerotium rolfsii under in vitro condition.

· To test the status of secondary metabolites such as hydrogen cyanide, salicylic acid, siderophores and IAA. 
· To evaluate the performance of selected bacterial antagonists for the management of root rot under green house condition.

· To study the induction of various defense related enzymes.  
The results of the study can be summarized as follows:

· Seventeen isolates of Pseudomonas fluorescens and sixteen isolates of Bacillus subtilis were isolated from rhizosphere soils and confirmed by biochemical tests.
· All the P. fluorescens isolates inhibited the mycelial growth of S. rolfsii and the maximum inhibition was recorded in AUP16.
· All the sixteen B. subtilis isolates inhibited the mycelial growth of S. rolfsii and the maximum inhibition was observed in AUB10.
· All the P. fluorescens and B. subtilis isolates produced hydrogen cyanide. The maximum production of HCN was recorded inAUP16 which was confirmed by both qualitative and quantitative tests. Similarly, AUB10 and AUB6 recorded maximum production of HCN.
· Maximum salicylic acid, siderophores and indole acetic acid production was recorded in P. fluorescens isolates AUP16 and AUP6.

· Among the B. subtilis isolates, AUB10 and AUB6 produced the maximum quantity of salicylic acid, siderophores and indole acetic acid.

· Talc based formulation of P. fluorescens isolate, AUP16 effectively reduced the disease incidence as against inoculated control.
· Induction of defense related proteins and chemicals, viz, phenylalanine ammonia lyase, peroxidase, polyphenol oxidase and total phenols were found to be higher in plants treated with AUP16, AUP6, AUB10 and AUB6.

From the present study, it can be concluded that the P.  fluorescens isolate AUP16 was found to be most effective in the production of  secondary metabolites such as HCN, salicylic acid, siderophores, and indole acetic acid. Application of talc based formulation of AUP16 consistently reduced the incidence of root rot in stevia by increasing the activity of defense related enzymes like phenylalanine ammonia lyase, peroxidase, polyphenol oxidase and phenolics and the P. fluorescens isolate AUP16 can be used for the management of root rot.

REFERENCES
·  Abeysinghe, S. (2007). Biological control of Fusarium solani f.sp. phaseoli, the causal agent of root rot of bean using Bacillus subtilis CA32 and Trichoderma harzianum RU01. Ruhuna J.Sci,2: 82-88.
· Abeysinghe, S. (2009). Effect of combined use of Bacillus subtilis CA32 and Trichoderma harzianum RU01 on biological control of Rhizoctonia solani on Solanum melongena and Capsicum annuum. Pak. J. Nutrit, 8: 9-16.

· Ahl Goy, P., Felix, G., Metraux, J. P. and Meins, Jr. (1992). Resistance to disease in the hybrid Nicotiana glutinosa × Nicotiana debneyi is associated with high constitutive levels of β-1, 3-glucanase, chitinase, peroxidase and polyphenol oxidase. Physiol. Mol. Plant Pathol, 41:11–21.

· Ahmadzadeh, M., Afsharmanesh, H., Javan-Nikkhah M. and Tehrani, A. S. (2006). Identification of some molecular traits in fluorescent pseudomonads with antifungal activity. Iranian Journal of Biotechnology, 4(4): 245-253.
· Ahmed, M.B., Salahin, M., Karim, R., Razvy, M.A., Hannan, M.M., Sultana, R., Hossain, M. and Islam, R. (2007). An Efficient Method for in vitro clonal propagation of a newly introduced sweetener plant (Stevia rebaudiana Bertoni.) in Bangladesh. American-Eurasian Journal of Scientific Research, 2 (2): 121-125.

· Ahmed, S.A., Ezziyyani, M., Perez Sanchez, C. and Candela, M.E. (2008).Effect of chitin on the biological control activity of  Bacillus spp. and T.harzianum against root rot disease on pepper (Capsicum annuum) plants. European Journal of plant pathology, 109: 613-637.

· Anandraj, M. and Dinesh, R. (2008). Use of microbes for spices production. In: Organic Spices. Ed. Parthasarathy V.A, Kandiannan K and Srinivasan V. New India Publishing Agency, New Delhi, pp115.

· Ardakani, S.S., Heydari, A., Tayebi, L. and Mohammadi, M. (2010). Promotion of cotton seedlings growth characteristics by development and use of new bioformulations. Int. J. Botany, 6: 95-100.

· Ashrafuzzaman, M., Hossen, F. A., Ismail, R.M., Hoque, Md. A., Islam, Z. M., Shahidullah, S.M. and Meon, S. (2009). Efficiency of plant growth-promoting rhizobacteria (PGPR) for the enhancement of rice growth. African Journal of Biotechnology, 8 (7): 1247-1252.
· Babu, K.V. and Kumar, M.R. (2008). Mycoparasitic activity of Trichoderma harzianum against stem rot (Sclerotium rolfsii) of groundnut. J Mycol Pl Pathol, 48 (3): 593-595.

· Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S. and Vivanco, J.M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu Rev Plant Biol, 57: 233–66.

· Bakker, P. A. H. M., Pieterse, C. M. J. and Van Loon, L. C. (2007). Induced systemic resistance by fluorescent Pseudomonas spp. Phytopathology, 97:239-243.

· Bano, N. and Musarrat, J. (2003). Characterization of a new Pseudomonas aeruginosa strain NJ-15 as a potential biocontrol agent. Current Microbiology, 46(5): 0324-0328.
· Brandle, J. (2007). "FAQ - Stevia, Nature's Natural Low Calorie Sweetener". Agriculture and Agri-Food Canada. http://res2.agr.ca/London/faq/stevia_e.htm. 

· Cartieaux, P.F., Nussaume, L. and Robaglia, C. (2003). Tales from the underground: Molecular plant-rhizobacteria interactions. Plant Cell Environ, 26:189-199.

· Chaiharn, M., Chunhaleuchanon, S. and Lumyong, S. (2009). Screening siderophore producing biological control agent for fungal rice pathogens in Thailand. World J. Microbial. Biotechnol, 25(11): 1919-1928
· Chaiharn, M., Chunhaleuchanon, S., Kozo, A. and Lumyong, S. (2008). Screening of rhizobacteria for their plant growth promoting activities. KMITL Sci. Tech. J, 8(1):18-23

· Chakraborty, U., Chakraborty, B., Basnet, M. and Chakraborty, A. (2009).  Evaluation of Ochrobactrum anthropi TRS-2 and its talc based formulation for enhancement of growth of tea plants and management of brown root rot disease. Journal of Applied Microbiology, 107: 625–634.

· Chen, C., Bélanger, R. R., Benhamou, N. and Paulitz, T. (2000). Defense enzymes induced in cucumber roots by treatment with plant growth promoting rhizobacteria (PGPR) and Pythium aphanidermatum. Physiol. Mol. Plant Pathol, 56: 13–23.

· Chitra, K., Ragupathi, N., Dhanalakshmi, K., Mareeshwar P., Indra, N., Kamalakannan, A. and Sankaralingam, A. (2006). Induction of peroxidase and polyphenol oxidase in Arachis hypogaea in response to treatment with Pseudomonas fluorescens and inoculation with Alternaria alternata. Archives of Phytopathology and Plant Protection, 39 (4): 315-321

· Choudhary, D. K., Prakash, A., Victor, W. and Johri, B. N. (2009). Insights of the fluorescent pseudomonads in plant growth regulation. Current  Science, 97(2): 170-179

· Christopher, J. D., Raj, S. T., Rani, U.S. and Udhayakumar, R. (2010). Role of defense enzymes activity in tomato as induced by Trichoderma virens against Fusarium wilt caused by Fusarium oxysporum f sp. lycopersici. Journal of Biopesticides, 3(1 Special Issue) :158 - 162

· Chung, K.R. and Tzeng, D.D. (2004). Biosynthesis of indole-3-acetic acid by the gall-inducing fungus Ustilago esculenta. J Bio Sci, 4(6): 744-750.

· Chung, S., Kong, H., Buyer, J.S., Lakshman, D.K., Lydon, J., Kim, S.D. and Roberts, D.P. (2008). Isolation and partial characterization of Bacillus subtilis ME488 for suppression of soilborne pathogens of cucumber and pepper. Appl Microbiol Biotechnol, 80(1):115– 123.
· Constantinescu, F. (2001). Extraction and identification of antifungal metabolites produced by some B.subtilis strains. Analele Institutului de Cercetari Pentru Cereale Protectia Plantelor, 31: 17-23

· Devi I. and Lal, R. (2008). Microbial biocontrol agents for insects and phytopathogens. In Microbial Biotechnology Ed. Ratul Saikia, New Publishing Agency, New Delhi
· Dickerson, D.P., Pascholati, S.F., Hagerman, A.E., Butler, L.G. and Nicholson, R.L. (1984). Phenylalanine ammonia - lyase and hydroxy cinnamate CoA ligase in maize mesocotyls inoculated with Helminthosporium maydis or Helminthosporium carbonum. Physiological Plant Pathology, 25: 111-123.
· Difco Manual. (1953). Difco Laboratories Inc., Detroit, Michigan, USA.

· Dubey, R.C. and Maheshwari, D.K. (2004). Practical Microbiology, S.chand. Co. Ltd, New Delhi, India, pp-317.

