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ABSTRACT

Soil is a complex and dynamic biological system and also known to be a

complex microhabitat for two distinctive properties. Firstly, the microbial population

in soil is very diverse and secondly soil is a structured, heterogeneous and

discontinuous system, generally poor in nutrients and energy sources. The rhizosphere

harbours an extremely complex microbial community including saprophytes,

epiphytes, endophytes, pathogens and beneficial microorganisms. Among the

beneficial microorganisms, plant growth promoting rhizobacteria (PGPR) are a

common group of bacteria that can actively colonize plant roots and increase plant

growth. These bacteria are used as biofertilizers and bioprotectants by enhancing plant

growth through production of signal compounds that directly stimulate plant growth,

improve plant disease resistance and improve mobilization of soil nutrients. Jute is

mainly cultivated for its fibre obtained from the shoot. Better development of shoot

therefore would lead to increase the productivity of finished product. Hence, there is a

need for utilizing beneficial microorganisms- PGPR as biofertilizers to enhance

productivity as well as bioprotectors to reduce disease of jute plants.

Considering beneficial role of rhizobacteria, the study was undertaken with the

title “Evaluation of jute rhizospheric bacteria for plant growth promotion and disease

suppression” giving special emphasis on growth promoting, phosphate solubilizing

traits and biocontrol potential of Pantoea agglomerans (Acti-3, NCBI KT031388.1)

and Bacillus amyloliquefaciens (Acti-6, NCBI KT192627.1). Pantoea agglomerans as

potent phosphate solubilizer and Bacillus amyloliquefaciens as biocontrol agent

against Macrophomina phaseolina, both the isolates were selected on the basis of

their best responses in in vitro PGPR tests and in vitro antagonism out of five PGPR

isolates, isolated from different jute growing fields of North Bengal.

The main objectives of the present study were to isolate potent PGPR strains

from the rhizosphere of jute plants; selection of two potent PGPR and antagonistic

isolates on the basis of their best response in in vitro PGP activities, phosphate

solubilizing and in vitro antagonistic traits; to assess the growth promotion efficacy of

those isolates in jute and to determine biocontrol potential of the selected bacterial

isolates against stem rot of jute and biochemical changes associated with disease

suppression.
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A review of literature has been presented which emphasises on the growth

promotion, biological disease control and mechanisms related to induction of

resistance during disease suppression.

Standard methods were used for performing experiments in order to achieve the

above objectives. Four varieties of jute plants- two varieties (JRO 524 and JRO 8432)

of Corchorus olitorius and another two varieties (JRC 212 and JRC 321) of

Corchorus capsularis were collected from the Central Research Institute for Jute and

Allied Fibres, Barrackpore, maintained properly and planted for the experimental

purposes.

On the basis of screening of about 76 bacterial isolates, isolated from different

jute growing fields of North Bengal for their ability to solubilise phosphate and

antagonism against Macrophomina phaseolina, causal agent of stem rot of jute, 4

antagonistic strains- Bacillus  amyloliquefaciens (Acti-6; NCBI KT192627.1),

Bacillus subtilis (B-3; NCBI KT266821.1), Stenotrophomonas sp. (Acti-2; NCBI

KX618651.1), Ralstonia pickettii (JRS-1; NCBI KP247498.1) and one potent

phosphate solubilizer- Pantoea agglomerans (Acti-3; NCBI KT031388.1) were

identified by biochemical as well as molecular characterization. Among the four

antagonistic strains, Bacillus amyloliquefaciens (Acti-6; NCBI KT192627.1) showed

highest in vitro antagonism against M. phaseolina. Finally, Bacillus amyloliquefaciens

(Acti-6; NCBI KT192627.1) and Pantoea agglomerans (Acti-3; NCBI KT031388.1)

were selected for detailed studies for in vitro characterization related to growth

promotion, in vitro antagonism against fungal pathogens and their role in

improvement of growth as well as suppression of stem rot disease of jute plants.

Both the strains showed best growth at pH-6.0 and 35ºC. P. agglomerans

utilized more carbon, fructose, ribose, dextrin, salicin, trehalose and mannose as

compared to B. amyloliquefaciens. In screening of the abilities of P. agglomerans and

B. amyloliquefaciens for extracellular hydrolytic enzyme production, both the isolates

produced protease, amylase but chitinase and cellulase production was exhibited only

by B. amyloliquefaciens. B. amyloliquefaciens produced optimum chitinase at 35ºC,

pH-8.0. Similarly, B. amyloliquefaciens produced optimum protease after 36 hours of

growth phase, at pH-8.5. Protease activity was found to increase in presence of
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calcium and manganese chloride, whereas, decrease in protease activity was observed

in presence of Zn+2.

In vitro PGPR characteristics of B. amyloliquefaciens and P. agglomerans were

determined in terms of their ability to produce IAA, solubilise phosphate in PKV

medium, production of siderophore, HCN, ammonia and volatiles. Results revealed

that P. agglomerans showed more IAA production, whereas, the degree of phosphate

solubilization was quite higher in P. agglomerans. B. amyloliquefaciens showed

positive response in siderophore and HCN production. Both the isolates produced

ammonia. B. amyloliquefaciens and P. agglomerans did not produce any volatile

compounds.

After in vitro PGPR characterization and optimization studies of extracellular

hydrolytic enzyme production by the isolates, in vitro antagonistic activities of B.

amyloliquefaciens and P. agglomerans against phyto-pathogens were analysed. B.

amyloliquefaciens inhibited growth of M. phaseolina which was also confirmed by

scanning electron microscopy showing morphological abnormalities in hyphae of M.

phaseolina in presence of B. amyloliquefaciens. Different fractions of antifungal

compounds, isolated from B. amyloliquefaciens were screened for antagonistic

activity. Results revealed that ethyl acetate fraction showed best response. GC/MS

analysis of ethyl acetate fraction also confirmed the presence of 10-Octadecenoic acid

and methyl esters.

In vivo plant growth promoting activities of B. amyloliquefaciens and P.

agglomerans were evaluated. Single as well as dual application of both the isolates

significantly increased growth of jute varieties in terms of increase in shoot & root

length, fresh biomass, shoot & root dry biomass and leaf area (cm2) after 15, 30 & 45

days. Dual application of B. amyloliquefaciens and P. agglomerans were most

effective in all four varieties of jute after 45 days of application but P. agglomerans

was most effective as plant growth promoter when applied singly. P. agglomerans

was better phosphate solubilizer than B. amyloliquefaciens. Similarly, P. agglomerans

singly and P. agglomerans when applied with B. amyloliquefaciens were effective in

increasing biochemical parameters related to growth- total & reducing sugar, soluble

protein, total & ortho phenol and total chlorophyll contents in jute varieties.
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B. amyloliquefaciens along with P. agglomerans reduced stem rot disease of jute

caused by M. phaseolina in terms of significant decrease in percent disease index

(PDI). All defense enzymes related to ISR during disease suppression were enhanced.

B. amyloliquefaciens singly and B. amyloliquefaciens along with P. agglomerans

showed best responses in increasing activities of defense enzymes, phenolics (total

and o-phenol) as well as reducing stem rot disease when there was challenge

inoculation with M. phaseolina.

Thus, the overall results of the study indicated that Pantoea agglomerans as

potent plant growth promoter, phosphate solubilizer and Bacillus amyloliquefaciens as

bioprotector could be used in agriculture field for improvement of growth as well as

disease suppression in crops through an integrated eco-friendly management

practices.
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INTRODUCTION 

  

The soil surrounding the roots of plants is an energy rich hot spot for microbial 

activity. In this dynamic region interactions between the plant and microbes are 

always going on. Root exudates, rich in include amino acids, organic acids, 

carbohydrates, sugars, vitamins, mucilage and proteins, act as messengers that 

stimulate biological and physical interactions between roots and soil organisms. The 

microorganisms present around the root may exert beneficial, neutral or detrimental 

effect on the growth and productivity of the plants. The beneficial bacteria which live 

at the vicinity of the host root either promotes plant growth through direct action or 

via biological control of plant diseases and are defined as plant growth promoting 

rhizobacteria (PGPR) (Kloepper and Schroth, 1978). The PGPR can remain either 

inside the host tissue as symbionts or may remain outside the host as free living, thus 

may be divided into two groups according to their niche: iPGPR, which establish 

symbiotic association with the host, thus produce nodule and remain localized inside 

the structure; and ePGPR, which live freely in the rhizosphere, do not produce 

nodules, but still promote plant growth (Gray and Smith, 2005). Presently several 

genera are designated as PGPR and are known to be associated with several crop 

plants, viz. Azotobacter, Azospirillum, Azoarcus, Bacillus,  Burkholderia,  

Enterobacter,  Erwinia, Klebsiella,  Pseudomonas,  Serratia, Pantoea, Acinetobacter, 

Rhizobium etc. The mechanism of plant growth promotion by PGPR has not been 

completely elucidated, but there are several mechanisms by which different PGPRs 

have been reported to facilitate the growth of host plant directly and/or indirectly by 

inhibiting the growth of pathogens (Glick, 1995). The mechanisms by which PGPR 

can promote the plant growth may include phosphate solubilization (Nautiyal, 1997), 

phytohormones like Indole-3 acetic acid (IAA), cytokinin, gibberellins production, 

breakdown of plant induced ethylene by production of 1-aminocyclopropane-1-

carboxylate (ACC) deaminase, which can cleave ACC, and increase mineral and N- 

availability in the soil (Kloepper, 1992; Glick, 1995), siderophore production (Joshi et 

al. 2008), hydrolytic enzymes (Zhang and Yuen, 2000) and biocontrol activities 

against deleterious plant pathogens (Antoun et al. 1978), secondary metabolites such 

as volatile compound HCN (Defago and Haas, 1990). The use of PGPR also showed 

enhancement of growth of plants when applied in vivo.  
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Nithya et al. (2013) studied the potentiality of nine Bacillus and Pseudomonas 

strains to induce systemic resistance in two sorghum cultivars against extremely 

pathogenic grain mould pathogens-Curvularia lunata and Fusarium proliferatum. 

They screened nine bacterial strains (Bacillus pumilus SB 21, Bacillus megaterium 

HiB 9, Bacillus subtilis BCB 19, Pseudomonas plecoglossicida SRI 156, 

Brevibacterium antiquum SRI 158, B. pumilus INR 7, P. fluorescens UOM SAR 80, 

P. fluorescens UOM SAR 14 and B. pumilus SE 34) were screened to induce systemic 

resistance in sorghum cultivars 296B and Bulk Y against C. lunata and F. 

proliferatum, respectively. Among the strains tested, SRI 158 was found highly 

effective in reducing grain mould severity in both the genotypes. 

Dubey et al. (2014) isolated two promising isolates Bacillus sp. BSK5 and 

Bacillus subtilis BSK17 from the rhizosphere of chickpea. These two strains 

solubilised inorganic phosphate, produced IAA, siderophore, Hydrocyanic acid and 

secreted extracellular  chitinase  and  β-1, 3-glucanase  which  antagonised  and  

caused mycelial  deformities  in  two  phytopathogens-  Macrophomina  phaseolina 

and Fusarium  oxysporum in  dual  culture  and  by  culture  filtrate.  

A study was conducted by Bakhshandeh et al. (2014) to evaluate the phosphate 

solubilization activity of bacteria isolated from the rhizosphere of rice paddy soil in 

northern Iran. The effect of temperature, NaCl and pH on the growth of these isolates 

was studied by modelling. Three of the most effective strains from a total of 300 

isolates were identified and a phylogenetic analysis was carried out by 16S rDNA 

sequencing. The isolates were identified as Pantoea ananatis (M36), Rahnella 

aquatilis (M100) and Enterobacter sp. (M183). These isolates showed multiple plant 

growth-promoting attributes such as phosphate solubilization activity and indole-3-

acetic acid (IAA) production. The M36, M100 and M183 isolates were able to 

solubilize 172, 263 and 254 µg /ml of Ca3(PO4)2 after 5 days of growth at 28 °C and 

pH 7.5, and to produce 8.0, 2.0 and 3.0 μg/ml of IAA when supplemented with L-

tryptophan (1 mg/ml) for 72 h, at 28 °C and pH 7.0, respectively. The solubilization 

of insoluble phosphate was associated with a drop in the pH of the culture medium 

and there was an inverse relationship between pH and solubilized P. There were no 

significant differences among isolates in terms of acidity tolerance based on their 

confidence limits as assessed by segmented model analysis and all isolates were able 

to grow at pH 4.3-11 (with optimum at 7.0-7.5). Based on a sigmoidal trend of a 
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three-parameter logistic model, the salt concentration required for 50% inhibition was 

8.15, 6.30 and 8.23% NaCl for M36, M100 and M183 isolates, respectively. 

Moreover, the minimum and maximum growth temperatures estimated by the 

segmented model were 5.0 and 42.75 °C for M36, 12.76 and 40.32 °C for M100, and 

10.63 and 43.66 °C for M183.  

Asari et al. (2016) have reported the colonization of Arabidopsis roots with 

Bacillus amyloliquefaciens UCMB5113 caused change in root structure and 

promoted growth. They showed that the rhizobacterium Bacillus amyloliquefaciens 

subsp. plantarum UCMB5113 stimulated the growth of Arabidopsis thaliana Col-0 

by increased lateral root outgrowth and elongation and root-hair formation, although 

primary root elongation was inhibited. In addition, the growth of the above ground 

tissues was stimulated by UCMB5113. Specific hormone reporter gene lines were 

tested which suggested a role for at least auxin and cytokinin signalling during 

rhizobacterial modulation of Arabidopsis root architecture. UCMB5113 produced 

cytokinins and indole-3-acetic acid. The production of IAA was stimulated by root 

exudates and tryptophan. The plant growth promotion effect by UCMB5113 did not 

appear to depend on jasmonic acid in contrast to the disease suppression effect in 

plants. The exudates from the isolate inhibited primary root growth, while a semi-

purified lipopeptide fraction did not and resulted in the 

overall growth promotion indicating interplay of many different bacterial compounds 

that affect the root growth of the host plant. In another study of Asari et al. 

(2016) reported the beneficial role of Bacillus VOC for the improvement of growth 

and pathogen control. They have screened four strains of Bacillus 

amyloliquefaciens subsp. plantarum strains were screened for VOC effects 

on Arabidopsis thaliana Col-0 seedlings and Brassica fungal phytopathogens. VOC 

from all four Bacillus strains could promote growth of Arabidopsis plants resulting in 

increased shoot biomass but the effects were dependent on the growth medium. Dose 

response studies with UCMB5113 on MS agar exhibited significant plant growth at 

low levels of bacteria in presence of root exudates. However, senescence signs were 

observed for plants exposed to 15 times higher levels of UCMB5113 on MSA after 

longer exposure while the plant growth promotion remained at similar magnitude in 

all cases. Interestingly, the higher bacterial density on MSA supplemented with root 

exudates did not result in chlorosis while the growth-promoting effect was even 
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stronger. VOC antagonized growth of several fungal pathogens in vitro. However, the 

plant growth promotion efficacy and fungal inhibition potency varied among 

the Bacillus strains. VOC inhibition of several phytopathogens indicated efficient 

microbial antagonism supporting high rhizosphere competence of the Bacillus strains. 

GC-MS analysis showed a high production of diacetyl (2, 3- butanedione) and acetoin 

(3-hydroxy-2-butanone) by UCMB5113 on M9 medium. 

Jute is a natural long, soft, shiny vegetable fibre that can be spun into coarse, 

strong threads. It is produced from plants in the genus Corchorus, family Malvaceae. 

Jute is one of the cheapest natural fibres and is second only to cotton in amount 

produced and variety of uses. The suitable climate for growing jute (warm and wet 

climate) is offered by the monsoon climate during the monsoon season. Temperatures 

ranging 20˚C to 40˚C and relative humidity of 70%–80% are favourable for 

successful cultivation. Jute requires 5–8 cm of rainfall weekly with extra needed 

during the sowing period. Due to its good spinable characteristics, it is a good textile 

fibre. It is well known as golden fibre. At present jute and jute goods are suffering 

many problems both in home and abroad. International market of jute and jute goods 

is now suffering from decreasing fund of price for not only the synthetic fibre come in 

competition but also the inferior quality. Cultivation of jute also suffers from attacks 

by various pathogens during different stages of growth, the most important being 

Macrophomina phaseolina causing stem rot (Ashraf and Javaid, 2007). Very little 

work has been done on microbial population of jute rhizosphere. Akhter and Mandal 

(1996) studied the bacterial population in the Rhizosphere of Jute and allied fibrous 

plants. Saha et al. (2000) investigated the changes in soil properties and crop 

productivity as affected by long-term fertilization for 25 years in the New Gangetic 

alluvial soil with jute-rice-wheat cropping sequence.  

So it can be concluded that, in spite of being an important crop of large area of 

India and Bangladesh the rhizosphere of jute has not yet been studied well. Non 

judicial uses of chemical fertilizer and fungicide cause soil contamination, fungicide 

resistance and harmful effects to non-target organisms. In order to adopt eco-friendly 

and inexpensive alternate disease management strategies, increasing  use  of  plant  

growth  promoting  microbes as biofertilizers and  biocontrol agents  provide  

alternatives  to  the  use  of  chemicals for  disease  control.  
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The present study has been undertaken with the following objectives: 

Objectives 

1. Isolation, biochemical characterization and identification of bacteria from the 

rhizosphere of jute. 

2. Determination of ability of isolated bacterial strains to promote growth in 

vitro. 

3. In vitro screening of PGPR strains for evaluation of antagonistic activity 

against some common pathogens. 

4. In vivo testing of PGPR for evaluation of growth promotion and disease 

suppression.  

5. Determination of biochemical changes related to growth promotion. 

6. Analysis of defence related responses induced by PGPR. 
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LITERATURE REVIEW 

  

The rhizosphere is the zone of soil surrounding a plant root where the biology 

and chemistry of the soil are influenced by the root. Complex gradient of substrate 

availability, water potential, and redox state distinguish this habitat from bulk soil, 

and constrains the distribution and the activity of the tremendously diverse 

rhizosphere microbiota (Kumar et al. 2013). The region around the root is relatively 

rich in nutrients, due to the loss of as much as 40% of plant photosynthates from the 

roots as root exudates (Lynch and Whipps, 1991). Root exudates include amino acids, 

organic acids, carbohydrates, sugars, vitamins, mucilage and proteins. The exudates 

launch signals and attract the microbes towards root by stimulating biological and 

physical interactions between roots and soil microorganisms (Brevic, 2012). 

Consequently, the rhizosphere supports large and active microbial populations 

capable of exerting positive, neutral, or negative effects on plant growth (Reddy, 

2013). According to Raynaud  and  Nunan  (2014)  the  vast  majority  of  soil 

organisms in the rhizosphere were bacteria, with densities as high as 108 cells  per  

gram  of  bulk  soil  which  depends  on  biotic  conditions  like  soil  pH, temperature 

and moisture. 

Plant growth promoting rhizobacteria (PGPR) are natural microflora of soil that 

are able to colonize plant roots and stimulate plant growth when applied to roots and 

other propagules (Egamberdieva et al. 2010). The term PGPR was first introduced by 

Kloepper and Schroth (1978) to describe soil bacteria that colonize the roots of plants 

following inoculation on to seed and that improve the plant growth. Some authors also 

used the term plant health promoting rhizobacteria (PHPR) or nodule promoting 

rhizobacteria (NPR) for the PGPR and are associated with the rhizosphere, an 

important soil ecological environment for plant–microbe communications (Burr and 

Caesar, 1984). The relationship of PGPR with the host plants may be of two types and 

PGPR can be divided into two groups: symbiotic bacteria and free-living 

rhizobacteria (Khan, 2005). Several workers also designated PGPR two groups 

according to their residing sites: iPGPR (i.e., symbiotic bacteria), which live inside 

the host cells, produce nodules, and are localized inside the nodule; and ePGPR (i.e., 

free-living rhizobacteria), which do not produce nodules, but still can prompt plant 
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growth (Gray and Smith, 2005). The best-known iPGPR are Rhizobia, which produce 

nodules in leguminous plants and provide nitrogen to them (Hayat et al. 2010). The 

PGPR facilitate plant growth and development by both direct and indirect 

mechanisms (Glick, 1995). The direct mechanism of plant growth promotion include, 

production of phytohormones, providing plants with fixed  nitrogen and soluble 

phosphate, while indirect stimulation of plant growth includes preventing 

phytopathogens by secretion of siderophore that sequester iron from the soil and thus 

preventing phytopathogens from pathogenesis and thus, promoting  plant growth and 

development (Bashan and Glick, 1997). The review presented below has been 

compiled mainly to understand the present status knowledge regarding mechanisms of 

plant growth promotion and disease control by plant growth promoting bacteria 

(PGPR). 

2.1. The mechanism of Plant growth promotion by PGPR 

Plant growth promoting rhizobacteria (PGPR) are a common group of bacteria 

that can actively colonize plant roots and increase plant growth (Kloepper and 

Schroth, 1978). These PGPR can prevent the deleterious effects of phytopathogenic 

organisms on the environment. The mechanisms by which PGPR can influence plant 

growth may differ from species to species as well as from strain to strain. It may 

promote growth directly by producing phytohormones, increase the phosphorous 

uptake by solubilization of inorganic phosphates, by fixing the atmospheric N2, 

increasing the availability to plants and ammonia production were reported as best 

known mechanisms of plant growth promotion (Podile and Kishore, 2006; Zhang et 

al. 2012; Singh et al. 2013; Kumar et al. 2013). Production of siderophores and 

secretion of different antifungal compounds to inhibit the phytopathogens are 

considered as indirect methods of plant growth promotion. 