· Elad, Y., Chet, I. and Katan, J. (1980). Trichoderma harzianum: a biocontrol agent effective against Sclerotium rolfsii and Rhizoctonia solani. Phytopatholgy, 70:119- 121.
· El-Mougy, N. S. and Abdel-Kader, M. M. (2008). Long-term activity of bio-priming seed treatment for biological control of faba bean root rot pathogens. Australasian Plant Pathology, 37(5) 464–471    

· El-Mougy, N.S. (2004). Preliminary evaluation of salicylic acid and acetylsalicylic acid efficacy for controlling root rot disease of lupin under greenhouse conditions. Egypt. J. Phytopathol, 32(1-2) : 11-21

· Erturk, Y., Ercisli, S., Haznedar, A. and Cakmakci, R. (2010). Effects of plant growth promoting rhizobacteria (PGPR) on rooting and root growth of kiwifruit (Actinidia deliciosa) stem cuttings. Biol Res,  43: 91-98

· Fang Chen., Min Wang., Yu Zheng., Jianmei Luo., Xiurong Yang. and Xuelian Wang. (2009). Quantitative changes of plant defense enzymes and phytohormone in biocontrol of cucumber Fusarium wilt by Bacillus subtilis B579. World Journal of Microbiology and Biotechnologye, 26(4): 675-684
· Fatima, Z., Saleemi, M., Muhammad Zia., Sultan, T., Aslam, M., Riaz -Ur- Rehman. and Fayyaz Chaudhary, M. (2009). Antifungal activity of plant growth-promoting rhizobacteria isolates against Rhizoctonia solani in wheat. African Journal of Biotechnology, 8 (2): 219-225

· Fernando, W.G.D., Nakkeeran, S., Zhang, Y. and Savchuk, S. (2007). Biological control of Sclerotinia sclerotiorum (Lib.) de Bary by Pseudomonas and Bacillus species on canola petals. Crop Protection, 26:100–107

· Foeldes, T., Banhegyi, I., Herpai, Z., Varga, L. and Szigeti, J. (2000). Isolation of Bacillus strains from the rhizosphere of cereals and in vitro screening for antagonism against phytopathogenic, food-borne pathogenic and spoilage micro-organisms. J Appl Microbiol, 89:840–846.

· Gacitúa, S.A., Valiente, C. F., Díaz, K. P., José Hernández, C., Matilde Uribe, M. and Sanfuentes, E.V. (2009). Identification and biological characterization of isolates with activity inhibitive against Macrophomina phaseolina (Tassi) Goid. Chilean Journal of Agricultural Research, 69(4):526-533.

· Giongo, A., Beneduzi, A.., Ambrosini, A., Vargas, L. K., Stroschein, M. R., Eltz, F. L., Zanettini, M. H. B. and Passaglia, L. M. P. (2010). Isolation and characterization of two plant growth-promoting bacteria from the rhizoplane of a legume (Lupinus albescens) in sandy soil. R. Bras. Ci. Solo, 34:361-369

· Gomez, K.A. and Gomez, A.A. (1984), Statistical procedure for Agricultural research, A Wiley Inter-Science Publication, John Wiley Sons, New York, USA. 680pp

· Gorden, S.A. and Paleg, L.G. (1957). Quantitative measurement of Indole acetic acid, Physiological Plant Pathology, 10: 347-348.

· Hameeda, B., Rupela, O. P., Reddy, G. and Satyavani, K. (2006). Application of plant growth-promoting bacteria associated with composts and macrofauna for growth promotion of Pearl millet (Pennisetum glaucum L.). Biol Fertil Soils, 43: 221–227

· Hammerschmidt, R., Nuckles, E.M. and Kuc, J. (1982). Association of enhanced peroxidase activity with induced systemic resistance of cucumber to Colletotrichum lagenarium. Physiological Plant Pathology, 20: 73-82.

· Hassanein, W.A., Awny, N.M., El-Mougith, A.A. and Salah El-Dien, S.H. (2009). The antagonistic activities of some metabolites produced by pseudomonas aeruginosa Sha8. Journal of Applied Sciences Research, 5(4): 404-414.

· Herman, M.A.B., Nault, B.A. and Smart, C.D. (2008). Effects of plant growth promoting rhizobacteria on bell pepper production and green peach aphid infestations in New York. Crop Protect, 27: 996-1002.

· Hilderbrand, D.C., Schroth, M.N. and Sanda, D.C. (1992). Pseudomonas In: Schaad N.W. (Ed). Laboratory guide for identification of plant pathogenic bacteria, 2nd edition. American Phytopathological Society. St.Paul. MN.
· Höfte, M. and Bakker, P.A.H.M. (2007). Competition for iron and induced systemic resistance by siderophores of plant growth promoting rhizobacteria. In: Soil Biology, Volume 12 Microbial Siderophores (Eds). A. Varma, S.B. Chincholkar Springer-Verlag Berlin Heidelberg

· Hongjie, Y. and Shiping Tian. (2005). Effects of pre- and post-harvest application of salicylic acid or methyl jasmonate on inducing disease resistance of sweet cherry fruit in storage. Postharvest Biology and Technology, 35: 253–262

· http://digitool.Library.McGill.CA:80/R/-?func=dbin-jump-full&object_id=35862&current_base=GEN01
· http://en.wikipedia.org/wiki/Stevia

· http://plants.usda.gov/

· Idris, A.H., Labuschagne, N. and Korsten, L. (2007). Screening rhizobacteria for biological control of Fusarium root and crown rot of sorghum in Ethiopia. Biological Control, 40(1):97-106 

· Jamali, F., Sharif-Tehrani, A., Lutz, M.P. and Maurhofer, M. (2009). Influence of host plant genotype, presence of a pathogen and co inoculation with P. fluorescens strains on the rhizosphere expression of hydrogen cyanide and 2, 4 diacetylphloroglucinol biosynthesis genes in P. fluorescens biocontrol strain CHA0. Microbiol Ecol, 57 (2): 267-275

· Jebakumar, R. S., Anandaraj, M. and Sarma, Y.R. (2001). Induction of PR-proteins and defense related enzymes in black pepper due to inoculation with Phytophthora capsici. Indian Phytopat, 54 (1) : 23-28
· Jetiyanon, J. and Kloepper, J. W. (2002). Mixtures of plant growth-promoting rhizobacteria for induction of systemic resistance against multiple plant diseases. Biol. Control, 24:285-291.

· Jeun, Y.C., Park, K.S., Kim, C.H., Fowler, W.D. and Kloepper, J.W. (2004). Cytological observations of cucumber plants during induced resistance elicited by rhizobacteria. Biological Control, 29: 34–42

· Kamalakannan, A., Harish, S., Radjacommare, R., Amutha, G., Chitra, K., Karuppiah, R., Mareeswari, P., Rajinimala, N. and Angayarkanni, T. (2004). Biocontrol agents induce disease resistance in Phyllanthus niruri Linn against damping-off disease caused by Rhizoctonia solani. Phytopathologia Mediterranea,  43(2): 187-194 

· Kamalakannan, A., Valluvaparidasan, V., Chitra, K., Rajeswari, E., Salah Eddin, K., Ladhalakshmi, D. and. Chandrasekaran, A. (2007). First report of root rot of stevia caused by Sclerotium rolfsii in India. Plant Pathol, 350-350

· Kamil, Z., Rizk, M., Saleh, M. and Moustafa, S. (2007). Isolation and Identification of rhizosphere soil chitinolytic bacteria and their potential in antifungal biocontrol. Global Journal of Molecular Sciences, 2 (2): 57-66

· Karnwal, A. (2009). Production of indole acetic acid by fluorescent Pseudomonas in the presence of L-Tryptophan and rice root exudates. J.Plant. Pathol, 91(1):61-63

· Karthikeyan, G., Doraisamy, S. and Rabindran, R. (2009). Pseudomonas fluorescens mediated systemic resistance against urdbean leaf crinkle virus in blackgram (Vigna mungo). Archives Of Phytopathology And Plant Protection, 42(3): 201-212

· Katiyar, V. and Goel, R.  (2004). Siderophore mediated plant growth promotion at low temperature by mutant of fluorescent pseudomonad. Plant Growth Regulation, 42(3): 239-244

· Kavino, M., Harish, S., Kumar, N., Saravanakumar, D., Damodaran, T., Soorianathasundaram, K. and Samiyappan, R. (2008). Rhizosphere and endophytic bacteria for induction of systemic resistance of banana plantlets against bunchy top virus. Soil Biology and Biochemistry,  39(5): 1087-1098

· Kavitha, K., Mathiyazhagan, S., Senthilvel, V., Nakkeeran, S. and Chandrasekar G. (2006). Development of bioformulations of antagonistic bacteria for the management of damping off of Chilli (Capsicum annuum L). Archives Of Phytopathology And Plant Protection, 38(1):19 - 30 

· Kavitha, R. and Umesha, S. (2008). Regulation of defense-related enzymes associated with bacterial spot resistance in tomato. Phytoparasitica, 36(2):144-159.

· Keel, C. and Defago, G. (1997). Interactions between beneficial soil bacteria and soil pathogens: mechanisms and ecological impact. In: Gange A.C, Brown VK, (Eds) Multitrophic Interactions in terrestrial system. Oxford, Blackwell Science, 27-47. 
· Khan, Z. and Doty, S.L. (2009). Characterization of bacterial endophytes of sweet potato plants. Plant and Soil, 322(1-2): 197-207
· King, E.O., Ward, M.K. and Raney, D.E. (1954). Two simple media for the demonstration of pyocyanin and fluorescein. Journal of Laboratory and Clinical Medicine, 44: 301-307.

· Kishore, K.G., Pande, S., Narayana Rao, J. and Podile, A.R. (2005). Pseudomonas aeruginosa inhibits the plant cell wall degrading enzymes of Sclerotium rolfsii and reduces the severity of groundnut rot. European.J.Plant.Pathol,113: 315-320

· Kremer, R.J. and Souissi, T. (2001). Cyanide production by rhizobacteria and potential for suppression of weed seedling growth. Curr. Microbiol, 43(3): 182-186

· Latha, P., Anand, T., Ragupathi, N., Prakasam, V. and Samiyappan R. (2009). Antimicrobial activity of plant extracts and induction of systemic resistance in tomato plants by mixtures of PGPR strains and Zimmu leaf extract against Alternaria solani. Biological Control, 50 (2): 85-93
 

· Le´ on, M., Yaryura, P. M., Montecchia, M. S., Hern´andez, A. I., Correa, O. S., Pucheu, N. L., Kerber, N. L. and Garc´ıa, A. F. (2009). International Journal of Microbiology, (2009): 1-9.