2.1.1. Synthesis of phytohormones 

Plant hormones play important role in plant growth and development. Several 

stages such as cell elongation, cell division, tissue differentiation, and apical 

dominance are controlled by the plant hormones, especially auxins and cytokinins. 

Auxins and cytokinins can be synthesized by both the plants and the microorganisms. 

Auxin, indole-3-acetic acid (IAA), is an important phytohormone produced by a 

number of PGPR, and treatment with auxin-producing rhizobacteria increased the 
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plant growth (Vessey, 2003; Erturk et al. 2008). Diverse bacterial species possess the 

ability to produce the phytohormone IAA. At present, auxin synthesizing 

rhizobacteria are the most well-studied phytohormone producers (Tsavkelova et al. 

2006; Spaepen et al. 2007). Different biosynthesis pathways have been identified and 

redundancy for IAA biosynthesis is widespread among plant-associated bacteria. It 

has been estimated that 80% of bacteria isolated from the rhizosphere can produce 

plant growth regulator IAA (Patten and Glick, 1996). IAA production by bacteria can 

vary among different species and strains, and it is also influenced by factors as culture 

condition, growth stage and substrate availability (Mutluru and Konada, 2007). The 

bacteria synthesize IAA generally through two pathways- Rhizobium, 

Bradyrhizobium, and Azospirillum synthesize IAA via the Indole-3-pyruvic acid 

(IPyA) pathway (Costacurta and Vanderleyden, 1995; Patten and Glick, 1996; 

Burdman et al. 2000). On the other hand, the indole-3-acetamide (IAM) pathway is 

used by some pathogenic bacteria such as Pseudomonas syringae, Agrobacterium 

tumefaciens, and Erwinia herbicola to synthesize IAA (Dobbelaere et al. 2003). 

Among PGPR species, Azospirillum is one of the best studied IAA producers 

(Dobbelaere et al. 1999). Other IAA producing bacteria belonging to Aeromonas 

(Halda-Alija, 2003), Azotobacter (Zahir et al. 2000), Bacillus (Swain et al. 2007), 

Burkholderia (Halda-Alija, 2003), Enterobacter (Shoebitz et al. 2009), Pseudomonas 

(Hariprasad and Niranjana, 2009) and Rhizobium (Ghosh et al. 2008) have been 

isolated from different rhizosphere soils. Culture filtrates of plant growth-promoting 

rhizobacteria (PGPR) Bacillus amyloliquoefaciens (FZB24, FZB42 and FZB45) and 

Bacillus subtilis FZB37 which are reported to produce IAA, have a strong growth-

promoting activity. During the bioassays, seedling segment elongation and coleoptiles 

bending performed with diluted Bacillus culture filtrates demonstrated that length 

growth of maize seedlings was significantly enhanced. Bacillus amyloliquefaciens 

FZB42 exhibited the highest enhancement on plant growth comparable with 

concentrations of 10–6 to 10–7 mol/l IAA (Idris et al. 2007). In a study by Khalid et al. 

(2004) focused on the screening of effective PGPR strains on the basis of their 

potential for in vitro auxin production and plant growth promoting activity under 

gnotobiotic conditions. A large number of bacteria were isolated from the rhizosphere 

soil of wheat plants grown at different sites. Thirty isolates showing prolific growth 

on agar medium were selected and evaluated for their potential to produce auxins in 

vitro. Colorimetric analysis showed variable amount of auxins (ranging from 1.1 to 
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12.1 mg L-1) produced by the rhizobacteria in vitro and amendment of the culture 

media with l-tryptophan (l-TRP), further stimulated auxin biosynthesis (ranging from 

1.8 to 24.8 mg L-1). HPLC analysis confirmed the presence of indole acetic acid 

(IAA) and indole acetamide (IAM) as the major auxins in the culture filtrates of these 

rhizobacteria. A series of laboratory experiments conducted on two cv. of wheat under 

gnotobiotic (axenic) conditions demonstrated increases in root elongation (up to 

17.3%), root dry weight (up to  13.5%), shoot elongation (up to 37.7%) and shoot dry 

weight (up to 36.3%) of inoculated wheat seedlings. Linear positive correlation (r = 

0.99) between in vitro auxin production and increase in growth parameters of 

inoculated seeds was found. Based upon auxin biosynthesis and growth-promoting 

activity, four isolates were selected and designated as plant growth-promoting 

rhizobacteria (PGPR). Auxin biosynthesis in sterilized vs nonsterilized soil inoculated 

with selected PGPR was also monitored that revealed superiority of the selected 

PGPR over indigenous microflora. Peat-based seed inoculation with selected PGPR 

isolates exhibited stimulatory effects on grain yields of tested wheat cv. in pot (up to 

14.7% increase over control) and field experiments (up to 27.5% increase over 

control); however, the response varied with cv. and PGPR strains. It was concluded 

that the strain, which produced the highest amount of auxins in non-sterilized soil, 

also caused maximum increase in growth and yield of both the wheat cv. Their study 

suggested that potential for auxin biosynthesis by rhizobacteria could be used as a tool 

for the screening of effective PGPR strains. Ahmad et al. (2005) reported that 10 

Azotobacter and 11 fluorescent Pseudomonas sp. showed IAA production ability in 

presence and absence of tryptophan. In absence of additional tryptophan, the 

Azotobacter strains showed low amount of IAA production (2.68-10.80 mg/ml).The 

Azotobacter isolates showed high level (7.3 to 32.8 mg/ml) production of IAA at 5 

mg/ml of tryptophan while at 1 and 2 mg/ml the production was in the range of 1.47 

to 11.88 and 5.99 to 24.8 mg/ml, respectively. Production of IAA in fluorescent 

Pseudomonas isolates increased with an increase in tryptophan concentration from 1 

to 5 mg/ml in the bulk of isolates. In the presence of 5 mg/ ml of tryptophan, 5 

isolates of Pseudomonas produced high levels (41.0 to 53.2 mg/ml) of IAA while 6 

other isolates produced IAA in the range of 23.4 to 36.2 mg/ml. It has been further 

observed that Pseudomonas isolates (Ps1, Ps4 and Ps7) negatively affect the growth 

of root elongation of Sesbania aculeata and Vigna radiata at all concentrations of 

tryptophan compared to the control. Boiero et al. (2007) has reported significant shoot 
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growths in maize and rice dwarf mutants, promoted by gibberellins-like substances 

excreted by Azospirillum spp. In another study Tsavkelova et al. (2007) reported an 

increase in the germination of seeds of Dendrobium moschatum inoculated with 

Sphingomona ssp. and IAA producing Mycobacterium sp. Biostimulant species of 

Pseudomonas and Bacillus can produce yet not well characterized phytohormones or 

growth regulators that cause crops to have greater amounts of fine roots which have 

the effect of increasing the absorptive surface of plant roots for uptake of water and 

nutrients. Rhizobia are the first group of bacteria, which are attributed to the ability of 

PGPR to release IAA that can help to promote the growth and pathogenesis in plants 

(Mandal et al. 2007). Acuña et al. (2011) reported IAA production in Bacillus and 

Paenibacillus sp. They have reported the effect of pH and metal ions on IAA 

production. The production in vivo of IAA by Paenibacillus sp. SPT−03 was 

increased 7−fold when incubated in tenfold diluted culture medium, compared to the 

full–strength medium. At low pH IAA production of Bacillus sp. MQH−19 was 

decreased, whereas they were increased in Paenibacillus sp. SPT−03. The ten 

Pseudomonas fluorescens and Bacillus subtilis isolates obtained from the rhizosphere 

of paddy showed IAA production. The IAA production by Bacillus subtilis was 

relatively low when compared to Pseudomonas fluorescens. The maximum IAA 

production by Pseudomonas fluorescens was recorded by the isolate PF-8 (28.80 

µg/ml). The minimum production of IAA was found in PF–4 (7.36 µg/ml) isolates 

(Sivasakthi et al. 2013). Shim et al. (2015) reported IAA production by Bacillus sp. in 

presence of chromium. The strain JH 2-2, isolated from the rhizosphere of plants at a 

multi-metal contaminated mine site, has the potential to reduce Cr(VI) to Cr(III) and 

promote plant growth by reducing Cr toxicity and producing IAA. 

Generally, rhizobacterial IAA interferes with the many plant developmental 

processes because the endogenous pool of plant IAA may be altered by the 

acquisition of IAA that has been secreted by soil bacteria (Glick, 2012; Ahemad and 

Kirbet, 2014). Evidently, IAA also acts as a reciprocal signalling molecule affecting 

gene expression in several microorganisms. Consequently, IAA plays a very 

important role in rhizobacteria-plant interactions (Spaepen and Vanderleyden, 2011). 

Moreover, down-regulation of IAA as signalling is associated with the plant defense 

mechanisms against a number of phyto-pathogenic bacteria as evidenced in enhanced 

susceptibility of plants to the bacterial pathogen by exogenous application of IAA or 
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IAA produced by the pathogen (Spaepen and Vanderleyden, 2011). IAA has been 

virtually associated with every aspect of plant growth and development, as well as 

defence responses. Generally, IAA affects plant cell division, extension, and 

differentiation; stimulates seed and tuber germination; increases the rate of xylem and 

root development; controls processes of vegetative growth; initiates lateral and 

adventitious root formation; mediates responses to light, gravity and florescence; 

affects photosynthesis, pigment formation, biosynthesis of various metabolites, and 

resistance to stressful conditions. IAA produced by rhizobacteria likely, interfere with 

the above physiological processes of plants by changing the plant auxin pool. 

Moreover, by increasing root surface area and length, bacterial IAA provides the plant 

greater access to soil nutrients. Also, rhizobacterial IAA loosens plant cell walls and 

as a result facilitates an increasing amount of root exudation that provides additional 

nutrients to support the growth of rhizosphere bacteria (Glick, 2012; Ahemad and 

Kirbet, 2014). Reetha et al. (2014) reported the effect of IAA producing Pseudomonas 

fluorescens and Bacillus subtilis on the growth of Onion. Both the isolates are isolated 

from the rhizosphere of onion and analysed for in vitro indole acetic acid. In the 

quantitative measurements, the highest value of IAA production was obtained by P. 

fluorescens followed by B. subtilis, as they produced (15.38 ± 0.537) and (12.67 ± 

0.325) respectively. Both bacteria demonstrated increase in root length, shoot length, 

root and shoot fresh and dry weight, on bacterial inoculated onion seeds over control. 

Cytokinins, reported as adenine derivatives with an isoprenoid side chain, are 

other important phytohormones usually present in small amounts in biological 

samples and are often difficult to identify and quantify (Dobbelaere et al. 2003). The 

most noticeable effect of cytokinin on plants is enhanced cell division; however, root 

development and root hair formation have also been reported by few workers 

(Frankenberger and Arshad, 1995). Plants and plant associated microorganisms have 

been found to contain over 30 growth promoting compounds of the cytokinin group. 

Cytokinins are produced by bacteria such as Azospirillum and Pseudomonas spp. 

(Gaudin et al. 1994). Some PGPR strains were reported to produce cytokinins, such as 

Arthrobacter spp., Rhizobium leguminosarum, Paenibacillus polymyxa, and 

Pseudomonas fluorescens (Noel et al. 1996; Timmusk et al. 1999; Garcia de 

Salamone et al. 2001; Bent et al. 2001; Vessey, 2003). Hussain and Hasnain (2009) 

studied the effect of cytokinin producing soil isolates on cell division in cucumber 
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cotyledons. They have screened 33 rhizospheric isolates and selected three most 

promising isolates. Bacillus licheniformis Am2 strain isolated from crop plant 

Brassica campestris was the most efficient cytokinin secreting bacteria among the 

strains studied. Two species of cytokinins were detected in the culture media of 

Bacillus licheniformis Am2 strain. Bacterial cytokinin was significantly correlated to 

cell division as well as cotyledon expansion in the dark. However in light grown 

cotyledons bacterial cytokinin was only significantly correlated to cell division but 

not to the cotyledon expansion. Liu et al. (2013) studied the effects of Bacillus subtilis 

on hormone concentration, drought resistance, and plant growth under water-stressed 

conditions. Under well-watered conditions, leaves of inoculated Platycladus orientalis 

seedlings under drought stress had higher relative water content and leaf water 

potential compared with those of un-inoculated ones. Regardless of water supply 

levels, the root exudates, namely sugars, amino acids and organic acids, significantly 

increased because of B. subtilis inoculation. Water stress reduced shoot cytokinins by 

39.14%. However, inoculation decreased this deficit to only 10.22%. B. subtilis 

inoculation increased the shoot dry weight of well-watered and drought seedlings by 

34.85 and 19.23%, as well as the root by 15.445 and 13.99%. 

A number of authors have reported that PGPR also produced gibberellins (GAs). 

Dobbelaere et al. (2003) reported that over 89 GAs are known to date and are 

numbered GA1 through GA89 in approximate order of their discovery (Frankenberger 

and Arshad, 1995; Arshad and Frankenberger, 1998). The most widely recognized 

gibberellin is GA3 (gibberellic acid); the most active GA in plants is GA1, which is 

primarily responsible for stem elongation (Davies, 1995). PGPR such as Rhizobium 

phaseoli, Azospirillum lipoferum, Azotospirillum brasilense, Acetobacter 

diazotropicus, Herbospirillum seropedicae, Bacillus licheniformis, B. pumilus, 

Bacillus cereus MJ-1, Bacillus macroides CJ-29 were reported to produce GAs 

(Janzen et al. 1992; Bastian et al. 1998; Gutierrez-Manero et al. 2001; Joo et al. 2004). 

Joo et al. (2004) reported that the growth of red pepper plug seedlings was increased 

by Bacillus cereus MJ-1, B. macroides CJ-29, and B. pumilus CJ-69, though the 

number of leaves and stem diameter were not significantly changed. The greatest 

increase is in the height and the root fresh weight of the seedlings was by B. pumilus, 

which could increase the height by 12% and the root fresh weight by 20%. Pandya 

and Desai (2014) reported the GA production from rhizospheric Pseudomonas 
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monteilii NPB20. The isolate was bioassayed on wheat and chana for its growth 

promoting capacity. The microbial broth suspension of NPB20 significantly promoted 

growth of wheat and chana seedlings. In both crops, seed germination, the root length, 

and shoot length parameters significantly promoted compared to positive control. 

Another mechanism of plant growth promotion involving ethylene has been 

proposed by Burdman et al. (2000). Ethylene is a gaseous plant growth hormone 

produced endogenously by almost all plants. It is also produced in soil through a 

variety of biotic and abiotic mechanisms, and plays a key role in inducing diverse 

physiological changes in plants at cellular level. Apart from being a plant growth 

regulator, ethylene has also been established as a stress hormone. Under stress 

conditions like those generated by salinity, drought, water logging, heavy metals and 

pathogenicity, the endogenous production of ethylene is accelerated significantly 

which adversely affects the plant physiology (Saleem et al. 2007). According to Glick 

et al. (1998) some bacteria contain 1-aminocyclopropane-1-carboxylate (ACC) 

deaminase that could cleave ACC, the immediate precursor to ethylene in the 

biosynthetic pathway for ethylene in plants. It has been postulated that ACC 

deaminase activity would decrease ethylene production in the roots of host plants and 

results in root lengthening (Kaymak, 2010). Several reports have indicated that under 

laboratory conditions, inoculation with rhizobacteria containing ACC-deaminase 

increased growth of the inoculated plants primarily through regulation of ethylene 

synthesis in the inoculated roots (Jacobson et al. 1994; Glick et al. 1995; Li et al. 

2000; Penrose et al. 2001; Ghosh et al. 2003; Shaharoona et al. 2006). 

Some workers have reported that the growth promotion effects of ACC 

deaminase producing PGPR is the best expressed in stress conditions including 

drought (Zahir et al. 2008) and salt (Nadeem et al. 2007; Zahir et al. 2009) stress. 

ACC deaminase has been widely reported in numerous microbial species of gram 

negative bacteria (Wang et al. 2000; Babalola et al.2003), gram positive bacteria 

(Belimov et al. 2001; Ghosh et al. 2003), rhizobia (Ma et al. 2003; Uchiumi et al. 

2004) and endophytes (Sessitsch et al. 2005). It is extensively studied in numerous 

species of plant growth promoting bacteria like Agrobacterium genomovars and 

Azospirillum lipoferum (Blaha et al. 2006), Alcaligenes and Bacillus (Belimov et al. 

2001), Burkholderia (Pandey et al. 2005; Sessitsch et al. 2005), Enterobacter 

(Penrose and Glick, 2001), Methylobacterium fujisawaense (Madhaiyan et al. 2006), 
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Pseudomonas (Mayak et al. 1999; Blaha et al. 2006; Zahir et al. 2009), Ralstonia 

solanacearum (Blaha et al. 2006), Rhizobium (Ma et al. 2003, Uchiumi et al. 2004), 

Rhodococcus (Stiens et al. 2006),  Sinorhizobium meliloti (Belimov et al. 2005) and 

Variovorax paradoxus (Belimov et al. 2001). Recent studies with ACC deaminase 

containing PGPR have given indication of their ability to boost plant growth under 

stressed conditions by regulating the production of ethylene. Under salinity stress, 1-

aminocyclopropane-1-carboxylic acid-deaminase activity of P. putida (N21), P. 

aeruginosa (N39) and Serratia proteamaculans (M35) might have caused reduction in 

the synthesis of stress (salt)-induced inhibitory levels of ethylene (Zahir et al. 2009). 

Shahzad et al. (2013) assed the growth promoting activity of two ACC deaminase 

producing strains Pseudomonas thivervalensis (STF3) and Serratia marcesens (STJ5) 

in maize under axenic conditions. The rhizobacterial strains were investigated for 

their growth and yield promoting potential under field conditions with 50, 75 and 

100% recommended chemical fertilizers (CF). Results of the study revealed that the 

rhizobacterial isolates, with 75 and 100% CF, significantly improved the growth and 

yield of maize compared to the uninoculated control. The growth and yield promoting 

effect of rhizobacterial strain P. thivervalensis (STF3) with 75% CF were similar to 

that of CF alone. However, with 100% CF, same rhizobacterial strain significantly 

increased plant height, total biomass, grain yield, 1000-grain weight and chlorophyll 

content compared to the uninoculated control. Varied ACC deaminase activity might 

be responsible for differential behaviour of P. thivervalensis (STF3) and S. 

marcesens (STJ5) under axenic and filed conditions.  

2.1.2. Solubilization of Organic and Inorganic Phosphates 

Phosphorus (P) is one of the major essential macronutrients for plant growth and 

development and is present at levels of 400–1,200 mg kg−1 of soil (Hayat et al. 2010). 

Most of the P is insoluble making it unavailable to plants. Even in P rich soil very 

little amount is readily available to plants. The plants are able to absorb their own 

mono and dibasic phosphate, but organic or insoluble forms of P need to be 

mineralized or solubilized (Ramaekers et al. 2010). Most of the insoluble P forms are 

present as aluminum and ironphosphates in acid soils (Mullen, 2005), and calcium 

phosphates in alkaline soils (Goldstein and Krishnaraj, 2007). The concentration of 

soluble P in soil is usually very low, normally at levels of 1 ppm or less (Goldstein, 

1994).  
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Table 1: List of plant growth regulators/ Hormones produced by PGPR. 

Plant growth 

regulators 

PGPR References 

IAA Rhizobium leguminosarum 

Azotobacter sp. 

Enterobacter sp. 

Pseudomonas fluorescens 

Mesorhizobium loti MP6 

Bacillus sp. 

Paenibacillus sp. 

Bacillus RC23 

Pseudomonas putida 

Biswas et al.(2000) 

Zahir et al. (2000) 

Mirza et a. (2001) 

Dey et al. (2004) 

Chandra et al. (2007) 

Beneduzi et al. (2008) 

Erturk et al. (2008)  

Ahemad and Khan 

(2012) 

Gibberellin Acetobacter diazotropicus 

Bacillus pumilus 

 

Azotobacter sp. 

Bastian et al. (1998) 

Guiterrez–Manero et 

al.(2001) 

Narula et al.2006 

Cytokinin Paenibacillus polymyxa 

Pseudomonas fluorescens 

Bacillus licheniformis 

Bacillus subtilis BC1 

Timmusk et al. (1999) 

Garcia de Salmone et 

al. (2001) 

Hussain and Hasnain 

(2009) 

ACC deaminase Pseudomonas putida 

Pseudomonas cepacia 

Pseudomonas putida biovar B 

 Bacillus sp. ACC3 

 Enterobacter cloacae 

Mayak et al. (1999)  

Cattelan et al. (1999) 

Rodriguez et al. 

(2008) 

Bal et al. (2012) 

Singh and Jha (2015) 
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The plant takes up several P forms but major part is absorbed in the forms of 

HPO4−2 or H2PO4−1. The phenomenon of P fixation and precipitation in soil is 

generally highly dependent on pH and soil type. Phosphate solubilizing bacteria 

(PSB), which are very common in soil, can be used to overcome the situation. 

Microorganisms offer a biological rescue system capable of transforming insoluble P 

to soluble monobasic and dibasic ions and may also solubilize inorganic phosphate 

(Kumar and Narula, 1999). The mechanism by which PSB solubilize P, involves 

process of acidification, chelation, exchange reactions, and production of gluconic 

acid (Rodriguez et al. 2004; Chung et al. 2005; Hameeda et al. 2008). However, 

acidification does not seem to be the only mechanism of P solubilization, as the 

ability to reduce the pH in some cases does not correlate with the ability to solubilize 

mineral phosphates (Subba Rao, 1982). 