· Lee, K. J., Kamala-Kannan, S., Sub, H. S., Seong, C.K. and Lee, G. (2008). Biological control of Phytophthora blight in red pepper (Capsicum annuum L.) using Bacillus subtilis. World J Microbiol Biotechnol, 24:1139–1145
· Lokesha, N. M. and Benagi, V. I. (2007). Biological management of pigeonpea dry root rot caused by Macrophomina phaseolina. Karnataka J. Agric. Sci, 20(1):54 - 56

· Machuca, A. and Milagres, A.M.F. (2003). Use of CAS agar plate modified to study the effect of different variables on the siderophore production by Aspergillus. Letts Appl Microbiol, 36: 177-181. 

· Mafia, R.G., Alfenas, A. C.,. Maffia, L. A., Ferreira, E.M., Binoti, D.H. B. and Mafia, G. M. V. (2009). Plant growth promoting rhizobacteria as agents in the biocontrol of eucalyptus mini-cutting rot. Tropical Plant Pathology, 34(1): 010-017
· Mahalakshmi, S. and Reetha, D. (2009). Assessment of plant growth promoting activities of bacterial isolates from the rhizophere of tomato (Lycopersicon esculentum L.). Recent Research in Science and Technology, 1(1): 026–029

· Mathiyazhagan, S., Kavitha, K., Nakkeeran, S., Chandrasekar, G., Manian, K., Renukadevi, P., Krishnamoorthy, A.S. and Fernando, W.G.D. (2004). PGPR mediated management of stem blight of Phyllanthus amarus (Schum and Thonn) caused by Corynespora cassiicola (Berk and Curt) Wei. Archives of Phytopathology and Plant Protection, 37: 183 – 199

· Mayer, A.M., Harel, E. and Shaul, R.B. (1965). Assay of catechol oxidase a critical comparison of methods. Phytochemistry, 5: 783-789.
· Meena, B., Marimuthu, T., Vidhyasekaran, P. and Velazhahan, R. (2001). Biological control of root rot of groundnut with antagonistic Pseudomonas fluorescens strains. Journal of Plant Disease and Protection, 108: 369-381.
· Meyer, J.M. and Abdallah, M.A. (1978). The fluorescent pigment of Pseudomonas fluorescens: Biosynthesis, purification and physiochemical properties. Journal of General Microbiology, 107: 319-328.

· Meyer, J.M., Azelvandre, P. and Georges, C. (1992). Iron metabolism in Pseudomonas fluorescens: Salicylic acid, a siderophore of Pseudomonas fluorescens CHAO. Biofactors, 4: 23-27.

· Miller, R.L. and Higgins, V.J. (1970). Association of cyanide with infection of birdsfoot trefoil by Stemphylium loti. Phytopathology, 60: 104-110.

· Minorsky, P.V. (2008). On the inside. Plant Physiol, 146: 323-324.

· Mohan, R., Vijayan, P. and Kolattukudy, P. E. (1993). Developmental and tissue specific expression of a tomato anionic peroxidase (tap 1) gene by a minimal promoter with wound and pathogen induction by an additional 5’-flanking region. Plant Mol. Biol, 22: 475– 490

· Morsy, E. M., Abdel-Kawi, K.A. and Khalil, M.N.A. (2009). Efficiency of Trichoderma viride and Bacillus subtilis as biocontrol agents against Fusarium solani on tomato plants. Egypt. J. Phytopathol, 37(1): 47-57

· Muthukumar, A. (2008). Management of chilli damping-off caused by Pythium aphanidermatum (Edson) Fitz. with bacterial endophytes (Pseudomonas fluorescens) in glasshouse conditions. Advances in Plant Sciences, 21:295-298.

· Muthukumar, A. and Bhaskaran, R. (2007). Efficacy of antimicrobial metabolites of Pseudomonas fluorescens (Trevisan) Migula. against Rhizoctonia solani Khun. and Pythium sp. Journal of Biological Control, 21: 105-110.

· Muthukumar, A., Bhaskaran, R. and Sanjeevkumar, K. (2010). Efficacy of endophytic Pseudomonas fluorescens (Trevisan) migula against chilli damping-off. Journal of Biopesticides, 3(1 Special Issue): 105 - 109.

· Muthukumar, A., Eswaran, A. and Sanjeevkumar. (2008). Biological control of Pythium aphanidermatum (Edson). Fitz. Mysore J. Agric, Sci, 42 (1): 20-25

· Muthuramalingam, J.B. and Santhaguru, K. (2009). Impact of Glomus fasciculatum and fluorescent Pseudomonas on growth performance of Vigna radiata (l.) Wilczek challenged with phytopathogens. Journal of Plant Protection Research, 492: 190-194

· Nakkeeran, S., Kavitha, K., Chandrasekar, G., Renukadevi, P. and Fernado,W.G.D. (2006). Induction of plant defense compounds by P.cholororaphis PA23 and Bacillus subtilis BSCBE4 in controlling damping off of hot pepper caused by Pythium aphanidermatum. Biocon.Sci.Technol, 16(4):403-416

· Nam., Myeong Hyeon., Myung Soo Park., Hong Gi Kim. and Sung Joon Yoo. (2009). Biological Control of strawberry fusarium wilt caused by Fusarium oxysporum f. sp. fragariae using Bacillus velezensis BS87 and RK1 Formulation. J. Microbiol. Biotechnol,19(5): 520–524

· Neilands, J. B. (1981). Microbial iron compounds. Annu. Rev. Biochem, 50: 715–731.
· Nelson, N. (1944). A photometric adaptation of the somogey method for the determination of glucose. Journal of Biological Chemistry, 152: 375-380.
· Nijamole, P.A. (2006). Management of root rot of sugarbeet caused by Sclerotium rolfsii sacc. using biological and chemical methods. Ph.D thesis, Tamil Nadu Agricultural University, Coimbatore, India, 54pp.

· Okereke, V. C. and Wokocha, R. C. (2007). In vitro growth of four isolates of Sclerotium rolfsii Sacc in the humid tropics. African Journal of Biotechnology, 6 (16):1879-1881

· Padalalu, V.C. and  Chopade, B.A (2006). Role of plant growth promoting rhizobacteria in enhancement of plant growth. In: Proceedings of International Workshop on Fostering the Next Green Revolution: Role of Biotechnology in Advancing Indian Agriculture. Acharya M.G. Ranga Agriculture University, Hyderabad, India. pp. 1-30.

· Palaiah, P., Adiver, S. S., Kumara, O., Chandrappa, D. and Sharanappa, J. (2007). Sensitivity of Sclerotium rolfsii sacc. isolates to different agrochemical and cultural filtrates of bio – agents. Karnataka J. Agric. Sci, 20(2): 422-423.
· Patten, C. L. and Glick, B. R. (1996). Bacterial biosynthesis of indole-3-acetic acid. Can. J. Microbiol, 42:207-220.
· Prasanna Reddy, B. and Rao, K.S., (2010). Biochemical and PCR-RAPD characterization of Pseudomonas fluorescens produced antifungal compounds inhibit the rice fungal pathogens in vitro. EJEAFChe, 8 (10):1062-1067
· Raaijmakers, J. M., Vlami, M. and De Souza, J. T. (2002). Antibiotic production by bacterial biocontrol agents. Antonie van Leeuwenhoek, 81: 537–547.

· Radjacommare, R., Radjacommare, A. R., Ramanathan, A., Kandan, A., Harish, S., Thambidurai, G., Sible, G. V., Ragupathi, N.  and Samiyappan, R. (2005). PGPR mediates induction of pathogenesis-related (PR) proteins against the infection of blast pathogen in resistant and susceptible ragi [Eleusine coracana (L.) Gaertner] cultivars. Plant and Soil, 266(1-2): 165-176
· Raju, S., Jayalakshmi, S.K. and Sreeramulu, K. (2008). Comparative study on the induction of defense related enzymes in two different cultivars of chickpea (Cicer arietinum L) genotypes by salicylic acid, spermine and Fusarium oxysporum f. sp. ciceri. Australian Journal of Crop Science, 2(3):121-140 
· Ramamoorthy, V. and Samiyappan, R. (2001). Induction of defense-related genes in Pseudomonas fluorescens- treated chilli plants in response to infection by Colletotrichum capsici. J. Mycol. Pl. Pathol, 31(2): 146-155.
· Ramamoorthy, V., Raguchander, T. and Samiyappan, R. (2002). Induction of defense-related proteins in tomato roots treated with Pseudomonas fluorescens Pf1 and Fusarium oxysporum f. sp. lycopersici. Plant and Soil, 239: 55–68.

· Ramamoorthy, V., Viswanathan, R., Raguchander, T., Prakasam, V. and Samiyappan, R. (2001). Induction of systemic resistance by plant growth promoting rhizobacteria in crop plants against pests and diseases. Crop Protection, 20:1-11.

· Reeves, M., Pine, L., Neilands, J.B. and Bullows, A. 1983. Absence of siderophore activity in Legionella spp. Grown in iron deficient media. J. Bacteriol, 154: 324-329.

· Reimers, P. J., Guo, A. and Leach, J. E.(1992). Increased activity of a cationic peroxidase associated with an incompatible interaction between Xanthomonas oryzae pv. oryzae and rice (Oryza sativa). Plant Physiol, 99:1044–1050.
· Riker, A.J. and Riker, R.S. (1936). Introduction to research on plant diseases, John Swift, New York. 117pp.