Kim et al. 1997 reported that DNA transfer from Enterobacter agglomerans 

showed mineral phosphate solubilization activity in E.  coli  JM109, although  the  pH  

of  the  medium  was  not  altered. Members belonging to the genera Pseudomonas, 

Bacillus, Rhizobium, Burkholderia, Achromobacter, Agrobacterium, Microccocus, 

Aerobacter, Flavobacterium and Erwinia have the ability to solubilize insoluble 

inorganic phosphate (mineral phosphate) compounds such as tricalcium phosphate, 

dicalcium phosphate, hydroxyl apatite and rock phosphate (Goldstein, 1986; 

Rodríguez and Fraga, 1999; Rodríguez et al. 2006). Organic P can constitute between 

30 and 50% of the total P of the soil, a high proportion of it corresponding to phytate 

(Borie et al. 1989; Turner et al. 2003). In some soil the availability of organic 

phosphate compounds for plant nutrition could be a limitation due to precipitation 

with the soil particle ions. Three groups of enzymes viz. Nonspecific phosphatases, 

Phytases, Phosphonatases/Carbon-phosphate Lyases, can release phosphate from 

insoluble organic compounds in the soil. The activities of nonspecific acid 

phosphatases lead to the dephosphorylation of phospho-ester or phosphoanhydride 

bonds in the organic matter.  Most  of  the  PGPR strains  possessed  these  enzymes  

which  were  formed  by  three  molecular  families, designated as molecular  class A, 

B  and C (Thaller et al. 1995). Phytases, which are responsible for specific release of 

phosphate from phytic acid.  Most of the phytases (myo-inositol hexakisphosphate 

phosphorhydrolases) belong to high molecular weight acid phosphatases. According 

to Richardson (2001) phytate is the major component of organic phosphate in the soil. 
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In its basic form, phytate is the primary source of inositol and the major stored form 

of phosphate in the plant seeds and pollen. Phosphonatases and C-P Lyases perform 

C-P cleavage in organophosphonates. The main activity apparently  corresponds  to  

the  work  of  acid phosphatases and phytases because of the predominant presence of 

their substrates in soil (Tarafdar  and  Jung,  1987;  Tarafdar  and  Claassen,  1988). 

These processes have the potential to decrease the use of phosphate fertilizer by 

mobilizing the fertilizer constituents present in the soil and at the same time reducing 

costs and improving crop yields (Chaiharn and Lumyong, 2009). Microbial P release 

from organic P sources has been reported by several workers (Ohtake et al. 1996; 

McGrath et al. 1998; Rodríguez and Fraga 1999). Assimilation, storage and 

metabolism of phosphorus are of major importance to plant growth and development 

(Duff et al. 1994). De Freitas et al. (1997) isolated 111 strains from plant rhizospheric 

soil, and a collection of nine bacteria (PGPR) were screened for P-solubilization in 

vitro. The P-solubilizing isolates were identified as two Bacillus brevis strains, 

Bacillus megaterium, B. polymyxa, B. sphaericus, B. thuringiensis and Xanthomonas 

maltophilia (PGPR strains R85). Root development, stalk and stem strength, flower 

and seed formation, crop maturity and production, N-fixation in legumes, crop 

quality, and resistance to plant diseases are the attributes associated with phosphorus 

nutrition. Davison (1998) reported that fluorescent pseudomonads enhanced plant 

growth by improving soil nutrient status, secreting plant growth regulators, and 

suppressing soil-borne pathogens. In addition to the phosphate-solubilizing capability 

of many Pseudomonas strains, they could promote plant growth by mechanisms such 

as the production of plant growth regulators and vitamins, enhancement of plant 

nutrient uptake and suppression of pathogenic or deleterious organisms Moreover, the 

tripartite association composed of legume plant, rhizobia and Pseudomonas spp. was 

reported to increase root and shoot weight, plant vigour, nitrogen (N) fixation and 

grain yield in various legumes (Dashti et al. 1998; Sindhu et al. 1999).  

The phosphate solubilising bacteria (PSB) dissolved the soil P through 

production of low molecular weight organic acids mainly gluconic and keto gluconic 

acids (Deubel et al. 2000), in addition to lowering the pH of rhizosphere. The pH of 

rhizosphere was lowered through biotical production of proton/bicarbonate release 

(anion/cation balance) and gaseous (O2/CO2) exchanges. Pseudomonas stutzeri 

(Vazquez et al. 2000) and P. putida (Kumar and Singh, 2001) were also reported as 
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phosphate solubilizers. Strains from bacterial genera Pseudomonas, Bacillus, 

Rhizobium and Enterobacter along with Penicillium and Aspergillus fungi (Whitelaw, 

2000) and among the soil bacterial communities, ectorhizospheric strains from 

Pseudomonas and Bacillus, and endosymbiotic rhizobia were categorised as effective 

phosphate solubilizers. Vazquez et al. (2000) isolated 13 phosphate solubilizing 

bacteria along with a fungus from the rhizosphere of mangroves and reported that 

among the bacterium Vibrio proteolyticus was the most active P solubilizing species. 

Gupta et al. (2002) described Pseudomonas species as a potent phosphate solubilizer.  

Phosphorus solubilization ability of PSB had direct correlation with pH of the 

medium. Ectorhizospheric strains from pseudomonads and bacilli, and endosymbiotic 

rhizobia were also described as effective phosphate solubilizers (Igual et al. 2001). 

Growth and phosphorus content in two alpine Carex species were increased by 

inoculation with Pseudomonas fortinii (Bartholdy et al. 2001). Bacteria were also 

reported as more effective in phosphorus solubilization than fungi (Alam et al. 2002). 

Inoculation with PSB increased sugarcane yield by 12.6 percent (Sundara et al. 2002). 

Large amount of P applied as fertilizer enters in to the immobile pools through 

precipitation reaction with highly reactive Al3+ and Fe3+ in acidic, and Ca2+ in 

calcareous or normal soils (Gyaneshwar et al. 2002; Hao et al. 2002). Neelam and 

Meenu (2003) reported high tricalcium phosphate solubilizing ability of Pseudomonas 

sp. (TP2) isolated from rhizosphere of field grown Trigonella. Jeon et al. (2003) also 

reported phosphorous solubilization by three strains of Pseudomonas fluorescens.  

Some bacterial species have mineralization and solubilization potential for 

organic and inorganic phosphorus, respectively (Khiari and Parent, 2005). Inorganic P 

is solubilized by the action of organic and inorganic acids secreted by PSB in which 

hydroxyl and carboxyl groups of acids chelate cations (Al, Fe, Ca) and decrease the 

pH in basic soils (Stevenson, 2005). El-Komy (2005) studied the efficacy of strains of 

Pseudomonas fluorescens, Bacillus megaterium and Azospirillum spp. to solubilise 

Ca3PO4 under in vitro condition. Pseudomonas fluorescens and Bacillus megaterium 

strains were the most powerful phosphate solubilizers on Pikovskaya (PVK) plates 

and liquid medium. Azospirillum lipoferum strains showed weak zones of 

solubilisation on the PVK plates. Maximum pH reduction was 2.8, 1.2 and 0.5 units 

for Pseudomonas fluorescens, Bacillus megaterium and Azospirillum lipoferum strain 

137, respectively. Alginate and agar immobilization of the tested bacteria or 
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combination of A. lipoferum 137 and B. megaterium significantly enhanced 

phosphorus solubilisation for four consecutive 4-day cycles. In a pot experiment, 

phosphorus mobilization in wheat (Triticum aestivum L. cv. BeniSwif 1) inoculated 

with B. megaterium or A. lipoferum 137 as single or mixed inocula (as free or alginate 

immobilized beads) was studied in presence of Ca3PO4. In a study, Chen et al. (2006) 

isolated, screened and characterized 36 strains of phosphate solubilizing bacteria 

(PSB) from Central Taiwan. Mineral phosphate solubilizing (MPS) activities of all 

isolates were tested on tricalcium phosphate medium by analyzing the soluble-P 

content after 72 h of incubation at 30°C. Identification and phylogenetic analysis of 

36 isolates were carried out by 16S rDNA sequencing. Ten isolates belonged to genus 

Bacillus, nine to genus Rhodococcus, seven to genus Arthrobacter, six to genus 

Serratia and one each to genera Chryseobacterium, Delftia, Gordonia and 

Phyllobacterium. In addition, four strains namely, Arthrobacter ureafaciens, 

Phyllobacterium myrsinacearum, Rhodococcus erythropolis and Delftia sp. were 

reported for the first time as phosphate solubilizing bacteria (PSB) after confirming 

their capacity to solubilize considerable amount of tricalcium phosphate in the 

medium by secreting organic acids. P-solubilizing activity of these strains was 

associated with the release of organic acids and a drop in the pH of the medium. 

HPLC analysis detected eight different kinds of organic acids, namely: citric acid, 

gluconic acid, lactic acid, succinic acid, propionic acid and three unknown organic 

acids from the cultures of these isolates. An inverse relationship between pH and P 

solubilized was apparent from this study. Identification and characterization of soil 

PSB for the effective plant growth-promotion broadens the spectrum of phosphate 

solubilizers available for field application. Chakraborty et al. (2006) reported 

phosphate solubilization by Bacillus megaterium and thereby promoting the growth of 

tea plants. Phosphate solubilization by the tested organisms was accompanied with pH 

reduction of the culture medium. In another study, Orhan et al. (2006) reported that 

plant growth promoting effects of two Bacillus strains OSU-142 (N-fixing) and M3 

(N-fixing and phosphate solubilizing) were tested alone or in combinations of 

organically grown primocane fruiting raspberry (cv. Heritage) plants and a significant 

increase in yield (33.9 and 74.9%), cane length (13.6 and 15.0%), number of cluster 

per cane (25.4 and 28.7%), and number of berries per cane (25.1 and 36.0%) were 

observed when compared with that of the control. Hameeda et al. (2008) reported that 

plant biomass increased with Serratia marcescens EB 67 and Pseudomonas sp CDB 
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35 under both glasshouse and field conditions. And also, seed treatment with EB 67 

and CDB 35 increased the grain yield of field-grown maize by 85 and 64% compared 

with the uninoculated control. In an experiment Elkoca et al. (2008) showed that the 

controlled environment and in the field trials, single and dual N-fixing B. subtilis 

(OSU-142) and P-solubilizing B. megaterium (M-3) inoculations significantly 

increased height, shoot, root and nodule dry weight, N%, chlorophyll content, pod 

number, seed yield, total biomass yield, and seed protein content in chickpea 

compared with the control treatment, equal to or higher than N, P, and NP treatments. 

Jorquera et al. (2008) isolated P solubilizing bacteria from the rhizospheres of five 

cultivated plants (Lolium perenne, Trifolium repens, Triticum aestivum, Avena sativa, 

Lupinus luteus), which presented more than one mechanism for utilizing insoluble 

forms of phosphorus. Ahemad and Khan (2010) studied the effect of four fungicides, 

tebuconazole, hexaconazole, metalaxyl and kitazin on the plant growth promoting 

activities of the fungicide tolerant Enterobacter asburiae strain PS2 under in vitro 

conditions. Enterobacter asburiae strain PS2 was isolated from the mustard 

rhizosphere and was assessed for the fungicide-tolerance and production of plant 

growth promoting traits both in the presence and absence of fungicides. Enterobacter 

asburiae strain PS2 showed plant growth promoting activities even in the presence of 

fungicides which however, decreased progressively with the increase in fungicide 

concentration. Fungicides at recommended dose had little effect while the dose higher 

than the recommended one adversely affected the physiological traits, like, phosphate 

solubilization, siderophore, and indole acetic acid synthesis. The P-solubilizing 

potentials of E. asburiae strain PS2 in the presence of varying concentrations of 

fungicides was assayed both qualitatively and quantitatively using a solid and liquid 

Pikovskaya medium. In general, when the concentration of each fungicide was 

increased from 1X to 3X, the size of the halo decreased considerably. The effect of 

three times the recommended rate (3X) of each fungicide was most adverse on the 

halo formation compared to the recommended (1X) and two times the recommended 

rate (2X). The order of toxicity of the fungicides at 3X on the halo size (solubilization 

index) was: tebuconazole>hexaconazole>metalaxyl>kitazin. P-solubilized in the 

liquid medium decreased with the increasing concentrations of fungicides from the 

recommended to 3X. Maximum reduction of the P-solubilizing activity of the E. 

asburiae strain PS2 in the broth was found to be 67, 89 and 93% over the control 

when tebuconazole at 100, 200, 300 μg/L, respectively was added to the medium. 
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In a study, Castagno et al. (2011) isolated fifty isolates from Lotus tenuis 

rhizosphere in the Salado River Basin (Argentina) and through BOX-PCR analysis, 

17 non-redundant strains were identified. Subsequently, they were found to be related 

to Pantoea, Erwinia, Pseudomonas, Rhizobium and Enterobacter genera, via 16S 

rRNA gene sequence analysis. All isolates were tested for their phosphate-

solubilizing activity and selected strains were inoculated onto L. tenuis plants. The 

most efficient isolate, was identified as Pantoea eucalypti, a novel species in terms of 

plant growth-promoting rhizobacteria. The isolate showed highest phosphate 

solubilization activity in in vitro assay. Under soluble phosphate starvation, isolate 

M91 (Pantoea) was found to produce gluconic acid being this production responsible 

for medium acidification. Gluconic acid secretion reaches a threshold at 24 h p.i. and 

decreases at 72 h p.i. highly significant correlation was found between the amount of 

solubilized phosphate and the pH of the culture media (r = -0.753), at 72 h. the 

correlation value was even higher (r = -0.956). In green house study isolates from 

these genera caused a significant increase in plant height and dry weight of L. tenuis 

cv Pampa INTA plants. The growth promotion resulting from the inoculation with Pa. 

eucalypti strain M91, was dependent on the pH value and the N ⁄ P ratio on the media 

and apparently had no dependency on the indole acetic acid and zeatine 

production.Virue et al. (2014) demonstrated the effect of inoculation of PSB on 

growth and yield of maize. In their study, a pot culture experiment was conducted to 

investigate the effects of seven previously isolated PSB on early development of 

plants. Seeds were treated with each bacterial strain, and seedlings were harvested 30 

days after inoculation. All strains showed a positive effect on plant growth. A 

significant increment in plant height (45%), shoot dry weight (40%) was determined 

in plants treated with Pseudomonas tolaasii IEXb, while Pseudomonas koreensis 

SP28 has remarkably increased P content compared to the uninoculated control. IEXb 

strain was selected and evaluated under field conditions in combination with triple 

superphosphate (TSP) as P fertilizer. The presence of IEXb strain stimulated seedling 

emergence (8%), shoot length (19%), grain yield (44%), 1000-grain weight (18%), 

total dry biomass (32%) and P content (56%) of maize plants. 

Oteino et al. (2015) isolated endophytic strains of Pseudomonas, which can 

solubilize insoluble phosphate, and stimulate the growth of Pisum sativum L. plants. 

The efficacy of the isolates to solubilize phosphate estimated in the NBRIP 



22 
  

supernatant varied from 85 mg to 1312 mg L−1 with the highest solubilization 

recorded in L228 and L132. The lowest level of solubilized phosphate was recorded 

in S20 and L111. The culture supernatants were analyzed by HPLC in order to 

determine if organic acids were produced by the strains. All strains showed 

production of gluconic acid (GA) with a concentration ranging from 2840 to 33240 ± 

230 mg L−1 (14–169 mM). Although other minor peaks did appear in the HPLC 

chromatographs, none of the retention times of these peaks corresponded to those of 

the other organic acids tested and in all cases represented. Ghosh et al. (2012) isolated 

six phosphate-solubilizing bacterial strains from the rhizosphere soils of two sea 

grasses Halophila ovalis (R.Br.) Hook and Halodule pinifolia (Miki) Hartog in the 

Vellar estuary. Experimental  studies  found  that  the  strain  PSSG6  was  effective  

in  phosphate solubilization with phosphate solubilization efficiency index of 375, 

followed by the strain PSSG5 with phosphate solubilization efficiency index of 275.   

Of the 6 strains isolated, the strains PSSG4 and PSSG5 belonged to the genus 

Bacillus, and PSSG1, PSSG2 and PSSG3 were identified as Citrobacter sp., Shigella 

sp., and Klebsiella sp., respectively and PSSG6 was identified as Bacillus circulans. 

Genetic manipulation of phosphate-solubilizing bacteria is another way to 

enhance their ability for plant growth improvement (Rodríguez and Fraga 1999; 

Rodríguez et al. 2006). The approach may include cloning gene (s) involved in both 

mineral and organic phosphate solubilization, followed by their expression in selected 

rhizobacterial strains (Rodríguez et al. 2006). Several attempts have been made to 

identify and characterize the genes involved for P uptake and its transportation 

(Rossolini et al. 1998; Shenoy and Kalagudi 2005). Goldstein and Liu (1987) were the 

first to clone a gene (mps) involved in mineral phosphate solubilization from the 

Gram negative bacteria Erwinia herbicola. Expression of this gene allowed 

production of GA in E. Coli HB101 and conferred the ability to solubilise 

hydroxyapatite. In another study Babu-Khan et al. (1995) cloned another gene (gabY) 

involved in GA production and mineral phosphate solubilization from Pseudomonas 

cepacia. Heterologous expression of these genes in agriculturally important bacterial 

strains would be the next step in programs of improving organic phosphate 

mineralization in PGPB. The genetic manipulation of bacterial strains to increase their 

phosphate solubilisation was further reported by Rodríguez et al. (2000). In their 

study, they constructed the broad host range vector pKT230 and plasmid pMCG898, 



23 
  

which encodes the Erwinia herbicola pyrroloquinolinequinone (PQQ) synthase, a 

gene involved in mineral phosphate solubilization (mps). The construction was 

transformed and expressed in Escherichia coli MC1061, and the recombinant 

plasmids were transferred to Burkholderia cepacia IS-16 and Pseudomonas sp. PSS 

recipient cells by conjugation. Clones containing recombinant plasmids produced 

higher clearing halos in plates with insoluble phosphate as the unique (P) source. In 

another work, a bacterial citrate synthase gene was reported to increase exudation of 

organic acids and P availability to the plant when expressed in tobacco roots (Lo´pez-

Bucioet al. 2000). Citrate overproducing plants yielded more leaf and fruit biomass 

when grown under P-limiting conditions, and required less P-fertilizer to achieve 

optimal growth. This shows the putative role of organic acid synthesis genes in P 

uptake in plants. The napA phosphatase gene from the soil bacterium Morganella 

morganii was transferred to Burkholderia cepacia IS-16, a strain used as a 

biofertilizer,using the broad-host range vector pRK293 (Fraga et al. 2001). 

Till now the knowledge of the genetics of phosphate solubilization is scanty, 

some genes involved in mineral and organic phosphate solubilisation have been 

isolated and characterized. Initial achievements in the manipulation of these genes 

open a promising perspective for obtaining PGPB strains with enhanced phosphate 

solubilizing capacity. But, release of genetically modified organisms is controversial. 

However, studies carried out so far have shown that, genetically modified 

microorganisms can be applied safely in agriculture (Armarger, 2002; Morrissey et al. 

2002). Chromosomal insertion of the genes is one of the tools to avoid horizontal 

transfer of the introduced genes within the rhizosphere (Rodrı´guezet al. 2006). 

2.1.3. Biological Nitrogen Fixation 

Nitrogen is an essentially required nutrient for plant development and growth. It 

is one of the principal plant nutrients, and its low availability due to the high losses by 

emission or leaching is a limiting factor in agricultural ecosystems, hence bacteria 

with ability to make atmospheric N available for plants play an important role. The 

production of chemical fertilizers is a highly energy intensive process using large 

amounts of fossil energy. Use of excessive amount of manures to achieve high yields 

has created environmental problems and degradation in natural resources (Sahin et al. 

2004). During the past couple of decades, the use of PGPR for sustainable and 

environment friendly agriculture has been increased tremendously in various parts of 
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the world (Figueiredo et al. 2008). Increasing and extending the role of bio-fertilizing 

with PGPR would reduce the need for chemical fertilizers and decrease their adverse 

environmental effects.  

Symbiotic N2 fixation is the most important mechanism by which most 

atmospheric N is fixed, but it is limited to legume plant species and various trees and 

shrubs that form actinorrhizal roots with Frankia. This process is carried out in well-

defined nodule structures. Rhizobium, Bradyrhizobium, Sinorhizobium and 

Mesorhizobium are the most studied symbiotic bacteria (Zahran, 2001). Rhizobia 

(species of Rhizobium, Mesorhizobium, Bradyrhizobium, Azorhizobium, 

Allorhizobium and Sinorhizobium) form intimate symbiotic relationships with 

legumes by responding chemotactically to flavonoid molecules released as signals by 

the legume host. These plant compounds induce the expression of nodulation (nod) 

genes in Rhizobia, which in turn produce lipo-chitooligosaccharide (LCO) signals that 

trigger mitotic cell division in roots, leading to nodule formation (Dakora, 1995; 

2003; Lhuissier et al. 2001; Matiru and Dakora 2004). Co-inoculation of plant growth 

promoting rhizobacteria (PGPR) with Bradyrhizobium has been shown to increase 

legume nodulation and nitrogen fixation at optimal soil temperatures. Nine 

rhizobacteria co-inoculated with Bradyrhizobium japonicum 532C were tested for 

their ability to reduce the negative effects of low root zone temperature (RZT) on 

soybean [Glycine max (L.) Merr.] nodulation and nitrogen fixation. At each 

temperature increased number of nodules formed and the amount of fixed nitrogen 

also increased when some PGPR strains were co-inoculated with B. japonicum, but 

the stimulatory strains varied with temperatures (Zhang et al. 1995). Rhizobial 

attachment to roots of asparagus (Asparagus officinalis L.), oat (Avena sativa L.), rice 

(Oryza sativa), and wheat (Triticum aestivum) has also been reported by Terouchi and 

Syono (1990). Wiehe and Holfich (1995) demonstrated that the strain R39 of 

Rhizobium leguminosarum bv. trifolii, multiplied under field conditions in the 

rhizosphere of host legumes (lupin and pea) as well as non-legumes including corn 

(Zea mays), rape (Brassica napus L) and wheat (Triticum aestivum). The effect of 

Rhizobium leguminosarum bv. trifolii on non-legume plant growth has been reported 

to be similar to Pseudomonas fluorescens as PGPR in its colonization on certain plant 

roots (Höflich et al. 1994; 1995; Höflich, 2000). 
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 Although the beneficial effects of the symbiotic association of rhizobia with 

legume plants is known, these bacteria are not considered PGPR, except when 

associated with non-legume plants (Dobbelaere et al. 2003). Rhizospheric N2 fixing 

bacteria have increasingly been used in non legume plants. A range of plant growth 

promoting rhizobacteria (PGPR) participate in interaction with C3 and C4 plants (e.g., 

rice, wheat, maize, sugarcane and cotton), and significantly increase their vegetative 

growth and grain yield (Kennedy et al. 2004). Some important nonsymbiotic nitrogen-

fixing bacteria include, Achromobacter, Acetobacter, Alcaligenes, Arthrobacter, 

Azospirillum, Azotobacter, Azomonas, Bacillus, Beijerinckia, Clostridium, 

Corynebacterium, Derxia, Enterobacter, Herbaspirillum, Klebsiella, Pseudomonas, 

Rhodospirillum, Rhodopseudomonas and Xanthobacter (Saxena and Tilak, 1998; 

Ardakani et al. 2010). Various crops in India have been inoculated with diazotrophs 

particularly Azotobacter and Azospirillum (Saxena and Tilak, 1999; Tilak and Saxena, 

2001; Bashan and de-Bashan, 2010). In a study Malik et al. (1997) reported that five 

strains namely Azospirillum lipoferum N-4, Azospirillum brasilense Wb-3, Azoarcus 

K-1, Pseudomonas 96-51, Zoogloea Ky-1 were used to inoculate two rice varieties i.e. 

NIAB-6 and BAS-370 under aseptic laboratory conditions. The nitrogen fixed was 

quantified using the 15N isotopic dilution methods. Variety BAS-370 had nearly 70% 

nitrogen derived from atmosphere when inoculated with Azospirillum N-4. Similar 

studies with the mixed inoculum using 15N fertilizer in the micro plots indicated that 

nearly 29% of plant nitrogen was derived from the atmosphere. Yield of rice (Yanni 

and El- Fattah 1999), cotton (Anjum et al. 2007), and wheat (Soliman et al. 1995; 

Hegazi et al. 1998; Barassi et al. 2000) increased with the application of Azotobacter. 

In contrast to Azotobacter, Clostridia are obligatory anaerobic heterotrophs only 

capable of fixing N2 in the complete absence of oxygen (Kennedy and Tchan, 1992; 

Kennedy et al. 2004).  N-fixation is the first mechanism suggested to promote the 

growth of plants by Azospirillum. This increase in yield is ascribed mainly to an 

improvement in root development by an increase in water and mineral uptake, and to 

a lesser extent biological N2-fixation (Okon and Labandera-Gonzalez 1994; Okon and 

Itzigsohn, 1995). The majority of evidence collected during the last 3 decades 

concerning this mechanism has generated controversy (Bashan et al. 2004). At the 

same time, Azospirillum lead the list of PGPR assessed in worldwide experiments 

(Burdman et al. 2000; Vessey 2003; Lucy et al. 2004; Ramirez and Mellado, 2005). 

Beneficial effects of inoculation with Azospirillum on wheat yields in both 
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greenhouse and field conditions have been reported (Hegazi et al. 1998; El Mohandes, 

1999; Ganguly et al. 1999). Azospirillum species are aerobic heterotrophs that fix N2 

under microaerobic conditions (Roper and Ladha, 1995) and grow extensively in the 

rhizosphere of gramineous plants (Kennedy and Tchan, 1992; Kennedy et al. 2004). A 

field experiment was conducted to evaluate the suitable combination of plant growth 

promoting rhizobacteria (Azospirillum biofertilizer strain BM9 and BM11) along with 

different nitrogenous fertilizer levels (0, 20, 40, 60, 80 and 100% N) on rice variety 

Binadhan 4. It has been observed that, a significant increase in growth parameter like 

plant height, shoot dry weight, root length and dry weights, grain and straw yields, 

effective tillers/hill and panicle length, and nitrogen, phosphorus and potassium 

uptake over control under most nitrogen levels (Islam et al. 2012). 

Studies confirmed that up to 60–80% of sugarcane plant N (equivalent to over 

200 kg N ha−1year−1) as derived from BNF and Azospirillum diazotrophicus is 

apparently responsible for much of this BNF (Boddey et al. 1991). The Acetobacter-

sugarcane system has now become an effective experimental model and the 

diazotrophic character (nif+) is important component of this system (Lee et al. 2002). 

Reinhold-Hurek et al. (1993) reported a strain of the endophytic Gram-negative N2-

fixing bacterium Azoarcus sp. BH72, originally isolated from Kallar grass 

(Leptochloa fusca (L.) Kunth) growing in the saline-sodic soils typical of Pakistan. 

Azoarcus spp. also colonise grasses, such as rice, in both laboratory and field 

conditions (Hurek et al. 1994). The genus Burkholderia include 67 validly published 

species, with several of these including Burkholderia vietnamiensis, B. kururiensis, B. 

tuberum and B. phynatum being capable of fixing N2 (Estrada-delos Station et al. 

2001; Vandamme et al. 2002). Tran Vân et al. (2000) reported that inoculation of rice 

with B. vietnamiensis, in a field trial, increased grain yields significantly up to 8 ton 

ha−1. In field trials, this strain was found capable of saving 25–30 kg N ha−1 of 

fertilizer. Pseudomonas and Bacillus species (Alam et al. 2001; Cakmakci et al. 2001; 

Kokalis-Burelle et al. 2002), and the other PGPR and endophytic bacteria, such as 

Enterobacter, Klebsiella, Burkholderia, and Stenotrophomonas, have been gaining 

attention in the recent years, because of their association with important crops and 

potential to enhance the plant growth (Chelius and Triplett, 2000; Sturz et al. 2001; 

Dong et al. 2003; Ramirez and Mellado, 2005). N-fixing bacterial strains 

Pseudomonas putida RC06, Paenibacillus polymyxa RC05 and RC14, and Bacillus 
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OSU-142 have great potential, and as formulations, they are used as biofertilizers for 

better yield and the quality of wheat, sugar beet, and spinach growth (Cakmakci et al. 

2006; Cakmakci et al. 2007). 

2.2. Biological Control of Plant Pathogens 

Phytopathogens have a great impact on crop yields. They can reduce the 

performance of plant and crop quality. Plant-growth promoting rhizobacteria (PGPRs) 

have been used as good biocontrol agents against soil borne pathogens. Potential 

biocontrol agents produce antibiotics, siderophore that chelate iron, making it 

unavailable to pathogens; the ability to synthesize anti-fungal metabolites that cause 

disease suppression and production of 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 increase yield of 

plants. The biological control that results from PGPR are reported to be caused by 

several mechanisms such as competition, antibiosis, and induced systemic resistance 

(Kloepper et al. 1980). 

Production of lytic enzymes is one of the most important mechanisms that 

PGPR use for the control of plant pathogens and thus indirectly promoting the growth 

of plants. These microbially synthesized enzymatic compounds include defence 

enzymes, such as chitinase, β-1, 3-glucanase, peroxidase, protease and lipase (Bashan 

and de-Bashan, 2005; Karthikeyan et al. 2006). Chitinase and β-1, 3-glucanase 

degrade the fungal cell wall and cause lysis of fungal cell. During the degradation of 

fungal cell wall chitin and glucan oligomers released, which act as elicitors that elicit 

various defence mechanisms in plants.  

2.2.1. Production of Lytic Enzymes 

Frankowski et al. (2001) reported that chitinase producing Serretia plymuthica 

C48 inhibited spore germination and germ-tube elongation in Botrytis cinerea. Singh 

et al. (1999) reported the crucial role of extracellular chitinase in suppression of 

Fusarium wilt of cucumber (Cucumis sativus) caused by F. oxysporum f. sp. 

cucumerinum. The two chitinolytic strains Paenibacillus sp. 300 and Streptomyces sp. 

385 when used in ratio of 1:1 or 4:1 gave significantly (P < 0.05) better control of the 

disease than each of the strains used individually or than mixtures in other ratios. The 

SDS analysis revealed the presence of five bands with molecular masses of 65, 62, 59, 
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55, and 52 kDa in the case of Paenibacillus sp. 300; and three bands with molecular 

masses of 52, 38, and 33 kDa in the case of Streptomyces sp. 385. Bashan and de-

Bashan (2005) reported that, Pseudomonas stutzeri, capable of producing lytic 

enzymes, have demonstrated the lysis of the pathogen Fusarium sp. Numerous 

species of Bacillus had been reported to synthesize chitinase and act as biocontrol 

agents since they display antagonism against a wide range of plant pathogens that 

infect several economically important crops (Collins et al. 2003). Solanki et al. (2012) 

characterized mycolytic enzymes like chitinase, β-1, 3-glucanase and protease from 

four Bacillus strains and they showed elevated defence response during R. solani 

suppression in terms of chitinase, glucanase, peroxidase, polyphenol oxidase, 

phenylalanine ammonia lyase activity and total phenolic content in leaves of tomato 

under greenhouse conditions. They reported that, Bacillus megaterium MB3, B. 

subtilis MB14, B. subtilis MB99 and B. amyloliquefaciens MB101 were able to 

produce chitinase, β-1, 3-glucanase and protease in different range with the presence 

of Rhizoctonia solani cell wall as a carbon source. The ability of production of 

chitinase and β-1, 3-glucanase was also supported by molecular evidence. PCR 

amplification of chitinase (chiA) gene of 270 bp and β-1, 3-glucanase gene of 415 bp 

was given supportive evidence antibiosis. Venkadesaperumal et al. (2014) have 

isolated hydrolytic enzymes producing Pantoea agglomerans OM5 and 

Exiguobacterium sp. EM9 from isolated from mud volcano and lime cave of 

Andaman and Nicobar Islands. Zhang et al. (2014) reported 𝛽-1, 3-glucanase 

mediated inhibition of sapstain fungi. They isolated Sixty-three strains of bacteria 

from different plants, but 19 strains showed antagonistic activity to four poplar 

discoloration fungi, viz. Ceratocystis adiposa Hz91, Lasiodiplodia theobromae 

YM0737, L. theobromae Fx46, and Fusarium sp. YM05. Bacillus and Pseudomonas 

were the predominant genus, and Bacillus subtilis and B. amyloliquefaciens were the 

dominant species in 13 strains. The strains B82 (B. amyloliquefaciens) and B37 (B. 

subtilis) showed strongest antagonistic activity against all the pathogens. The strain 

B37 produced a significant amount of 𝛽-1, 3-glucanase, effectively inhibiting the 

growth of four poplar sapstain fungi. It could produce a small amount of proteases, 

but chitinase was not found. Recently, Bhattacharya et al. (2016) reported the 

chitinase production by Bacillus pumilus JUBCH08. They have optimized the 

chitinase production from the isolate. The chitinase was found to be thermostable and 

alkali-tolerant with maximum activity at pH 8.0 and 70°C for 1 h. The molecular 
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weight of chitinase was found to be 64 kDa. In dual plate assay, the bacterium showed 

45% antagonism against F. oxysporum. 

2.2.2. Antibiotic production 

The production of antibiotics is considered one of the most powerful and well-

studied biocontrol mechanisms for combating phytopathogens (Martinez-Viveros et 

al. 2010). The term, antibiotics constitute a wide and heterogeneous group of low 

molecular weight chemical organic compounds that are produced by a wide variety of 

microorganisms (Raaijmakers et al. 2002). Under laboratory conditions many 

different types of antibiotics produced by PGPR have shown to be effective against 

effective against phytopathogenic agents (Bowen and Rovira, 1999). Some PGPR 

synthesize antifungal antibiotics, e.g. P. fluorescens produces 2, 4-diacetyl 

phloroglucinol which inhibits growth of phytopathogenic fungi (Nowak-Thompson et 

al. 1994). To date a number of antibiotic compounds have been characterized 

chemically and include N-containing heterocycles such as phenazines (Brisbane et al. 

1989; Gerber, 1969), pyrrole type antibiotics (Hashimoto and Hattori, 1996). The list 

of the antibiotics produced by PGPR include: butyrolactones, zwittermycin A, 

kanosamine, oligomycin A, oomycin A, phenazine-1-carboxylic acid, pyoluteorin, 

pyrrolnitrin, viscosinamide, xanthobaccin, and 2, 4-diacetyl phloroglucinol (2, 4- 

DAPG) (Whipps, 2001). The last is one of the most efficient antibiotics in the control 

of plant pathogens (Fernando et al. 2006) and can be produced by various strains of 

Pseudomonas, one of the most common bacterial species of the rhizosphere 

(Rezzonico et al. 2007). The 2, 4-DAPG has a wide spectrum of properties in that it is 

antifungal (Loper and Gross, 2007; Rezzonico et al. 2007), antibacterial (Velusamy et 

al. 2006) and antihelmintic (Cronin et al. 1997). Someya et al. (2003) reported that 

Serratia marcescens strain B2 is an antagonistic bacterium that produces the red-

pigmented antibiotic prodigiosin and suppresses rice sheath blight caused by 

Rhizoctonia solani AG-1 IA. Rice sheath blight disease was suppressed when plants 

were inoculated with this bacterium an hour before pathogen inoculation but not when 

plants were treated 4 weeks before pathogen inoculation. Bacteria isolated from rice 

plants and rhizosphere mediate the suppression of antibiotic production of biological 

control agents and that such suppression is common under field conditions. 
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2.2.3. HCN Production 

Some rhizobacteria are capable of producing HCN (hydrogen cyanide, also 

known as cyanide) (Rezzonico et al. 2007). It is a volatile, secondary metabolite that 

suppresses the development of microorganisms and that also affects negatively the 

growth and development of plants (Siddiqui et al. 2006). Cyanide is toxic to plants 

capable of disrupting enzyme activity involved in major metabolic processes, its role 

as a biocontrol substance is overwhelming (Voisard et al. 1989; Devi et al. 2007). 

Hydrogen cyanide (HCN) among cyanogenic compounds effectively blocks the 

cytochromeoxidase pathway and is highly toxic to all aerobic microorganisms at very 

low concentrations. However, the microbes, which produce the compound, mainly 

pseudomonads, are reported to be resistant (Bashan and de-Bashan, 2005). HCN is 

formed from glycine through the action of HCN synthetase enzyme, which is a 

membrane-bound flavoenzyme that oxidizes glycine, producing HCN and CO2. HCN 

does not appear to have a role in primary metabolism and is generally considered a 

secondary metabolite (Blumerand Haas, 2000).  To date many different bacterial 

genera have shown to be capable of producing HCN, including species of Alcaligenes, 

Aeromonas, Bacillus, Pseudomonas and Rhizobium (Devi et al. 2007; Ahmad et al. 

2008). HCN production was more common trait of Pseudomonas (88.89%) and 

Bacillus (50%) (Ahmad et al. 2010). Chandra et al. (2007) reported that the 

rhizosphere  competent  Mesorhizobium  loti  MP6  also  produced  HCN  under 

normal  growth  conditions  and  enhanced  the  growth  of  Indian  mustard  (Brassica 

campestris). Wani et al. (2007) tested the rhizospheric  isolates for HCN producing 

ability  in vitro to  find  that  most  of  the  isolates  produced  HCN  and  helped  in  

the  plant  growth. The psychrotolerant bacterium Pseudomonas  fragi  CS11RH1 

(MTCC 8984), was reported to  produce  hydrogen  cyanide (HCN) and the seed 

inoculation with the isolate significantly increased the  percentage germination, rate of  

germination, plant biomass and nutrient uptake of  wheat seedlings (Selvakumar et al. 

2009). Pathma et al. (2011) reported that, fluorescent pseudomonas are capable of 

biological control phytopathogens by the production of HCN. Various studies 

attribute a disease protective effect to HCN, e.g. in the suppression of “root-knot” and 

black rotin tomato and tobacco root caused by the nematodes Meloidogyne javanica 

and Thielaviopsis basicola, respectively (Voisard et al. 1989; Siddiqui et al. 2006). 

The subterranean termite Odontotermes obesus, an important pest in agricultural and 
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forestry crops in India, is also controlled by HCN (Devi et al. 2007). However, there 

are investigations reporting harmful effects on plants, inhibition of energy metabolism 

of potato root cells (Bakker and Schippers, 1987), and reduced root growth in lettuce 

(Alström and Burns, 1989). Likewise, HCN produced by Pseudomonas in the 

rhizosphere inhibits the primary growth of roots in Arabidopsis due to the suppression 

of an auxin responsive gene (Rudrappa et al. 2008). Sandhya et al. (2010) isolated and 

screened drought tolerant, HCN producing Pseudomonas isolates from arid and 

semiarid crop production systems of India.  

2.2.4. Siderophore Production 

Iron is essential for almost all form of life, essential for processes such as 

respiration and DNA synthesis. Despite being one of the most abundant elements in 

the Earth’s crust, the bioavailability of iron in the soil is limited by the very 

low solubility of the Fe3+ ion. This is the predominant state of iron in aqueous, non-

acidic, oxygenated environments. It accumulates in common mineral phases such as 

iron oxides and hydroxides (the minerals that are responsible for red and yellow soil 

colours) hence cannot be readily utilized by organisms (Kraemer, 2005) Microbes 

release siderophores to scavenge iron from these mineral phases by formation of 

soluble Fe3+ complexes that can be taken up by active transport mechanisms. Many 

siderophores are non-ribosomal peptides (Miethke et al. 2007), although several are 

biosynthesised independently (Challis, 2005). 

Under iron-limiting conditions PGPR produce low-molecular-weight 

compounds called siderophores to competitively acquire ferric ion (Whipps, 2001). 

PGPR deprive pathogenic fungi of this essential element since the fungal siderophores 

have lower affinity (O’Sullivan, 1992; Loperet al. 1999). Siderophore producing 

PGPR can prevent the proliferation of pathogenic microorganisms by sequestering 

Fe3+ in the rhizosphere (Siddiqui, 2006). Fe depletion in the rhizosphere does not 

affect the plant, as the low Fe concentrations occur at microsites of high microbial 

activity during establishment of the pathogen.  

Various workers have isolated siderophore producing bacteria belonging to the 

Bacillus sp. (Chakraborty et al. 2006), Bradyrhizobium (Khandelwal et al. 2002), 

Ochrobactrum anthropi (Chakraborty et al. 2009), Pseudomonas (Boopathi and Rao, 

1999), Serratia (Kuffner et al. 2008; Chakraborty et al. 2010) and Streptomyces 
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(Kuffner et al. 2008)  which could promote growth of crop plants and suppress 

disease. However, the growth promotion that occurred may be due to other 

mechanisms or combinations of mechanisms that increase nutrient availability, 

suppress pathogens, or affect root growth via hormone production. 

 Arora et al. (2001) reported that two siderophore-producing strains (RMP3 and 

RMP5) of Rhizobium meliloti isolated from the rhizosphere of the medicinal plant 

Mucuna pruriens were able to inhibit a widely occurring plant pathogen, 

Macrophomina phaseolina that causes charcoal rot in groundnut. Further, there was a 

marked enhancement in percentage seed germination, seedling biomass, nodule 

number and nodule fresh weight of M. phaseolina-infected groundnut plants 

inoculated with the strains RMP3 and RMP5, compared to uninoculated and 

uninfected controls. In another study Sharma and Johri (2004) inoculated maize seeds 

with siderophore-producing pseudomonads with the goal to develop a system suitable 

for better iron uptake under iron-stressed conditions. Siderophore production was 

compared in fluorescent Pseudomonas spp. GRP3A, PRS9 and P. chlororaphis ATCC 

9446 in standard succinate (SSM) and citrate (SCM) media. Succinate was better 

suited for siderophore production. Maximum siderophore level (216.23 μg/ml) was 

observed in strain PRS9 in deferrated SSM after 72 h of incubation. Bacterization of 

maize seeds with strains GRP3A and PRS9 showed significant increase in germination 

percentage and plant growth. Maximum shoot and root length and dry weight were 

observed with 10 μM Fe3+ along with bacterial inoculants suggesting application of 

siderophore producing plant growth promoting rhizobacterial strains in crop 

productivity in calcareous soil system. Wheat isolate Acinetobacter calcoaceticus 

(SCW1), a strong catechol type siderophore producer improved the plant growth in 

pot as well as field condition. Siderophore mediated antagonism was observed against 

common phytopathogens viz., Aspergillus flavus, A. niger, Colletotrichum capsicum 

and Fusarium oxysporum (Sarode et al. 2008). Sinha and Mukherjee (2008) reported 

the Cd tolerant Pseudomonas aeruginosa can promote the growth of stimulated the 

growth of mustard and pumpkin plants in Cd-added soil. The bacterial strain could 

tolerate up to 8 mM of Cd and could accumulate Cd intracellularly. The strain showed 

Cd-induced siderophore production maximally at 1.75 mM of Cd concentration under 

culture condition. In another study Sayyed and Chincholkar (2009) reported the in 

vitro phytopathogen suppression activity of siderophoregenic preparations of 
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Alcaligenes feacalis. Siderophore-rich culture broth, siderophore rich supernatant, and 

purified siderophore preparation exerted antifungal activity against Aspergillus niger 

NCIM 1025, A. flavus NCIM 650, Fusarium oxysporum NCIM 1008, and Alternaria 

alternata IARI 715. Siderophore-rich broth showed potent antifungal activity among 

all the preparations. Alcaligenes faecalis isolated from ground nut rhizosphere 

enhanced the growth of same plant by providing Fe nutrition to plants. The strain may 

be exploited as sulphur biofertilizer besides its applicability as a bioinoculant for Fe 

nutrition (Sayyed et al. 2010).  Wahyudi et al. (2011) isolated 12 strains Bacillus 

species, capable of producing siderophore, from the rhizosphere of soybean plant. 