· Ryu, C.M., Hu, C.H., Reddy, M. S. and Kloepper, J. W. (2003). Different signaling pathways of induced resistance by rhizobacteria in Arabidopsis thaliana against two pathovars of Pseudomonas syringae. New Phytologist, 160(2): 413-420.
· Sachdev, D., Agarwal, V., Verma, P., Shouche, Y., Dhakephalkar, P. and Chopade, B. (2009). Assessment of microbial biota associated with rhizosphere of wheat (Triticum aestivum) during flowering stage and their plant growth promoting traits. The Internet Journal of Microbiology, 7(2)

· Sadaghiani, R., M.H., Barin, M. and Jalili, F. (2008). The effect of pgpr inoculation on the growth of wheat. In: International Meeting on Soil Fertility Land Management and Agroclimatology. Turkey. p: 891-898.

· Sadasivam, S. and Manickam, A. (1992). In: Biochemical methods for agricultural sciences, Wiley Eastern Ltd., New Delhi, 125pp.

· Saravanakumar, D., Harish, S., Loganathan, M., Vivekananthan, R., Rajendran, L., Raguchander, T. and Samiyappan, R. (2007). Rhizobacterial bioformulation for the effective management of Macrophomina root rot in mungbean. Archives Of Phytopathology And Plant Protection, 40(5 ):  323 - 337  

· Saravanakumar, D., Lavanya, N., Muthumeena, K., Raguchander,T.  and Samiyappan, R. (2009). Fluorescent pseudomonad mixtures mediate disease resistance in rice plants against sheath rot (Sarocladium oryzae) disease. BioControl, 54(2): 273-286.
· Saravanan, T., Bhasakaran, R., Muthusamy, M., (2004). Pseudomonas Fluorescens induced enzymological changes in banana roots (Cv.Rasthali) against Fusarium wilt disease. Plant Pathology Journal, 3(2):72-80
· Sari, E., Etebarian, H. R. and Aminian, H. (2007). The Effects of Bacillus pumilus, isolated from wheat rhizosphere, on resistance in wheat seedling roots against the take-all fungus, Gaeumannomyces graminis var. tritici. Journal of Phytopathology, 155(11-12):720–727.

· Schuhegger, R., Ihring, A., Gantner, S., Bahnweg, G., Knappe, C., Vogg, G., Hutzler, P., Schmid, M., Van Breusegem, F., Eberl, L., Hartmann, A. and Langebartels, C. (2006). Induction of systemic resistance in tomato by N-acyl-L-homoserine lactone-producing rhizosphere bacteria. Plant Cell Environ, 29(5):909-18

· Schwyn, B. and Neilands, J.B. (1987). Universal chemical assay for the detection and determination of siderophore.Anal.Biochem.,169:47-56.
· Sendhilvel, V., Marimuthu, T. and Samiappan, R.  (2007). Talc-based formulation of Pseudomonas fluorescens-induced defense genes against powdery mildew of grapevine.  Archives of Phytopathology and Plant Protection, 40(2): 81 - 89

· Senthilkumar, M., Swarnalakshmi, K., Govindasamy, V., Lee, Y.K. and Annapurna, K. (2009). Biocontrol potential of soybean bacterial endophytes against charcoal rot fungus Rhizoctonia bataticola. Curr.Microbiol,58:288-293

· Senthilkumar, P., Jonathan, E.I. and Samiyappan, R. (2008). Field application of biocontrol agent Pseudomonas fluorescens for the management of burrowing nematode, Radopholus similes in banana. Indian J.Nematol, 38(1): 493-495.

· Shanmugam, P. and Narayanasamy, M. (2009). Optimization and production of salicylic acid by rhizobacterial strain Bacillus licheniformis MML2501. The Internet Journal of Microbiology, 6(1)
· Siddiqui, Z.A. (2006). PGPR: Prospective biocontrol agents of plant pathogens. In: Siddiqui Z.A (Ed). PGPR: Biocontrol and biofertilization. Springer, Dordecht, 111-142

· Siddiqui, Z.A. and Shakeel, U. (2009). Biocontrol of wilt disease complex of pigeon pea (Cajanus cajan (L). Millsp) by isolates of   Pseudomonas spp. Afr. J. Plant Sci, 3(1):001-012

· Singh, A., Mehta, S., Singh, H. B. and Nautiyal, C. S. (2003). Biocontrol of collar rot disease of betelvine (Piper betle L.) caused by Sclerotium rolfsii by using rhizosphere competent Pseudomonas fluorescens NBRI-N6 and Pseudomonas fluorescens NBRI-N. Current Microbiol, 47:153-158. 

· Singh, U. P., Sarma, B. K. and Singh, D. P. (2002). Effect of plant growth-promoting rhizobacteria and culture filtrate of Sclerotium rolfsii on phenolic and salicylic acid contents in2 chickpea (Cicer arietinum). Current Microbiology, 46 (2): 0131-0140.