Furthermore, 3 isolates (25%) among them were able to inhibit the growth of 

Fusarium oxysporum, 9 isolates (75%) inhibited the growth of Rhizoctonia solani, 

and 1 isolate (8.3%) of Bacillus sp. inhibited the growth of Sclerotium rolfsii. 

2.2.5. Induced systemic resistance  

According to van Loon et al. (1998) nonpathogenic rhizobacteria can induce a 

systemic resistance (ISR) in plants that is phenotypically similar to pathogen-induced 

systemic acquired resistance (SAR). SAR develops when plants successfully trigger 

their defence mechanism following an earlier localized exposure to a pathogen. When 

SAR induces a hypersensitive reaction through which it becomes limited in a local 

necrotic lesion of brown, desiccated tissue (van Loon et al. 1998). Though both SAR, 

ISR is effective against different types of pathogens but differs from SAR in that the 

induction by PGPB does not cause visible symptoms on the host plant (van Loon et al. 

1998). Bacterial determinants of ISR include lipopolysaccharides, siderophores, and 

salicylic acid (SA). Whereas some of the rhizobacteria induce resistance through the 

SA-dependent SAR pathway others prefer jasmonic acid and ethylene perception by 

the plant for ISR to develop. ISR offers a natural mechanism for biological control of 

plant disease. It has been hypothesised that the inducing rhizobacteria in the plant 

roots provoke a signal, which spreads systemically within the plant and increases the 

defensive competence of the distant tissues from the subsequent infection by the 

pathogens. ISR thus extended the protective action of PGPR from their antagonistic 

activity against soil-borne pathogens in the rhizosphere to a defence-stimulating effect 

above the surface of the ground tissues against foliar pathogens (van Loon and 

Bakker, 2006).  
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PGPB-elicited ISR was first observed on carnation (Dianthus caryophillus) with 

reduced susceptibility to wilt caused by Fusarium sp. The strain, P. fluorescens 

WCS417, active against Fusarium oxysporum f. sp. dianthi was tested on carnation 

and results showed that bacteria, while remaining confined to the plant root system, 

were still protective when the pathogen was slash-inoculated into the stem (Van Peer 

et al. 1991) and on cucumber (Cucumis sativus) with reduced susceptibility to foliar 

disease caused by Colletotrichum orbiculare (Wei et al. 1991). In another study 

several strains of PGPR, which applied to roots of cucumber, and the leaves were 

subsequently challenged inoculation with the anthracnose fungus Colletotrichum 

orbiculare (Gang et al. 1991). Appearance of ISR is dependent on the combination of 

host plant and bacterial strain (Kilic-Ekici and Yuen, 2004; van Loon et al. 1998). 

Most reports of PGPB-mediated ISR involve free-living rhizobacterial strains, but 

endophytic bacteria have also been observed to have ISR activity. For example, ISR 

was triggered by P. fluorescens EP1 against red rot caused by Colletotrichum 

falcatum on sugarcane (Viswanathan and Samiyappan, 1999), Burkholderia 

phytofirmans PsJN against Botrytis cinerea on grapevine (Barka et al. 2000 and 2003) 

and Verticllium dahlia on tomato (Sharma and Nowak, 1998), P. denitrificans 1-15 

and P. putida 5-48 against Ceratocystis fagacearum on oak (Brooks et al. 1994), P. 

fluorescens 63-28 against F. oxysporum f. sp. radicis-lycopersici on tomato (M’Piga 

et al. 1997) and Pythium ultimum and F. oxysporum f. sp. pision pea roots (Benhamou 

et al. 1996a), and Bacillus pumilus E34 against F. oxysporum f. sp. pision pea roots 

(Benhamou et al. 1996b) and F. Oxysporum f. sp. Vasinfectum on cotton roots (Conn 

et al.1997). 

Braun-Kiewnick et al. (2000) reported that strains of Pantoea agglomerans 

suppressed the development of basal kernel blight of barley, caused by Pseudomonas 

syringae pv. syringae, when applied to heads prior to the Pseudomonas syringae pv. 

syringae infection window at the soft dough stage of kernel development. Field 

experiments in 1994 and 1995 revealed 45 to 74% kernel blight disease reduction, 

whereas glasshouse studies resulted in 50 to 100% disease control depending on the 

isolate used and barley cultivar screened. The efficacy of biocontrol strains was 

affected by time and rate of application. Percentage of kernels infected decreased 

significantly when P. agglomerans was applied before pathogen inoculation, but not 

when co-inoculated. A single P. agglomerans application 3 days prior to the pathogen 
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inoculation was sufficient to provide control since populations of about 107 CFU per 

kernel were established consistently, while Pseudomonas syringae pv. syringae 

populations dropped 100-fold to 2.0 × 10(^4) CFU per kernel. An application to the 

flag leaf at EC 49 (before heading) also reduced kernel infection percentages 

significantly. Basal blight decreased with increasing concentrations (10(^3) to 10(^7) 

CFU ml-1) of P. agglomerans, with 10(^7) CFU/ml providing the best control. For 

long-term preservation and marketability, the survival of bacterial antagonists in 

several wettable powder formulations was tested. Over all formulations tested, the 

survival declined between 10- to >100-fold over a period of 1.5 years (r = –0.7; P = 

0.000). Although not significant, storage of most formulations at 4°C was better for 

viability (90 to 93% survival) than was storage at 22°C (73 to 79%). However, long-

term preservation had no adverse effect on biocontrol efficacy. Pantoea agglomerans 

PTA-AF1 mediated resistance to Botrytis cinerea in grape plants has been reported by 

Trotel-Aziz et al. (2008). In this study, results from the in vitro antifungal experiments 

revealed that among the seven identified bacteria, only P. agglomerans PTA-AF1 and 

P. fluorescens PTACT2 displayed important zones of inhibition, which remained 

constant over time. This indicates the production by these two strains of antifungal 

metabolites active against B. cinerea. Pusey et al. (2008) reported the role of P. 

agglomerans E325 in the suppression of Erwinia amylovora on flower stigmas of 

apple flower. P. agglomerans strain E325 exhibited a capacity to reduce the pH on 

stigmas to levels that could reduce growth of E. amylovora. Conversely, an increase 

in pH was observed on flowers inoculated with E. amylovora alone. A similar trend 

was indicated in the field on the final sampling date, with mean pH values 

numerically higher for pathogen-inoculated flowers and lower for the antagonist-

inoculated flowers. 

Ramamoorthy and Samiyappan (2001) tested the efficacy of various P. 

fluorescens isolates for the management of fruit rot of chilli caused by Colletotrichum 

capsici. Among the various isolates tested P. fluorescens isolates viz. Pf1 and ATR 

increased the plant growth and produced the maximum amount of indole acetic acid. 

P. fluorescens Pf1 effectively inhibited the mycelial growth of the pathogen under in 

vitro conditions and decreased the fruit rot incidence under greenhouse condition. 

Seed treatment plus soil application of talc based formulation of P. fluorescens isolate 

Pf1 effectively reduced the disease incidence. Induction of systemic resistance against 
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C. capsici infection was mediated through the expression of various defense related 

enzymes and chemicals. Shternshis et al. (2002) tested three commercially available 

products based on compounds of biological origin for their ability to control the 

raspberry midge blight in the Siberian region of Russia. Bacillus thuringiensis sub sp. 

israelensis (Bacticide) and Streptomyces avermitilis metabolites (Phytovern) were 

used against Thomasiniana theobaldi (a general member of the midge blight) and 

chitinase was used against fungi (mainly Didymella applanata) associated with T. 

theobaldi. The Bacticide   (0.2%) and Phytoverm (0.2%) sprays caused a two fold 

decrease in midge blight severity and the same type of result was obtained with 

chemical insecticides. Four fold decrease in the severity of midge blight observed 

when sprayed with 1% chitin. In addition, Chitinase and Phytovem caused a 

significant suppression of the independent spur blight. Bansal et al. (2003) tested the 

efficacy of Azotobacter chroococcum against tomato wilt pathogen (Fusarium 

oxysporum f. sp. lycopersici) during rabi 2000-01 and 2001-02 in pot house under 

artificial inoculum conditions. Tomato seedlings var. local, treated with A. 

chroococcum before transplanting along with soil application of nitrogen @ 60, 80 

and 100 kg ha-1 showed complete inhibition of plant mortality (7.36%) was also 

observed when seedlings were treated with A. chroococcum only as compared to the 

seedlings without any treatment (17.35%). It may be attributed to the production of 

antifungal substances by A. chroococcum. Zhang et al. (2004) studied the effect of 

plant growth-promoting rhizobacteria on plant growth and systemic protection against 

blue mold disease of tobacco (Nicotiana tabacum L.), caused by Peronospora 

tabacina, using five PGPR strains with known plant growth promotion and induced 

resistance activities in other crops. PGPR strains were applied as seed treatments 

alone at planting and in combination with root drenches after planting. When PGPR 

were applied as seed treatments, PGPR strains 90-166, SE34 and C-9 at 109 CFU 

mL−1 increased all or most parameters of plant growth 7 weeks after planting (WAP), 

while 89B-61 and T4 did not enhance any or few parameters. Seed treatments with 

PGPR strains 90-166 and C-9 at 109 CFU mL−1 at 13 WAP resulted in significant 

disease reduction in blue mold severity compared to the non treated control. When 

PGPR were applied as seed treatments and root drenches, all PGPR strains at 109 

CFU mL−1 enhanced tobacco growth compared to the non-treated control. The time 

interval between the last PGPR treatment and challenge with P. tabacina affected 

systemic disease protection elicited by some PGPR strains. When the time interval 
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was 8 weeks, 3 PGPR strains 90-166, SE34 and T4 at 109 CFU mL−1 reduced disease 

severity, while treatments with all tested PGPR strains resulted in significantly lower 

disease compared to the non treated control when it was reduced to 6 weeks. 

Inoculation of Pseudomonas fluorescens isolates PGPR1, PGPR2 and PGPR4 

reduced the seedling mortality caused by Aspergillus niger (Dey et al. 2004). 

Bhatia et al. (2003) observed maximum colony growth inhibition due to 

Pseudomonas PS 2 (74%) as compared to PS 1 (71%) on trypticase soy agar (TSM) 

plates after 5 days of incubation. Both the light and scanning electron microscope 

examination showed hyphal coiling, vacuolation and granulation of cytoplasm 

resulting in lysis of hyphae of Macrophomina phaseolina by pseudomonads isolates. 

They also evaluated the effect of cell free culture filtrates of strains PS1 and PS 2. The 

cell free culture filtrate of PS 1 and PS 2 at 20% concentration restricted the growth of 

mycelium of M. phaseolina colony by 57 and 61% respectively after 4 days of 

incubation. Volatile substances produced by PS 1 and PS 2 also inhibited the colony 

growth of M. phaseolina by 25 and 32% respectively. Colony growth of M. 

phaseolina was significantly decreased by PS 1 and PS 2 as compared to control both 

in iron sufficient and iron deficient conditions. PS 2 showed higher antagonistic 

activity than PS 1, as evidenced by pronounced colony growth inhibition. 

Saravanakumar et al.  (2005) evaluated  fluorescent  pseudomonads  based 

bioformulation  for  their  ability  to  control  Macrophomina root  rot  disease  in 

mung bean (Vigna mungo).  Under in vitro condition isolate Pf1 showed the 

maximum inhibition in mycelial growth of Macrophomina phaseolina. 

Bioformulation of Pf1 with chitin was effective in reducing the root rot incidence in 

green gram both under glasshouse and field conditions. The rhizosphere colonization 

of P. fluorescens was observed appreciable with the green gram plants. However, 

amendment of Pf1 with chitin showed maximum colonization. Furthermore, the 

application of Pf1 amended with or without chitin and neem induced the accumulation 

of defence enzymes in host plant. Increased accumulation  of 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. 

The study revealed that in addition to  direct antagonism and plant-growth promotion, 

PGPR strains amended with chitin bioformulation induced defence-related enzymes  
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and  pathogenesis  related  (PR)  proteins  which  collectively  enhance  the resistance 

in green gram against the infection of  M. phaseolina. 

Bhatia et al. (2005) isolated ten isolates of fluorescent pseudomonads from 

rhizosphere of sunflower, potato, maize and groundnut. Out of the ten strains, 

Pseudomonas PS I and PS II was found most potential. Bacterisation of sunflower 

seeds with fluorescent Pseudomonas PS I and PS II resulted in increased seed 

germination, root length, shoot length, fresh and dry weight of roots, shoots and yield 

of sunflower. Seed bacterisation with strains of fluorescent Pseudomonas PS I and PS 

II reduced incidence of collar rot by 69.8% and 56.9% respectively, in Sclerotium 

rolfsii-infested soil, making the organism a potential biocontrol agent against collar 

rot of the sunflower. Trivedi et al. (2006) isolated Pseudomonas corrugata from 

temperate site of Indian Himalayan Region and examined the antagonistic activities 

against two phytopathogenic fungi, Alternaria alternata and Fusarium oxysporum. 

Although the bacterium did not show inhibition zones due to production of diffusible 

antifungal metabolites, a reduction in growth between 58% and 49% in both test 

fungi, A. alternata and F. oxysporum, was observed in sealed petri plates after 120 h 

of incubation due to production of volatile antifungal metabolites. Reduction in 

biomass of A. alternata (93.8) and F. oxysporum (76.9) in Kings B broth was 

recorded after 48 h of incubation in dual culture. The antagonism was observed to be 

affected by growth medium, pH and temperature. The reduction in fungal biomass 

due to antagonism of bacteria was recorded maximum in the middle of the stationary 

phase after 21 h of inoculation. The production of siderophore, ammonia, lipase and 

chitinase in growth medium by P. corrugata were considered contributing to the 

antagonistic activities of the bacterium. Inoculation with Serratia marcescens (90-

166) induced systemic protection in the aerial parts of cucumber plants against 

anthracnose pathogen- Colletotrichum orbiculare. In green house experiments, 

Serratia marcescens NBR11213 was evaluated for plant growth promotion and 

biological control of foot and root rot of betelvine caused by Phytophthora nicotianae 

(Lavania et al. 2006). The combined use of PGPR (Bacillus cereus strain BS 03 and a 

Pseudomonas aeruginosa strain RRLJ 04) and rhizobia (strain RH 2) were 

recommended for induction of systemic resistance against fusarial wilt (Fusarium 

udum) in pigeon pea (Dutta et al. 2008). Choudhary et al. (2007) also described 

induced resistance and its mechanism of action in plants. Plants have the ability to 
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acquire enhanced level of resistance to pathogens after exposure to biotic stimuli 

provided by many different PGPRs. Recently, research on mechanisms of biological 

control by PGPR revealed that several PGPR strains protect plants against pathogen 

infection through induction of systemic resistance, without provoking any symptoms 

themselves. Trivedi and Pandey (2008) characterized Bacillus megaterium strain 

B388, isolated from rhizosphere soil of pine of temperate Himalayan region. The 

plant growth promotion by the bacterium has been evaluated through petridish and 

broth based assays. The  isolate  solubilized  tricalcium  phosphate  under  in  vitro 

conditions;  maximum  activity  (166  µg/ml)  was  recorded  at  28°C  after  15  days  

of incubation. Production of indole acetic acid demonstrated in broth assays was 

another important plant growth promoting character. The bacterium produced 

diffusible and volatile compounds that inhibited the growth of two phytopathogens 

viz.  Alternaria alternata and Fusarium oxysporum. The carrier based formulations of 

the bacterium resulted in increased plant growth in bioassays. The rhizosphere 

colonization and the viability of the cells entrapped in alginate beads were greater in 

comparison to coal or broth based formulations. PGPR mediated induction of ISR has 

been reported for several other plant-pathogen systems (Choudhary and Johri, 2009). 

PGPR have attracted much attention in their role in reducing plant diseases. Although 

their full potential has not yet been reached, the work to date is very promising.  

Reddy et al.  (2008) obtained ten isolates of Pseudomonas fluorescens  from  

rice  rhizosphere and these were  tested  for  antifungal  activity  against Magnaporthe 

grisea, Dreschelaria oryzae,  Rhizoctonia  solani and  Sarocladium oryzae that  are  

known  to  attack  rice  plants. One isolate, P. fluorescens 8 effectively inhibited 

mycelial growth in all these fungi in dual culture tests (50-85%).  All the ten isolates 

of P.  fluorescens were  further  tested  for  the production  of  siderophore,  hydrogen  

cyanide  and  salicylic  acid.  The  isolate  P. fluorescens 8  showed  higher  

production  of  siderophore,  HCN  and salicylic  acid. 

Some PGPR, especially if they are inoculated on seeds before planting, are able 

to establish themselves on crop roots. They use scarce resources, and thereby prevent 

or limit the growth of pathogenic microorganisms (Hayat et al. 2010). The 

Macrophomina phaseolina (Tassi) Goid. is the causal agent of charcoal root rot, a 

devastating pathogen affecting agricultural and forest crops (Shaner et al. 1999), with 

more than 500 susceptible hosts world wide (Wyllie et al. 1984). Govindappa et al. 
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(2010) reported that seed treatment with Trichoderma harizianum and Pseudomonas 

fluorescens enhanced the seed germination and growth parameters against root-rot 

disease caused by Macrophomina phaseolina and they also induced systemic 

resistance and/or physiological changes leading to plant defence mechanisms. Singh 

et al. (2010) isolated ten strains of Pseudomonas aeruginosa (PN1 - PN10) from 

rhizosphere of chir-pine and these were tested for their plant growth promontory 

properties and antagonistic activities against Macrophomina phaseolina in vitro and 

in vivo. The strain PN1 produced siderophore, IAA, cyanogen and solubilized 

phosphorus, besides producing chitinase and β-1, 3-glucanase. In dual culture, the 

isolate PN1 caused 69% colony growth inhibition. However, cell free culture filtrate 

also posed inhibitory effect but to a lesser extent. In pot experiment P. 

aeruginosa PN1 increased plant growth and biomass after 90 days of growth in M. 

phaseolina-infested soil. PN1 showed the strong chemotaxis toward root exudates 

resulting in effective root colonization. Moreover, increased population in rhizosphere 

of these bacteria was also recorded after 90 days of treatment. Thus, chemotactic 

fluorescent P. aeruginosa PN1 exhibited strong antagonistic property 

against M. phaseolina, suppressed the disease and improved plant growth of the 

seedlings of chir-pine proving potential biocontrol agent. Saxena (2010) reported the 

antagonistic activity of Pseudomonas fluorescens BAM-4, Burkholderia cepacia 

BAM-6 and B. cepacia BAM-12 isolated from the rhizosphere of moong bean (Vigna 

radiata L.). All three isolates showed significant growth-inhibitory activity against a 

range of phytopathogenic fungi. Light and scanning electron microscopic (SEM) 

studies showed morphological abnormalities such as fragmentation, swelling, 

perforation and lysis of hyphae of pathogens in presence of the antagonists. Two of 

the strains (BAM-4 and BAM-6) produced siderophore in CAS agar plates, whereas 

all three strains produced chitinase. Bacterization of seeds of moong bean with 

pseudomonads has been reported as a potential method for enhancing plant growth 

and yield, and for providing protection against Macrophomina phaseolina. Seed 

bacterization with these plant growth-promoting rhizobacteria (PGPR) showed a 

significant increase in seed germination, shoot length, shoot fresh and dry weight, root 

length, root fresh and dry weight, leaf area and rhizosphere colonization. Yield 

parameters such as pods, number of seeds, and grain yield per plant also enhanced 

significantly in comparison to control. In an extensive study, Gopalakrishnan et al. 

(2011) isolated about 360 bacteria from the rhizosphere of a system of rice 



41 
  

intensification (SRI) fields. On the basis of primary screening of in vitro pgpr 

activities viz. production of siderophore, fluorescence, indole acetic acid (IAA), 

hydrocyanic acid (HCN) and solubilization of phosphorus, seven most promising 

isolates (SRI-156,  158,  178,  211,  229,  305  and  360) selected and were  screened  

for  their  antagonistic potential against Macrophomina phaseolina (causes charcoal 

rot in  Sorghum) by dual culture assay, blotter paper assay and in greenhouse. All the 

seven isolates inhibited the growth of M. phaseolinain dual culture assay.  The 

sequences of 16S rDNA gene study revealed the isolates SRI-156, 158, 178, 211, 229, 

305 and 360 as Pseudomonas plecoglossicida, Brevibacterium antiquum, Bacillus 

altitudinis, Enterobacter ludwigii, E. ludwigii, Acinetobacter tandoii and P. monteilii, 

respectively. 