· Srivastava, R. and Shalini. (2008). Antifungal activity of Pseudomonas fluorescens against different plant pathogenic fungi. EJEAFChe, 7 (5): 2881-2889

· Srivastava, R. and Shalini. (2009). Antifungal activity of Pseudomonas fluorescens against different plant pathogenic fungi. The Internet Journal of Microbiology, 7(2)
· Stuart, M. (2007). Promoting Growth with PGPR.  In : The Canadian Organic Grower

· Sundarajan, T. (1995). Microbiology Laboratory Manual, 2nd edi, Chanda Publication, New Delhi, 48-79.

· Suzuki, S., He, Y. and Oyaizu, H. (2003). Indole-3-Acetic acid production in Pseudomonas fluorescens HP72 and its association with suppression of creeping bent grass brown patch. Current Microbiology, 47: 138-143.

· Swain, M.R., Naskar, S.K. and Ray, R.C. (2007). Indole-3-acetic acid production and effect on sprouting of yam (Dioscorea rotundata L.) minisetts by Bacillus subtilis isolated from culturable cowdung microflora. Polish Journal of Microbiology, 56(2): 103-110
· Tabbene, O., Ben, S.I., Bouabdallah, F., Mangoni, M.L., Urdaci, M.C. and Limam, F. (2009). Production of anti-methicillin-resistant Staphylococcus activity from Bacillus subtilis strain B38 newly isolated from soil. Appl Biochem Biotechnol, 157(3):407–419.
· Thangavelu, R., Palaniswami, A., Doraiswamy, S. and Velazhahan, R. (2003). The effect of Pseudomonas fluorescens and Fusarium oxysporum f.sp. cubense on induction of defense enzymes and phenolics in banana. Biologia Plantarum, 46(1): 107-112 
· Tilak, K.V.B.R., Ranganayaki, N., Pal K.K., De, R., Saxena, A.K., Nautiyal, C.S., Mittal, S., Tripathi, A.K. and Johri, B.N. (2005). Diversity of plant growth and soil health supporting bacteria. Curr Sci, 89(1): 136-150.

· Upadhyay, A. and Sreevastava, S. (2010). Evaluation of multiple growth promoting traits of  an isolate of Pseudomonas fluorescens strain Psd. Indian Journal of Experimental Biology,48:601-609

· Vaâ Squez, R.G. M., Day, R., Buschmann, H., Randles, S., Beeching, J.R.., and Cooper, R. M. (2004). Phenylpropanoids, phenylalanine ammonia lyase and peroxidases in elicitor-challenged cassava (Manihot esculenta) suspension cells and leaves. Annals of Botany, 94: 87-97.
· Vidhyasekaran, P. and Muthamilan, M. (1995).Development of formulation of Pseudomonas fluorescens for control of chickpea wilt. Plant Disease, 79: 782-786.

· Vidhyasekaran, P., Rabindran, R., Muthamilan, M., Nayar, K.R., Rajappan, K., Subramanian, N. and Vasumathi, K. (1997). Development of powder formulation of Pseudomonas fluorescens for control of rice blast, Plant Pathology, 46: 291-297.

· Viswanathan, R. and Samiyappan, R. (1999). Induction of systemic resistance by plant growth promoting rhizobacteria against red rot disease caused by Colletotrichum falcatum went in sugarcane, Proceedings of sugar Technology Association, India, 61: 24-39.
· Viswanathan, R. and Samiyappan, R. (2001). Antifungal activity of chitinase produced by some fluorescent pseudomonads against Colletrichum falcatrum Went causing red rot disease in sugaracane. Microbiol. Res, 155: 309-314

· Vogel, A.E. (1987). Class reactions (reactions for functional groups) In: Elementary Practical Organic Chemistry. CBS Publisher, New Delhi, pp 190-194.
· www.efloras.org

· www.everstevia.com/stevia.pdf
· www.stevia.com
· Zaghloul, R. A., Neweigy, A., Hanafy, E. A. and Khalifa, A. (2008). Effectivenes of bio-control agents against tomato soil borne pathogens. Third Environment Conference, Faculty of Science, Zagazig Univ., 123 - 142

· Zehr, J.P., Jenkins, B.D., Short, S.M. and Steward, G.F. (2003). Nitrogenase gene diversity and microbial community structure; a cross system comparison. Environ Microbiol, 5(7): 539-554.

· Ziedan, E.H.E. and El-Mohamedy, R.S.R. (2008). Application of Pseudomonas fluorescens for controlling root-rot disease of grapevine. Research Journal of Agriculture and Biological Sciences, 4(5): 346-353.
· Zieslin, N. and Ben-Zaken, R. (1993). Peroxidase activity and presence of phenolic substances in peduncles of rose flowers. Plant Physiology and   Biochemistry, 31: 333-339.
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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