Many research studies have shown that induction of ISR by Bacillus strains led 

to a significant reduction in severity or incidence of various diseases on a diversity of 

hosts under greenhouse or field conditions (Saraf et al. 2014). Bacillus subtilis BN1 

showed reduction in root rot symptoms caused by M. phaseolina in chir pine 

seedlings along with 43.6% and 93.45% increased root and shoot dry weight, 

respectively, as compared to control ( Singh et al. 2008). Chen et al. (2009) reported 

surfactin production by B. amyloliquefaciens FZB42 not only protects it against other 

bacteria but also enables it to form biofilms, thus equipping the bacterium with 

powerful antagonistic advantage during surface colonization. Kumar et al. (2013) 

showed that the interaction of antagonistic Bacillus spp. with potato seeds or 

vegetative parts show promising antagonism by virtue of producing siderophore and 

antibiotics against black scurf and stem canker diseases of potato caused by 

Rhizoctonia solani, thereby resulting in increase of potato yield. Dubey et al. (2014) 

isolated a total of eight motile, aerobic, Gram-positive and straight rod-shaped, 

endospore forming Bacillus spp. from the rhizosphere of chickpea plants collected 

from different agricultural fields. Phylogenetic study with partial 16S rDNA and 

comparative  analysis  of  the  sequence  data  confirmed  that  the  isolates  belong  to 

distinct phylogenetic lineage corresponding to Bacillus. Phenotyping clusters 

correlate with ARDRA pattern and showed resemblance to partial 16S rDNA 

sequencing. Among the eight isolates two, Bacillus spp.  BSK5  and  Bacillus  subtilis 

BSK17  were  the  most  potent strains  for  having  plant-growth-promoting  

attributes.  These two  strains  solubilised inorganic phosphate, produced Indole acetic 
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acid, siderophore, Hydrocyanic acid and 5 secreted  extracellular  chitinase  and  β-1, 

3-glucanase  which  antagonised  and  caused mycelial  deformities in  two  

phytopathogens-  Macrophomina  phaseolina and Fusarium  oxysporum in  dual  

culture  and  by  culture  filtrate. Chithrashree et al. (2011) isolated seven promising 

Bacillus strains from the rice rhizosphere and were evaluated for growth promotion 

and induced systemic resistance in rice against Xanthomonas oryzae pv. oryzae 

(Xoo). Seed treatments with fresh suspension of strain SE34 gave 71% protection, 

followed by B. subtilis GBO3 and B. pumilus T4 with 58% and 52% protection, 

respectively, compared to the untreated controls. Seed treatments with talc based 

formulation gave little beat less protection. Talk formulation of SE34 gave 66% 

protection, while GBO3 and T4 resulted in 52% and 50% protection, respectively, 

with similar formulation. Nine bacterial strains viz. Bacillus pumilus SB 21, Bacillus 

megaterium HiB 9, Bacillus subtilis BCB 19, Pseudomonas plecoglossicida SRI156, 

Brevibacterium antiquum SRI158, B. pumilus INR 7, P. fluorescens UOM SAR 80, 

P. fluorescens UOM SAR 14 and B. pumilus SE 34 were tested to induce systemic 

resistance in sorghum cultivars 296B and Bulk Y against the highly pathogenic grain 

mould pathogens- Curvularia lunata and Fusarium proliferatum, respectively. The 

bacterial isolates were effective in inducing resistance in sorghum. Among the strains 

tested, SRI 158 was found highly effective in reducing grain mould severity in both 

the genotypes (Nithya et al. 2013). The potentiality of PGPR isolate in the 

management of bacterial wilt (BW) caused by Curtobacterium flaccumfaciens pv. 

flaccumfaciens (Cff) of common bean (Phaseolus vulgaris) was studied by Martins et 

al. (2013) in Brazil. The study was aimed at determining the potential of selected 

PGPR on the biological control of bacterial wilt through seed treatment, growth 

promotion and induced resistance. The disease control ranged from 42% to 76%, 

respectively, for Bacillus subtilis UFLA285 and ALB629 compared to the untreated 

control. Plants were assessed for seedling emergence (SE), speed emergence index 

(SEI), relative growth index (RGI), root dry weight (RDW), shoot dry weight (SDW), 

as well as biochemical plant responses in the presence or absence of Cff. PGPR 

treatments also increased RGI, SDW, and RDW. Upon Cff inoculation, UFLA285 

increased phenolics’ content and ALB629 in the lignin accumulation compared to the 

untreated control. Without the pathogen inoculation, both PGPR promoted an increase 

in phenylalanine ammonia lyase activity and total phenolics content and UFLA285 in 

the lignin accumulation. Son et al. (2014) investigated the effects of plant growth-
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promoting rhizobacteria (PGPR) isolated from Dokdo Island for growth promotion of 

pepper and biological control activity against a gray leaf spot disease pathogen, 

Stemphylium lycopersici. Based on the results of the plant growth promotion assays, 

nine isolates were selected for further experimentation. The selected isolates were 

Arthrobacter globiformis KUDC1703, Brevibacterium iodinum KUDC1716, Bacillus 

megaterium KUDC1728, Bacillus pumilus KUDC1732, Kluyvera cryocrescens 

KUDC1771, Enterobacter ludwigii KUDC1772, Pantoea agglomerans KUDC1793, 

Pseudomonas putida KUDC1807, and Pseudoxanthomonas dokdonensis KUDC1809. 

All selected isolates were able to produce IAA, siderophores, and solubilize 

phosphates. The results showed that all treatments significantly improved plant 

growth based on all parameters. Among the nine isolates, K. cryocrescens 

KUDC1771 showed the strongest plant growth-promoting activity, followed by P. 

agglomerans KUDC1793 and A. globiformis KUDC1703. Among the nine selected 

bacterial isolates, four isolates (B. iodinum KUDC1716, B. megaterium KUDC1728, 

B. pumilus KUDC1732, and P. putida KUDC1809) were able to suppress gray leaf 

spot disease in pepper compared with the negative control. Moreover, RT-PCR 

studies showed that KUDC1716 enhanced expression of pathogenesis-related (PR) 

protein genes including CaPR4 and CaChi2 in the absence of pathogen. Dubey et al. 

(2015) developed an integrated management strategy involving fungal (Trichoderma 

harzianum) and bacterial (Pseudomonas fluorescens and Bacillus species) 

antagonists, rhizobacterium and a fungicide for the management of chickpea wilt 

caused by Fusarium oxysporum f. sp. ciceris (Foc). PGPR strain P. fluorescens 80 (Pf 

80) and Bacillus species (Bskm 5) caused the highest mycelial growth inhibition. Pf 

80 was found to be compatible with T. harzianum and Mesorhizobium ciceri. The 

fungicides Vitavax, Topsin M, Thiram, Ridomil MZ 72, Captaf and Indofil M 45 

inhibited growth of Foc and were found to be compatible with T. harzianum. Pf 80 

and M. ciceri were insensitive to the fungicides including Vitavax power. The 

combination of seed dressing formulation Pusa 5SD developed from T. harzianum, Pf 

80, M. ciceri and Vitavax power provided maximum protection to emerging 

seedlings. The seeds treated with Pusa 5SD + Pf 80 +M. ciceri + Vitavax power 

provided the highest germination, grain yield and the lowest wilt incidence in pot and 

field experiments. Ahmed et al. (2014) isolated a total of 112 bacterial isolates from 

the rhizosphere of eleven medicinal plants viz., Ocimum basilicum, Marrubium 

vulgare, Melissa officinals, Origanum syriacum, Quisqualis indica, Solidago 
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virgaurea, Melilotus officinalis, Cymbopogon citratus, Matricaria chamomilla, 

Thymus vulgaris and Majorana hortensis. All the isolates were screened for IAA, 

phosphate, potassium solubilization, chitinase activities and hydrogen cyanide 

production capabilities. 36 bacterial isolates showed IAA production, 25 HCN 

production, 57 chitinase activities, 39 phosphate and 105 potassium solubilization 

capacity. Eleven bacterial isolates were selected which showed highest plant growth 

promoting activities and further subjected to estimate siderophores and phenols 

produced in liquid culture along with antifungal activity against two phytopathogenic 

fungi. The most potent isolates were identified on the basis of 16S rRNA gene 

sequence as Bacillus thuringiensis C110, Pseudomonas fluorescens Th98 and 

Pseudomonas poae Th75. Xu and Kim (2014) reported the biocontrol of Fusarium 

crown and root rot (FCRR) by Paenibacillus strains in tomato. The study was carried 

out to evaluate the efficacy of seven Paenibacillus strains in the reduction of FCRR 

disease and the promotion of growth in tomato under greenhouse conditions. Results 

showed that all tested strains significantly reduced the severity of disease. Strain 

SC09-21 reduced the disease severity of FCRR by > 80.0%, whereas strains SC02-09 

and SG09-02 resulted in disease reduction of > 60.0%. This protection of tomato 

plants could be due to the action of antagonistic strains on the growth of plant 

pathogens. 

An extensive study was conducted by Zhang et al. (2015) with the aim to detect 

and characterize broad-spectrum antipathogen activity of indigenous bacterial isolates 

obtained from potato soil and soya bean leaves for their potential to be developed as 

biofungicides to control soilborne diseases such as Fusarium crown and root rot of 

tomato (FCRR) caused by Fusarium oxysporum f. sp. radicis-lycopersici (Forl). 

Thirteen bacterial isolates Bacillus amyloliquefaciens (four isolates), Paenibacillus 

polymyxa (three isolates), Pseudomonas chlororaphis (two isolates), Pseudomonas 

fluorescens (two isolates), Bacillus subtilis (one isolate) and Pseudomonas sp. (one 

isolate) or their volatiles showed antagonistic activity against most of the 10 plant 

pathogens in plate assays. Cell-free culture filtrates (CF) of five isolates or 1-butanol 

extracts of CFs also inhibited the growth of most pathogen mycelia in plate assays. 

Presence of most antibiotic biosynthetic genes such asphlD, phzFA, prnD and pltC in 

most Pseudomonas isolates and bmyB, bacA, ituD, srfAA and fenD in most Bacillus 

isolates was confirmed by PCR studies. These bacterial isolates inhibited the mycelia 
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growth of most pathogens. However, the inhibition effect of each isolate varied 

depending on the test pathogen. For instance, the two Pseudomonas isolates (Ps. 

fluorescens PEF-5 #18 and Ps. chlororaphis SL5) inhibited the growth of all 

pathogens in dual-culture plate assays. Similarly, Ps. chlororaphis 1B-26 and B. 

amyloliquefaciens 9A-31, their volatiles, and CFs inhibited the mycelial growth of 

most fungal pathogens.Three antagonistic bacterial isolates Paenibacillus polymyxa 

#53, Ps. chlororaphis SL5 and Ps. fluorescens PEF-5 #18, Ps. fluorescens 9A-14, B. 

subtilis 8B-1 and Pseudomonas sp. 8D-45 were evaluated for the suppression of 

FCRR disease and promotion of plant growth of tomato in greenhouse pot 

experiments. In both potting mix and field soil, all six isolates when applied to tomato 

roots as irradiated peat formulations significantly decreased FCRR severity and 

increased plant height, root lengths, and total fresh and dry plant biomass compared to 

the infected control. 

Bacillus subtilis (Cf 60) mediated inhibition of M. phaseolina in Coleus 

forskohlii has been reported by Malleswari et al. (2015). The strain strongly inhibited 

the growth of M. phaseolina and enhanced growth parameters of Coleus and also 

suppressed root rot disease. Li et al. (2015) exhibited that biocontrol agent Bacillus 

amyloliquefaciens LJ02 induces systemic resistance against cucurbits powdery 

mildew. Greenhouse trials with the fermentation broth of strain LJ02 showed that it 

can effectively reduce the occurrence of cucurbits powdery mildew. When treated 

with LJ02FB, cucumber seedlings produced significantly elevated production of 

superoxide dismutase, peroxidase, polyphenol oxidase and phenylalanine ammonia 

lyase as compared to that of the control. Moreover, the inoculation with LJ02FB 

induced the elevated production of free salicylic acid (SA) and expression of one 

pathogenesis-related (PR) gene PR-1 in cucumber leaves, suggesting SA mediated 

defence stimulation. Further, LJ02FB-treated cucumber leaves could secrete 

resistance-related substances into rhizosphere that inhibit the germination of fungi 

spores and the growth of pathogens.  Planchamp et al. (2015) studied the colonization 

behaviour of Pseudomonas putida KT2440 following application to maize seedlings 

and transcription alanalysis of stress- and defense-related genes as well as metabolite 

profiling of local and systemic tissues of KT2440-inoculated maize plants were 

performed. In their study they have observed pronounced changes were in roots 

compared to leaves. Early in the interaction roots responded via jasmonic acid- and 
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abscisic acid-dependent signalling but during later steps, the salicylic acid pathway 

was suppressed. Metabolite profiling revealed the importance of plant phospholipids 

in KT2440-maize interactions. An additional important maize secondary metabolite, a 

form of benzoxazinone, was also found to be differently abundant in roots 3 days after 

KT2440 inoculation. However, the transcriptional and metabolic changes observed in 

bacterized plants early during the interaction were minor and became even less 

pronounced with time, indicating an accommodation state of the plant to the presence 

of KT2440. Since the maize plants reacted to the presence of KT2440 in the 

rhizosphere, they also investigated the ability of these bacteria to trigger induced 

systemic resistance (ISR) against the maize anthracnose fungus Colletotrichum 

graminicola. They observed, resistance was expressed as strongly reduced leaf 

necrosis and fungal growth in infected bacterized plants compared to non-bacterized 

controls, showing the potential of KT2440 to act as resistance inducers. Hassan et al. 

(2015) showed the potentiality of Bacillus sp. inhabiting plant rhizosphere can protect 

the plants from multiple pathogens of sugarcane. Two antagonistic strains Bacillus 

subtilis NH-100 and Bacillus sp. NH-217 which can sustain their population in 

sugarcane filter cake at 9.0 log CFU g-1 up to nine months, were used for the 

biocontrol of red rot of sugarcane. Field experiments showed the efficacy of the 

formulation in reducing the disease incidence. Surfactin producing antagonistic 

Bacillus sp. can survive for a longer time in non-sterilized sugarcane filter cake, 

thereby improving the shelf life of formulation and control the red rot disease of 

sugarcane effectively in the field. Ghosh et al. (2016) reported the inhibition of leaf 

spot pathogen Alternaria alternata of Aloe vera by two rhizobacterial isolates 

Burkholderia cenocepacia VBC7 and Pseudomonas poae VBK1. The isolates were 

able to produce prominent zones of inhibition against Alternaria alternata in dual 

culture overlay plates. 

The cell free supernatant of VBK1 and VBC7 could reduce conidial germination 

89.3 ± 1.22% and 81.5 ± 2.67% respectively. Radial growth assay also suggested 

prominent growth inhibition by both the biocontrol strains. The mycelial breakage of 

pathogen in presence of isolates was evidenced by scanning electron micrographs. 

Greenhouse experiment also suggested excellent capabilities of biocontrol agents to 

reduce disease severity in good  measure  even  after  exposure  to high  concentration  
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Table 2 Biological control by PGPR against phytopathogens in different crops 

PGPR Crop Disease/Pathogen References 

Serratia marcescens 

B2  

 

Cyclamen Rhizoctonia solani 

 

Someya et al. 

(2000) 

Pseudomonas 

aeruginosa 

Bacillus subtilis 

Mung bean  root rot, root knot  Siddiqui et al. 

(2001) 

Pseudomonas 

PMZ2 

Bradyrhizobium 

japonicum 

Soybean Fusarium 

oxysporium 

Zaidi (2003) 

Pseudomonas 

flurescence 

 

Pea nut Collar rot  Dey et al. (2004) 

 

Paenibacillus 

polymyxa E681  

Sesame Fungal disease Ryu et al. (2006) 

Mesorhizobium loti 

MP6,  

Mustard   

Brassica 

campestris 

White rot  

Sclerotinia 

sclerotiorum 

Chandra et al. 

(2007) 

Pseudomonas 

fluorescens  

 

Tea  

(Camellia sinensis) 

Blister blight  Saravanakumar 

et al. (2007) 

Paenibacillus 

lentimorbus 

GBR158 

Tomato Fusarium 

oxysporum f. sp. 

lycopersici 

Son et al. (2008) 

Paenibacillus 

polymyxa GBR-462 

Chili pepper Phytopthora 

capsici 

Kim et al. (2009) 

Ochrobactrum 

anthropi TRS-2 

Camellia sinensis brown root rot 

disease 

Chakraborty et al. 

(2009) 

Serratia marcescens 

TRS-1 

Camellia sinensis Fomes lamaoensis Chakraborty et al. 

(2010) 

Bacillus pumilus Tomato Fusarium 

oxysporum f. sp. 

lycopersici 

Heidarzadeh & 

Baghaee-Ravari 

(2015) 

Bacillus 

amyloliquefaciens 

Solanum 

lycopersicum L. 

Ralstonia 

solanacearum 

(Smith) 

Singh et al. (2016) 
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 (3.1 × 104 conidia/ml) of pathogenic spores. During in vivo field experiments 54.25 ± 

3.55% disease severity was observed for untreated plants, whereas only 11.69 ± 

1.25% and 15.22 ± 2.64% disease severities were noticed in plants treated with VBK1 

and VBC7 respectively. Shrestha et al. (2016) in their study isolated 29 rice-

associated bacteria (RAB) out of which twenty six showed promising antimicrobial 

activity. 16S rDNA sequencing study revealed that, 12 of the 26 antagonistic RABs 

were closest to Bacillus amyloliquefaciens, while seven RAB were to B. 

methylotrophicus. These isolates were observed to inhibit the sclerotial germination of 

Rhizoctonia solani on potato dextrose agar and the lesion development on detached 

rice leaves by artificial inoculation of R. solani. 

In a recent study, Shahzad et al. (2017) reported the suppression of pathogenic 

Fusarium oxysporum f. sp. lycopersici by Bacillus amyloliquefaciens RWL-1. When 

tomato plants were inoculated with B. amyloliquefaciens RWL-1 and F. oxysporum f. 

sp. lycopersici in the root zone, growth attributes and biomass were significantly 

enhanced by bacterium-inoculation during disease incidence as compared to F. 

oxysporum f. sp. lycopersici infected plants. Under pathogenic infection,                             

B. amyloliquefaciens applied plants showed increased amino acid metabolism aspartic 

acid, glutamic acid, serine and proline as compared to diseased plants. In case of 

endogenous phytohormones, significantly lower amount of jasmonic acid and higher 

amount of salicylic acid content was recorded in B. amyloliquefaciens treated diseased 

plants. Higher accumulation of defense related PR proteins was found when plant was 

treated with the bacterium and challenged inoculation with F. oxysporum f. sp. 

lycopersici. Vinodkumar et al. (2017) reported biocontrol efficacy of Bacillus sps. 

Isolated from rhizosphere of various plants viz., carnations, cotton, turmeric, and 

bananas. Among the isolates, B. amyloliquefaciens strain VB7 was much effective in 

inhibiting mycelial growth (45% inhibition of over control) as well as sclerotial 

production (100%). GC/MS analysis of crude metabolites of B. amyloliquefaciens 

strains VB7 and VB2 revealed the presence of antifungal compounds viz. 

chloroxylenol, pentadecenoicacid, heptadecenoicacid, octadecenoicacid, pyrrolo, and 

hexadecenoicacid. The strains also showed promising activity when applied as root 

dip. Minimal percent disease incidence (4.6%) and maximum plant growth promotion 

was observed in the plants treated with B. amyloliquefaciens (VB7). 
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The mechanism of action of PGPR to promote plant growth and to induce 

systemic resistance against plant pathogens to provide an alternative to hazardous 

chemical fertilizers have been focused in this review. It is evident that several 

bacterial isolates viz.  Bacillus, Serratia, Pseudomonas, Pantoea, Rhizobium, 

Azotobacter, Burkholderia, Enterobacter are capable of promoting plant growth both 

in green house and field condition by variety of mechanisms, which include both 

direct and indirect mechanisms. Among which biological nitrogen fixation, 

solubilization of insoluble phosphates, production of phytohormones, increased 

expression of defense enzymes, activation of genes for PR proteins,  increased  uptake  

of  nutrients  of  roots  by the  PGPR  strains  have  been documented. The use of 

PGPR strains for improvement of crop yield or  suppression  of  pests  and  disease  

may  be  used  as  an  alternative  to make a balance with the ever increasing demand 

of agricultural productivity and environmental health. 
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MATERIALS AND METHODS 

 

3.1. Collection of soil samples  

In order to isolate rhizosphere microorganisms, soil samples were collected from 

the different jute growing districts of North Bengal. The soil samples have been 

collected mainly from North and South Dinajpur, Malda and plains area of Darjeeling 

districts. From the field soil samples were collected in polythene bags and brought to 

the laboratory for the purpose of isolation. 

3.2. Isolation of bacteria from rhizosphere  

Rhizosphere soils of healthy jute plants were chosen for the isolation of 

rhizospheric bacteria. 10 gm of soil particles loosely adhering to the roots were 

collected. The soil suspension was made by dissolving the soil sample in 100 ml of 

sterile distilled water using magnetic stirrer for 1 h. The suspension was allowed to 

settle down till the two distinct layers were clearly visible. Then the upper light brown 

colored layer was drawn by pipette and serial dilutions were prepared. 0.1 ml of each 

of 10-3 and 10-8 dilutions was actually used for isolation by dilution plate technique 

(Kobayashi et al. 2000) using Nutrient Agar (NA- peptone 5 g, NaCl 5 g, beef extract 

1.5 g, yeast extract 1.5 g, agar 12 g and distilled water 1 L; pH 7.2 ± 0.2) as the 

growth media. The petriplates were then incubated for 1-5 days at 30 ± 20C for the 

observation of appearance of bacterial colonies.    

3.3. Characterization and identification of selected isolates 

Gram staining technique was followed for microscopic characterization of 

rhizobacterial cultures. Bacterial isolates were smeared separately on a clean glass 

slide and heat-fixed after air drying. One drop of crystal violet solution was put onto 

and the smear was allowed to stand for about minute. Excess stain was then washed 

off with sterile distilled water. After that one drop of Gram’s iodine solution was put 

and allowed to stand for 45 sec, followed by washing with distilled water and dipping 

in absolute alcohol for 1 minute.  Eventually, one drop of safranine (counter stain) 

3.3.1. Gram staining 
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was applied, and allowed to stand for 1 min, washed gently with sterile distilled 

water, air dried and examined under oil immersion. 

For the purpose of endospore staining, bacterial smear was prepared on the slide 

and passed over the flame for fixing. The fixed slide was flooded with the solution of 

malachite green and placed over hot plate for 5 min. After rinsing, the smear was 

counter stained with safranine. It was washed gently with sterile water, air dried, 

mounted and examined under oil immersion. 

3.3.3. SEM studies of bacterial isolates 

For scanning electron microscopy of the bacterial cells, isolates were grown in 

Luria Bertani broth for 48 hours and collected by centrifugation at 6000 r.p.m. for 15 

minutes. The pellet was collected and washed with 0.1 M phosphate buffer saline. 

Then the samples were prefixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer 

pH 6.8 followed by dehydrolysis of the samples with different gradation of ethanol 

starting from 30%, 50%, 70%, 80%, 90% and 100% for 10 minutes in each. After 

serial dehydration samples were subjected to critical drying in CO2 then mounted on 

sample stab, coated with gold palladium alloy in a mini sputter coater and examined 

under a JEOL JSM-6610LV Scanning Electron Microscope. 

A small amount of 48 h old culture of the bacterial isolate was aseptically placed 

on a clean glass slide. Then a drop of H2O2 (3%) was added. Production of 

effervescence of oxygen around the bacterial isolates was observed and recorded 

(Graham and Parker, 1964). 

Few drops of p-amino dimethyl aniline oxylate (1%) was dropped on 48 h old 

culture of bacterial isolate and examined for the development of colour (Kovacs, 

1956). 

 

 

3.3.2. Endospore staining 

3.3.4. Biochemical tests 

3.3.4.1. Catalase activity  

3.3.4.2. Oxidase activity  
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3.3.4.3. Voges-Proskauer reaction 

Culture tubes containing 10 ml sterile VP broth were inoculated with the 

bacterial isolates and incubated at 37°C for 3 days. To the cultures 0.6 ml of 5% w/v 

ethanolic α-napthol and 0.2 ml of 40% w/v aqueous potassium hydroxide were added 

and kept at room temperature for 1 h for production of pink color indicating positive 

reaction. 

3.3.4.4. Urea digestion 

Streaks were made on the slants containing urea medium and incubated at 37°C 

for 3-7 days. The change in color of the medium indicates the presence of urease. 

3.3.4.5. Casein hydrolysis 

The milk agar was streaked with the bacteria and was incubated at 37°C and 

observed for the clear zone around the streaks. 

3.3.4.6. Starch hydrolysis 

The bacteria were streaked on starch agar plates (NA + 0.1% soluble starch) and 

incubated for 5 days at 37°C. The plates were flooded with Lugol’s iodine solution. 

The clear zone underneath and around the growth indicates the starch hydrolysis. 

10 ml of Davis Mingoli’s broth supplemented with 0.1% tryptophan were 

inoculated with the isolates and incubated at 37°C for 7 days. The cultures were 

layered carefully with 2 ml of Ehrlich-Bohme (p-dimethylaminobenzaldehyde 10 g, 

concentrated HCl 100 ml) reagent on the surface, allowed to stand for a few minutes 

and observed for the formation of a ring at the medium reagent interface indicating 

the production of indole. 

Sterile nitrate broth was inoculated with test isolates and incubated at 37oC till 

the medium became turbid. Three drops of nitrate reduction test reagent [Sol A: 

H2SO4 0.8 g, 100 ml 5 N Acetic acid; Sol B: 0.5 g α-napthylamine and 100 ml acetic 

acid. The solutions A and B were mixed in equal volume just before use] was mixed 

3.3.4.7. Indole test  

3.3.4.8. Nitrate reduction  
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in 1 ml of the cultures and observed for the development of red or yellow color 

indicating the presence of nitrate. 

Culture tubes containing gelatin agar (0.4% (w/v) gelatin) was prepared and 

inoculated by exponentially grown culture of bacterial isolates followed by incubation 

at 37 ± 1o C for 7 days. The tubes were then observed for liquefaction of gelatin 

(Sadowsky et al. 1983). 

The carbon source utilization profile of selected isolates was prepared by using 

Himedia CarbohydrateTM Kit (Himedia Laboratories, Mumbai, India). It contained the 

following carbon sources: 

Strip ‘A’- Lactose, xylose, maltose, fructose, dextrose, galactose, rhaffinose, 

trehalose, melibiose, sucrose, L-arabinose, mannose. 

Strip ‘B’- Inulin, sodium gluconate, glycerol, salicin, glucosamine, dulcitol, inositol, 

sorbitol, mannitol, adonitol, α-methyl-D-glucoside, and ribose. 

Strip‘C’-Rhamnose, cellobiose, melizotose, α-methyle-D-mannoside, xylitol, ONPG, 

esculin, D-arabinose, citrate, malonate, sorbose. 

For experimentation, nutrient broth medium was prepared and inoculated with 

selected isolates and kept at 37ºC for 4-6 h until inoculum density attained 0.5 OD at 

620 nm. Then the kits were opened aseptically inside the laminar air flow cabinet and 

50 µl inocula of each strain of all bacteria were inoculated in each well as per the 

instructions of manufacturer. 

The  test  is  based  on  the  principle  of  pH  change  after  substrate  utilization.  

After 24 hrs of incubation strips were observed for any change in colour of each well. 

grown culture. Soluble protein was extracted by sonication of cell suspension at 

continuous exposure of a fixed frequency with alternate pulse (3.0 sec) on and pulse 

(2.0 sec) off up to 5 mins in a sonicator.  Sonicated cell suspension was used as 

protein source.  

3.3.4.9. Gelatin hydrolysis  

3.3.4.10. Utilization of carbon sources 

3.3.5. Protein pattern analysis 

Whole cell protein patterns of selected strains were also analysed with log phase 



54 
  

3.3.5.1. SDS-PAGE analysis of protein 

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis was 

performed for the detailed analysis of bacterial protein profile following the method 

of Laemmli (1970). The gel was prepared by using the following stock solution. 

(A) Acrylamide and N’ N’- methylene bis-acrylamide 

 A stock solution containing 29% acrylamide and 1% bisacrylamide was 

prepared in distilled water. The pH of the solution was kept below 7.0 and the stock 

solution was filtered through Whatman No. 1 filter paper, kept in brown bottle and 

stored at 4ºC and used within one month.  

(B) Sodium Dodecyl Sulphate (SDS)  

 A 10% stock solution of SDS was freshly prepared just before use in luke warm 

water and stored at room temperature.  

(C) Tris Buffer  

(i) 1.5 M Tris buffer was prepared for resolving gel. The pH of the buffer was 

adjusted to 8.8 with conc HCl and stored at 4ºC for further use. 

(ii) 1.0 M Tris buffer was prepared for stacking gel. The pH of this buffer was 

adjusted to 6.8 with conc HCl and stored at 4ºC for use.  

(D) Ammonium Persulphate (APS)  

Fresh 10 % APS solution was prepared with distilled water before use.  

(E) Tris –Glycine electrophoresis buffer  

Tris running buffer consists of 25 mM Tris base, 250 mM Glycine (pH 8.3) and 

0.1% SDS.  A  1X  solution  was  made  by  dissolving  3.02  g  Tris  base,  18.8  g 

Glycine and 10 ml of 10% SDS in 1 L of distilled water.  

(F) SDS gel loading buffer  

This buffer contains 50 mM Tris-HCl (pH 6.8), 10 mM β-mercaptoethanol, 2% 

SDS, 0.1% bromophenol blue, 10% glycerol. A 1X  solution  was  prepared  by 

dissolving 0.5 ml of 1 M Tris buffer (pH 6.8), 0.5 ml of 14.4 M  β-mercaptoethanol, 2 

ml of 10% SDS, 10 mg bromophenol blue, 1 ml glycerol in 6.8 ml of distilled water.  
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(G) Preparation of gel  

Mini slab gel (plate size 8 cm x10 cm) was prepared for the analysis of protein 

patterns by SDS-PAGE. For gel preparation, two glass plates were thoroughly cleaned 

with dehydrated alcohol to remove any traces of grease and then dried. Then 1.5 mm 

thick spacers were placed between the glass plates at three sides and sealed with high 

vacuum grease and clipped tightly to prevent any leakage of the gel solution during 

pouring.  Resolving  and  stacking  gels  were  prepared  by  mixing  compounds  in  

the following  order  and  poured  by  pipette  leaving  sufficient  space  for  comb  in  

the stacking gel (comb + 1cm).   

 

Name of the compound     10% Resolving gel (ml) 5% Stacking gel (ml) 

Distilled water   2.85 2.10 

30% acrylamide   2.55 0.50 

Tris*   1.95 0.38 

10% SDS   0.075 0.030 

10% APS  0.075 0.030 

TEMED**   0.003 0.003 

*For 1.5 M Tris pH 8.8 in resolving gel and for 1 M Tris pH 6.8 in stacking gel  

 ** N, N, N’, N’- Tetramethyl ethylene diamine 

After pouring the resolving gel solution inside the gel plates, it was immediately 

over layered with isobutanol and kept for polymerization for 2 hours. After 

polymerization of the resolving gel was complete, overlay was poured off and washed 

with water to remove any unpolymerized acrylamide. Stacking gel solution was 

poured over the resolving gel and the comb was inserted immediately and over 

layered with water. Finally the gel was kept for polymerization for 30-45 minutes. 

After polymerization of the stacking gel the comb was removed and the wells were 

washed thoroughly. The gel was then finally mounted in the electrophoresis 

apparatus. Tris-Glycine buffer was added sufficiently in both upper and lower 
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reservoir. Any bubble trapped at the bottom of the gel, was removed carefully with a 

bent syringe. 

(H) Sample preparation  

 Protein sample (50 µl) was prepared by mixing the sample protein (35 µl) with 

1X SDS gel loading buffer (15 µl) in cyclomixer. All the samples were floated in 

boiling water bath for 4 min in order to denature the protein sample. The samples 

were immediately loaded  in  a  pre-determined  order  into  the  bottom  of the  wells  

with  a  microliter syringe. Along with  the  samples,  protein  markers  consisting  of   

a  mixture  of   six proteins ranging from high to low molecular mass (Phosphorylase 

b-97,4000; Bovine Serum Albumin-68,000; Ovalbumin-43,000; Carbolic Anhydrase-

29,000; Soyabean Trypsin inhibitor-20,000;  Lysozyme-14,300)  was  treated  as  the  

other sample and loaded in a separate well. 

(I) Electrophoresis  

Electrophoresis  was  performed  at  a  constant  15  mA current  for  a  period  

of three hours until the dye front reached the bottom of the gel. 

(J) Fixing and staining  

 After electrophoresis the gel was removed carefully from the glass plates and 

then the stacking gel was removed from the resolving gel with the help of scalpel and 

finally fixed in glacial acetic  acid :  methanol :  water  (10 : 20 : 70)  for  overnight. 

The staining solution was prepared by dissolving 250 mg of Coomassie brilliant blue 

(Sigma R 250) in 45 ml of methanol.  After  the  stain  was  completely  dissolved, 45  

ml  of  water  and  10  ml  of glacial acetic acid were added. The prepared stain was 

filtered through Whatman No.1 filter paper. The  gel  was  removed  from  the  fixer  

and  stained  in this  stain  solution  for  4 hours at 37°C with constant shaking at low 

speed. After staining the gel was finally destained with destaining solution containing 

methanol, water and acetic acid (4.5: 4.5: 1) at 40°C with constant shaking until the 

background became clear. 

Genomic DNA of the isolates was performed following the method of 

Sambrook and Russel (2001). Single colonies of the isolates were inoculated into the 

3.3.6. Molecular identification  

3.3.6.1. Extraction of DNA 
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nutrient broth and incubated over night at 28oC. Then the broth cultures of bacterial 

isolates were centrifuged at 10,000 r.p.m. at 28ºC for 5 mins and the pellets were 

collected by discarding the supernatant. The pellets were  washed  repeatedly with  

distilled  water  and  resuspended  in  0.5  ml  of  lysis solution (100mM  TrisHcl,  

pH-7.5,  20 mM  EDTA,  250 mM  NaCl,  2%  SDS,  1 mg/ml lysozyme). To it 5 µl 

of RNase (50 mg/ml) was added and incubated at 37ºC for 3 hr. Then 10µl proteinase 

K solution (20 mg/ml) was added and incubated at 65ºC for 3 min. The lysate was 

extracted with equal volume of water saturated phenol: chloroform: isoamylalcohol 

(25:24:1) and then centrifuged at 10,000 r.p.m. for 5 min. The  aqueous  phase  was  

collected  in  clean  tube  and  2 volume  of  chilled  absolute ethanol was added to 

this aqueous phase. The mixture was centrifuged at 10,000 r.p.m. for 5 min at 4ºC, the 

pellet was air dried and finally dissolved in 40 µl TE buffer and stored at 4ºC. 

3.3.6.2. Quantification 

The genomic DNA of selected isolates was checked for their purities by 

A260/A280 ratio. The reading at 260 nm allows calculation of the concentration of 

nucleic acid in the sample. The reading at 280 nm gives the amount of protein in the 

sample. Pure preparations of DNA and RNA have OD260/OD280 values of 1.8 to 2.0, 

respectively. 

The  quality  of  the  genomic  DNAs  were  also  checked  on  0.8%  agarose  

gel electrophoresis. For this purpose, 1X TAE buffer was prepared from 50X TAE 

buffer by dilution. 0.8% agarose was prepared in 100 ml of 1X TAE buffer by melting 

in a microwave oven. 2 µl ethidium bromide was then added after cooling the agarose 

solution. After cooling, the solution was poured in to a casting tray with a comb and 

allowed to solidify at room temperature. DNA sample was prepared by adding 1 µl of 

tracking dye to a volume of 5 µl sample.  

The gel was horizontally placed on the tray and the electrophoresis chamber was 

filled with fresh running buffer (TAE) to cover the gel. The wells were loaded with 

DNA samples with the help of the pipette and 60V current was applied for the 

purpose of electrophoresis. 

 

3.3.6.3. Agarose gel electrophoresis 
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3.3.6.4. Amplification of 16S rDNA by PCR 

For  16S  rDNA  amplification in a  total  volume  of  100  µl  reaction mixture, 

78 µl deionized water, 10 µl 10 X Taq polymerase buffer, 1 µl of 1U Taq polymerase 

enzyme, 6 µl 2 mM dNTPs, 1.5 µl  of  100  mM  forward  PA:5’-

AGAGTTTGATCCTGGCTCAG-3’; PH:5’-AGGAGGTGATCCAGCCGCA-3’ 

primers and 3.5 µl of 50 ng template DNA. PCR was programmed with an initial 

denaturation phase of 5 min at 940C followed by 30 cycles of denaturation at 940C for 

60  s,  annealing  at  590C  for  60  s  and  extension  at  700C  for  2  min  and  the  

final extension  at  720C  for 7  min  in  a  Primus 96  advanced  gradient 

Thermocycler. PCR product (20 µl) was mixed with loading buffer (8 µl) containing 

0.25% bromophenol blue,  40%  w/v  sucrose  in  water,  and  then  loaded  in 2%  

Agarose  gel  with  0.1% ethidium bromide for examination with horizontal 

electrophoresis.  The PCR products were then sent for sequencing to Credora Life 

Sciences, Bangalore, India.  

For the confirmation of identification, 16S rDNA sequences obtained from PCR 

products were subjected to BLAST analyses and aligned with extype isolate 

sequences from NCBI GenBank. The DNA sequences were deposited to NCBI 

GenBank through  BankIt  procedure  and  approved  as  the  sequence  after  

complete  annotation and given accession numbers.  

The evolutionary history was inferred using the UPGMA / NJ method (Sneath 

and Sokal, 1973).  The  evolutionary  distances  were  computed  using  the  

Maximum  Composite Likelihood  method  (Tamura  et  al.  2004)  and these  are  

represented  in  the  units  of number  of  base  substitutions  per  site.  Codon 

positions included were 1st+2nd+3rd+noncoding. All positions  containing  gaps  and  

missing  data  were eliminated  from  the  dataset  (complete  deletion  option).  

Phylogenetic analysis was done in MEGA 4.1 software (Tamura et al. 2007).   

For in vitro evaluation of antagonistic activity of rhizobacterial isolates, 

following root fungal pathogens viz. Macrophomina phaseolina, Fusarium 

oxysporum, Fusarium semitectum, and Alternaria alternata were used.  

3.3.6.5. 16S rDNA sequencing and phylogenetic analyses 

3.4. Fungal culture 
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The culture of M. phaseolina obtained from the Central Research Institute for 

Jute and Allied Fibers, Barrackpore, West Bengal, India and culture of Fusarium 

oxysporum was obtained from Immuno-Phytopathology laboratory, Department of 

Botany, North Bengal University, and Fusarium semitectum, Alternaria alternata 

were obtained from Microbiology and Microbial Biotechnology laboratory of 

University of Gour Banga, Malda. All the cultures were maintained in PDA with 

frequent sub-culturing. 

3.4.2. Assessment of mycelial growth 

Mycelial growth of fungus was assessed in both on solid media and liquid media 

to know their culture characteristic.    

3.4.2.1. Solid media  

To assess the mycelial growth of Macrophomina phaseolina in solid media, the 

fungus was first grown on petridishes, each containing 20 ml of PDA and incubated 

for 5-8 days at 30 ± 20C. Agar block (6 mm diameter) containing the mycelia was cut 

with sterile cork borer from the actively growing zone of mycelial mat and transferred 

to each petridish containing 20 ml of sterilized solid media. Finally diameter of 

mycelia was measured at regular interval of time. The media were as follows: Potato 

Dextrose Agar, PDA (Peeled potato-40.00 g, Dextrose-2.00 g, Agar- 2.00 g, Distilled 

water-100 ml); Richard’s Agar, RA (KNO3-1.00 g, KH2PO4- 0.50 g, MgSO4, 7H20 

0.25 g Sucrose- 3.00 g, Agar-1.50 g, Distilled Water-100 ml); Carrot Juice Agar, CJA 

(Grated carrot-20.00 g, Agar-2.00 g, Water-100 ml), Potato Sucrose Agar, PSA 

(Peeled potato-40.00 g, Sucrose 2.00 g, Agar-2.00 g, Water-100 ml); Czapek-Dox 

Agar, CDA (NaNO3 -0.20 g, K2HPO4 -0.10 g, KCl-0.05 g , FeSO4, 7H20-0.05 g, 

Sucrose-3.00 g, Agar-2.00 g, Water-100 ml); Yeast Dextrose Agar ,YDA (Yeast 

extract-0.75 g, Dextrose-2.00 g, Agar-1.50 g, Agar-1.50 g) 

Further, to assess the mycelial growth of M. phaseolina in liquid media, the 

fungus was first grown on petridishes, each containing 20 ml of PDA and incubated 

for 3 days at 30 ± 20C. From the advancing zone, mycelial block (6 mm) was cut with 

sterilized cork borer and transferred to 250 ml Erlenmeyer flask containing 50 ml of 

3.4.1. Source and maintenance 

3.4.2.2. Liquid media 
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sterilized liquid PDB and incubated for 6-8 days with constant stirring at room 

temperature. After incubation the mycelia were strained through muslin cloth, 

collected in aluminum foil cup of known weight and dried at 600C for 96 hr. cooled in 

desiccators and weighed. 

3.5. In vitro characterization of PGPR activity of selected bacterial isolates 

3.5.1. IAA production 

The production of indole acetic acid (IAA) was estimated by inoculation of 

bacterial suspension into Luria-Bertani (LB) broth containing 0.01 mM tryptophan for 

3-5 days. It was then centrifuge at 10000 r.p.m. 20 mins. Production of IAA in culture 

supernatant was assayed by Pillet-Chollet method as described by Dobbelaere et al. 

(1999). For the reaction, 1 ml of reagent, consisting of 12 g FeCl3  per liter in 7.9 M 

H2SO4 was added to 1 ml of sample supernatant, mixed well and kept in the dark for 

30 min at room temperature. Absorbance was measured at 530 nm. The IAA 

production of bacteria was calculated from the regression equation of standard curve 

and the result was expressed as µg/ml over control. 

The phosphate solubilization activities were determined in both Pikovskaya and 

NBRIP medium.   Primary phosphate solubilizing activities of  both the isolates were  

carried  out  by  allowing  the  bacteria  to  grow  in  Pikovskaya’s  agar (Himedia-  

M520;   ingredients-  yeast  extract-0.50  g/l,  dextrose- 10.00  g/l,  calcium  

phosphate-  5.00  g/l,  ammonium  sulphate-  0.50  g/l,  potassium chloride-  0.20  g/l,  

magnesium  sulphate-  0.10  g/l,  manganese  sulphate-  0.0001  g/l, ferrous sulphate- 

0.0001 g/l and agar- 15.00 g/l) for 7 to 10 days at 37°C (Pikovskaya, 1948).The 

appearance of transparent halo zone around the bacterial colony indicated the 

phosphate solubilizing activity of the bacteria.  

The efficacy of the isolates as phosphate solubilizer was assessed by inoculating 

in National Botanical Research Institute’s Phosphate (NBRIP) (Nautiyal, 1999) 

growth medium containing insoluble tricalcium phosphate Ca3(PO4)2. Inoculated 

NBRIP media was incubated at 30° C in a shaker incubator at 150 r.p.m. for 5 days. 

Autoclaved, un-inoculated NBRIP medium served as control. For assay, the broth was 

centrifuged at 13,000 rpm for 10 min to obtain a clear supernatant. The presence of 

3.5.2. Phosphate solubilisation 
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soluble phosphate was determined using the Fiske and Subbarow method (Fiske and 

Subbarow, 1925). 

Production of siderophore was detected following standard method (Schwyn and 

Neiland, 1987) using blue indicator dye chrome azurol S (CAS). For production CAS 

agar, 1 L, 60.5 mg CAS was dissolved in 50 ml water and mixed with 10 ml iron (III) 

solution (1 mM FeCL3. 6H20   in 10 mM HCl).With constant stirring this solution was 

added to 72.9 mg hexa-decyltrimethyl ammonium bromide (HDTMA), dissolved in 

40 ml water. The resultant dark blue liquid was autoclaved. The dye solution was 

mixed into the medium along the glass wall with enough agitation to achieve mixing 

without the generation of foam, and poured into sterile petriplates. The bacteria were 

spot inoculated at the center of the plates and incubated for 12-15 days. The change in 

the colour of the medium around the bacterial spot is an indication of siderophore 

production. 

Method as described by Wei et al. (1991) was followed with slight modification 

for determination of HCN production by selected bacterial isolates. Bacteria were 

grown on NA medium supplemented with glycine (4.4 g L-1) in a Petri plate. 

Sterilized filter paper (Whatman no.1) saturated with a solution containing picric acid 

0.5% and sodium carbonate 2% placed on upper part of petriplate. The plates were 

sealed with parafilm and incubated for 5 days at 28° C. HCN production was 

indicated by the changes in color of the filter paper from yellow to brown to red. 

3.5.5. Volatile production 

To study the volatile production, the bacterial antagonist and pathogen were 

inoculated in different Petri plates on PDA. Petri plate containing pathogen was 

inverted over the Petri plate-containing antagonist and sealed with adhesive tape 

(parafilm) keeping antagonist in lower and pathogen in upper Petri plate (Dennis and 

Webster, 1971). The plate without antagonist served as control. Each experiment 

considering a single bacterial isolate was performed in triplicate.  

 

3.5.3. Siderophore production 

3.5.4. HCN production 
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Bacterial isolates were tested for the production of ammonia in peptone water. 

Freshly growing cultures were inoculated in 10ml sterilized peptone water in each 

tube separately and incubated for 48-72 hrs. at 28 ± 20 C. Nessler’s reagent (0.5 ml) 

was added in each tube. Development of brown to yellow colour was positive test for 

ammonia production (Cappuccino et al. 1992). 

3.6.1. Chitinase 

Production of chitinase by the selected bacterial isolates was determined 

following conventional plate method using chitinase detection agar (CDA). Plates 

were prepared by mixing 10 g colloidal chitin with 20 g of agar in M9 medium 

(Na2HPO4 0.65 g KH2PO4 1.50 g NaCl 0.25 g, NH4Cl 0.50 g MgSO4 0.12 g, CaCl2 

0.005 g and distilled water 1 L; pH 6.5).The CDA plate was spot inoculated with 

organism followed by incubation at 30 ± 20C  for 7-8 days. Formation of clear zone 

around the bacteria was considered positive reaction (West and Colwell, 1984). 

The colloidal chitin was prepared by adding 40 g chitin in 500ml of 

concentrated HCl in a 1000 ml beaker and continuously stirred at 40 C for 1hour. The 

hydrolyzed chitin in the beaker was washed several times with distilled water to attain 

a pH near to 7. Thereafter, it was filtered using Whatman No. 1 filter paper. The 

filtrate was stored in 40C (Berger and Reynolds, 1958). 

The chitinase production by the isolate was also quantified in liquid medium 

following the method of Kuddus and Ahmad (2013). The isolate was inoculated in 

100 ml of mineral salt broth supplemented with colloidal chitin (1% w/v) and 

incubated at 30 ± 2°C, 120 rpm for 3 days. The cell free supernatant, obtained by 

centrifugation at 10,000 rpm for 20 min at 4°C was used as crude enzyme. For assay, 

the crude enzyme was mixed with 1 ml of 1% (w/v) colloidal chitin in citrate 

phosphate buffer (0.1 M, pH 5.5) and incubated at 50°C for 30 min. To stop the 

reaction, the reaction mixture was put into boiling water bath for 3 min. The solution 

3.5.6. Ammonia production  

3.6. Extracellular hydrolytic enzyme production 

3.6.1.1. Qualitative assay 

3.6.1.2. Quantitative assay 
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The effect of different parameters such as incubation period, temperature, pH 

and the nitrogen source on chitinase production was also determined. 

The effect of incubation period on the chitinase production was determined at 

different time intervals. The culture broth was pulled at 24, 48, 72, 96 and 120 hours 

of incubation and enzyme activity was determined. 

The effect of initial pH of medium on the enzyme production was determined by 

maintaining the pH of culture media at different level, from pH 4.0 to pH 10.0.  

The effect of nitrogen sources on the chitinase production by the isolate was also 

determined. Effect of nitrogen sources such as peptone, tryptone, yeast extract, beef 

extract, urea and sodium nitrate (0.1% w/v) was examined by replacing the nitrogen 

source in basal medium. 

 3.6.2. Protease 

The qualitative assay for protease production was performed on sterile skim 

milk agar plates (Panc. Digest of caseine 5.0 g, Yeast extracts 2.5 g, Glucose 1.0 g, 

Agar 15.0 g, Distilled water 1000 ml, Skim milk 7% was added as inducer). Isolates 

were spot inoculated and followed by incubation at 300C and zone of clearance 

around the colony indicating the enzymatic degradation of protease (Chaiharn et al. 

2008). 

The protease activity was assayed by adding 5 ml of 0.65% casein as substrate 

(prepared in 50 mM potassium phosphate buffer pH 7.5), which was incubated at 

37ºC. Then 1ml   crude enzyme was added and mixed thoroughly and was incubated 

for 10 minutes at 37ºC. After incubation, 5ml of 110 mM trichloroacetic acid (TCA) 

was added and mixed thoroughly to terminate the enzyme reaction and incubated for 

30 minutes at 37ºC. Then the solution was centrifuged at 5000 r.p.m. for 10 minutes. 

3.6.2.1. Qualitative assay 

3.6.2.2. Quantitative assay 

was centrifuged at 5000 rpm for 10 min. The amount of reducing sugar in the 

supernatants was determined by dinitrosalicylic acid method (Miller, 1959). One

 enzyme unit was calculated as the amount of enzyme that liberated 1 μmol of 

N-acetyl-D-glucosamine per minute under the standard assay conditions. 
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Next the solution was filtered, then 2 ml of filtrate solution was taken, after that 5 ml 

500 mM Na2CO3 solution and 15% Folin ciocalteau reagent was added mixed 

thoroughly and incubated at 37ºC for 30 minutes. After incubation the OD was taken 

at 660 nm. Simultaneous controls containing enzyme, heat-killed enzyme and 

substrate were maintained. One unit of protease activity was calculated as the amount 

of enzyme required to liberate 1 μmol of tyrosine min-1 ml-1. The protein content of 

the culture filtrate was estimated by the dye-binding method of Bradford. 

All enzyme assay experiments were carried out in triplicate, and the mean 

values were recorded. The enzyme activity was calculated by the following formula 

(Pant et al. 2015).  

Units/ml= (μmol tyrosine equivalent x total volume of assay) / volume of enzyme 

used in assay length of assay x volume used in colorimetric determination 

Among the extracellular enzymes, chitinase and protease is considered most 

important for antagonistic activity. So, optimization studies were carried out for these 

two enzymes. 

3.6.2.3. Optimization of protease production 

Optimization of protease production was done to study the effect of different 

parameters on protease production. There are about 6 parameters, which were tested 

for optimizing the protease enzyme production. 

3.6.2.3.1. Effect of incubation period 

To study the effect of incubation period on protease production, the bacterium 

was grown in skim milk broth at 37ºC temperature at 150 rpm. Enzyme assay was 

carried out at 12 hours intervals ranging from 12-96 hours. 

3.6.2.3.2. Effect of incubation temperature 

Effect of temperature on protease production was studied by growing the isolate 

in the skim milk broth for protease production at different temperature ranging from 

30ºC-60ºC at 5ºC intervals. 

3.6.2.3.3. Effect of pH on protease production  

The effect of pH on protease production in relation to initial medium pH was 

studied by inoculating the isolate in skim milk broth, by adjusting the pH ranging 

from 5.0 to 10. 
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To determine the influence of different carbon sources on protease production, 

the production medium was substituted with other carbon sources, including 1% (w/v) 

glucose, fructose, mannitol, sucrose. 

3.6.2.3.5. Effect of nitrogen sources on production of protease   

The effect of nitrogen sources on production of protease of the organisms were 

determined by using different organic and inorganic nitrogen sources (0.5%). 

Nitrogen compounds are very important for growth and enzyme production. The 

nitrogen source of the skim milk broth was substituted with –beef extract, yeast 

extract, peptone and urea. 

3.6.2.3.6. Effect of metal ions on production of protease  

To determine the effect of metal ions on protease production, media was 

substituted with different metal ions-calcium chloride, magnesium chloride, 

manganese chloride, zinc chloride. 

3.6.3. Amylase 

The bacterial isolates were spot inoculated on starch agar (Beef extract 3.0 g, 

Peptone 5.0 g, soluble starch 2.0 g, Agar 15 g, Distilled water 1 lit) medium plates 

and incubated at 30°C for 48 h. At the end of the incubation period, the plates were 

flooded with iodine solution, kept for a minute and then poured off. Iodine reacts with 

starch to form a blue colour compound. The blue colour fades rapidly. Hence the 

colour less zone surrounding colonies indicates the production of amylase. 

3.6.4. β-1-4-glucanse 

For the detection of β-1-4-glucanse activity the bacterial isolates were spot 

inoculated on CMC (Carboxy methyl cellulose) agar (KH2PO4 1.0 g, MgSO4.7H2O 

0.5 g, NaCl 0.5 g, FeSO4.7H2O 0.01 g, MnSO4.H2O 0.01 g, NH4NO3 0.3 g, CMC 10 

g, Agar 15 g, distilled water 1000 ml  pH 7). Streaked CMC agar plates were 

incubated at 300 C for 5 days. At the end of the incubation, agar media was flooded 

with an aqueous solution of Congo red (1% w/v). Formation of clear zone indicated 

cellulose production. 

 

 

3.6.2.3.4. Effect of carbon source on production of protease  
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3.7.1. Solid medium 

the Petri dish and the plates were incubated ay 280 C for 7 days (Rabindran et. al, 

1996). Antifungal activity was estimated from the inhibition of mycelial growth of 

fungus in the direction of actively growing bacteria. The level of inhibition was 

calculated by subtracting the distance (mm) of fungal growth in the direction of an 

antagonist from the fungal radius. The percent inhibition was calculated using the 

formula: 

PI = (R-r) × 100 / R 

Where, 

PI = Percent inhibition 

r = Redial growth of the fungal colony opposite the bacterial colony 

and 

R = The radial growth of the pathogen in control plate. 

3.7.2. Liquid medium 

The antagonistic activity in liquid medium was determined by culturing the 

pathogen in PDB. 

One agar block (6 mm dia.) containing 7 day old mycelia of the test fungus and 

0.5 ml of bacterial suspension (1x106 cfu/ml) were used as inocula for each 250 ml 

flask containing 50 ml PDB. The mycelium grown without the bacterial strain in the 

similar medium was taken as the control sample. The cultures were inoculated at 28 ± 

20C and after 96 hrs. of incubation mycelia were washed thoroughly with sterile 

distilled water to remove bacteria as far as possible and harvested by staining through 

muslin cloth and mycelial dry weights were determined. 

3.7.3. SEM analyses 

For scanning electron microscopic observation, the mycelia were aseptically 

removed from the site of interaction for the study of infected hyphae and from 

For antagonistic tests the bacterial isolates were streak at a distance of 3.5 cm 

from rim of individual Petri plate containing PDA medium. A 6 mm mycelial disc 

from a 7 day old PDA culture of fungal pathogen was then placed on the other side of 

3.7. In vitro testing of antagonism 
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growing fungal plate for the study of control. The mycelia were then placed on small 

square slides and they were fixed and air dried. To fix the fungal mycelia first it was 

fixed with 2.5% gluteraldehyde for 2 hrs. Then it was dehydrated with 50% alcohol 

for 10 minutes, therefore with 70% and 90% alcohol respectively, each for 1 hour. 

After that it was dehydrated with absolute alcohol for 1 hour. Lastly it was air dried. 

For scanning electron microscopic (SEM) studies, samples were mounted on the 

specimen stubs using adhesive. Then they were coated with gold to a thickness of 100 

angstrom. Coating was done by IB2 iron coater. Coated samples were analyzed in a 

Hitachi Scanning Electron Microscopes model S-530 operated at various 

magnifications and photographed. 

3.8. Extraction of antifungal compounds from bacteria 

The antagonistic isolate was grown in NB medium for 96 h at 37°C in shaking 

condition. Centrifugation was done at 15000 r.p.m. for 20 min and supernatant was 

collected and passed through the micro filter (0.22 μm pore size). Portion of this was 

further used for further bioassays. 

The cell free culture filtrate (200 ml) was extracted separately with equal 

volumes of acetone, benzene, chloroform, ethyl acetate and diethyl ether. The culture 

filtrate was mixed with equal volumes of organic solvent and taken in separating 

funnel. The mixture was shaken vigorously and allowed to stand for few minutes and 

observed for the separation of two liquid phases. The organic as well as aqueous 

fraction was collected in beakers. The extraction procedure was repeated thrice with 

each solvent. The organic fraction and corresponding aqueous fractions were 

evaporated to complete dryness in a rotary evaporator at room temperature and 

residue in each case was dissolved in 2 ml of respective solvent used for the 

assessment of antifungal activity. A control was maintained with the solvent only at 

the time of assessment of antifungal activity. 

3.9. Partial characterization of active principle 

3.9.1. UV-spectrophotometry 

The antifungal compounds were analyzed in UV spectrophotometer at a range of 

200 to 900 nm and maximum absorption was determined. 

3.8.1. Preparation of cell free culture filtrate 
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3.9.2. GCMS analysis of  crude cell  free extract 

Identification of the antimicrobial metabolites was done by Gas 

ChromatographyMass Spectrometry (GCMS) analysis with JEOL GC MATE II GC 

System (Agilent Technologies 6890N Network GC system for gas chromatography).  

1µL of sample  solution was injected  into the  GC  system  provided  with HP 5 Ms  

column  at  220oC  and  high pure helium was used  as a carrier gas at a flow rate  of 1 

ml/min.  For GC–MS the GC oven was held at 50°C and then ramped from 50°C to 

250°C at 10°C/min. temperature of ion chamber was held at 250°C. The 

chromatogram and mass spectra were recorded and analyzed by quadruple double 

focusing mass analyzer with a photon multiplier tube detector. The m/z peaks 

representing mass to charge ratio characteristic of the antimicrobial fractions were 

compared with those in the mass spectrum of NIST (National Institute for Standards 

and Technology) library of the corresponding organic compound. 

3.10. Plant materials 

for Jute and Allied Fibers (CRIJAF), Barrackpore, West Bengal, India. Seeds of two 

varieties of Tossa jute (Corchorus olitorius) i.e. JRO-524, JRO-8432 and two 

varieties of White jute (C. capsularis) i.e. JRC-212 & JRC-321 were procured from 

CRIJAF.  

The pot experiments were conducted in 8” earthen pot containing 2 kg of soil 

collected from agricultural field. For each treatment, 10 pots were taken as replicate. 

Plants were maintained under natural conditions of light and temperature (31 ± 2°C). 

Plants were irrigated at regular intervals. 

field. The physical properties of the soil were determined by gravitational 

sedimentation analysis method (Gee and Or, 2002). 25 gm of soil sample used in pot 

experiment was macerated and taken in a 1000 ml measuring cylinder. Then distilled 

water was added and shaken carefully until the volume reached up to 100 ml. Then, 

the total volume of soil sample solution was retained for gradual intervals of 2 

3.10.2. Growth of plants 

3.10.1. Source of seeds 

The seeds of the jute varieties were collected from the Central Research Institute 

3.11. Soil analysis 

The soil used for experimental study was collected from the nearest agricultural 
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minutes, 60 minutes and 72 hours respectively. After each time interval the length of 

deposited soil was recorded using a graduated scale. From this the physical 

properties such percentage of sand, silt and clay in respect of successive time 

intervals of the soil were determined. 

The bacterial isolates were cultured in Nutrient Broth medium and were allowed 

to grow with shaking at 30°C, 120 r.p.m. for 48 hr. At the end of the log phase, 

bacterial culture was centrifuged at 10,000 r.p.m. for 15 min and the supernatant was 

discarded, selecting the bacterial pellet. Pellet was scraped into sterile distilled water. 

The aqueous suspensions were diluted as necessary to maintain the bacterial 

concentration at 1 x 108 cfu/ml. The aqueous suspension was then applied as a soil 

drench @ 200 ml pot-1 to the rhizosphere of the seedlings in potted conditions twice 

after 7 and 15 days of sowing. The bacterial suspension was applied to the 

rhizosphere of potted plants either singly or in combination. 

3.13.1. Preparation of pathogen inoculum 

To prepare the inoculum of M. phaseolina the method of Chakraborty and 

Purkayastha (1984) was followed. The mature jute plants were collected from jute 

fields and washed thoroughly after defoliation. Then the stems were cut into small 

pieces of 2-3 cm and sterilized by autoclaving in conical flasks. After sterilization, a 

block of M. phaseolina from the actively growing edge was inoculated into the flasks 

and incubated at 26°C for seven days.   

3.13.2. Inoculation to healthy jute plants 

The jute stem pieces covered with M. phaseolina were used as source of 

inoculum. The jute stem pieces were inserted in the soil around the healthy jute plants. 

In each pot 4-5 stem pieces were used to inoculate the pathogen. 

 

 

 

3.12. Application of bacteria 

3.13. Inoculation of pathogen 
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Disease assessment was done by computing a disease index based on the 

symptoms. 

The disease index was computed by development of disease symptoms was observed 

and recorded. Percent disease index (PDI) was determined by using the formula: 

  

Observations were made at growth period of 15 days.  

Determination of plant growth promoting activity by the bacteria was assessed 

under greenhouse condition. Growth promotion was studied in terms of increase in 

shoot length, root length, area of leaves, shoot and root dry mass in potted plants. 

Plants were grown under natural conditions of light and temperature (31±2°C). 

Observations were recorded after 15, 30 and 45 days of bacterial application. 10 

replicates were taken for each treatment and the average of the 10 replicate plants 

were analyzed. 

For the extraction of chlorophyll from leaves of plants the method of Harborne 

(1973) with modifications was used. 1 g leaf tissue was crushed in a mortar and 

pestles using 80% acetone in the dark to prevent the photo oxidation of chlorophyll. 

The crushed samples were filtered thorough Whitman No.1 filter paper. Final volume 

was made up 25 ml with adding sufficient amount of acetone. A tube containing 80% 

acetone was used as blank. 

Estimation of chlorophyll was done by measuring the absorbance at 645 nm and 

663 nm respectively in a UV-VIS spectrophotometer against a blank of 80% acetone 

and calculated using the formula as given by Arnon (1949). 

Total chlorophyll = (20.2 A645 + 8.02 A663) mg g-1fr. wt. 

3.14. Disease assessment 

3.15. Determination of plant growth promoting activity 

3.16. Biochemical analyses 

3.16.1. Extraction and estimation of biochemical components 

3.16.1.1. Extraction and estimation of chlorophyll 
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Total  and  reducing  sugar  was  extracted  following  the  method  of  Harborne 

(1973).  1  g  of  leaf  and  root  tissue  was  extracted  in  10  ml  of  95%  ethanol  

and  the alcoholic  fraction  was  evaporated  on  a  boiling  water  bath.  The residue 

was again extracted with ethanol and the same process was repeated 3 times. Then the 

residue was dissolved  in  dH2O  and the  final  volume  was  made  up  to  5  ml  

which  was  centrifuged  at  5000  rpm  for  10  min.  The supernatant was collected 

and used for estimation. 

Estimation of total sugar was done by Anthrone reagent following the method of 

Plummer (1978).  To  1  ml  of  test  solution,  4  ml  of  Anthrone  reagent  (0.2% 

Anthrone  in  conc. H2SO4) was added.  The reaction mixture was mixed thoroughly 

and was incubated in boiling water bath for 10 mins. Then the reaction mixture was 

cooled under running tap water and absorbance was measured in a colorimeter at a 

wavelength of 620 nm and sugar content was quantified using a standard curve of D-

glucose. 

Reducing sugar was estimated by Nelson-Somogyi method as described by 

Plummer (1978).  1  ml  of  the  test  solution  was  mixed  with  1  ml  of  alkaline  

copper tartarate  solution  (2 g CuSO4, 12  g  Na2CO3 anhydrous,  8  g  Na-K  

tartarate,  90  g Na2SO4 anhydrous  in 500  ml of  dH2O) and  heated over a boiling 

water bath  for 20 mins.  The  reaction  mixture  was  then  cooled  under  running  tap  

water  and  1  ml Nelson’s  Arsenomolybdate  reagent  was  added  along  with  2  ml  

of  dH2O  and  mixed vigorously. A blue colour was developed, the absorbance of 

which was the measured in a colorimeter at 515 nm and reducing sugar content was 

estimated using a standard curve of D-glucose. 

Soluble  protein  from  the  leaves  and  roots  were  extracted  by  following  the 

method of Chakraborty et al. (1995). 1 g fresh plant tissue was taken and 

homogenized in a pre-chilled mortar  with liquid nitrogen using 5 ml of 50 mM 

sodium phosphate buffer  (pH  7.2)  and  PVP  (polyvinylpyrrolidone)  under  ice  

3.16.1.2. Extraction of carbohydrate 

3.16.1.2.1. Estimation of total sugar 

3.16.1.2.2. Estimation of reducing sugar 

3.16.1.3. Extraction and estimation of protein 
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cold  condition  and centrifuged at 10,000 r.p.m. at 4ºC for 15 mins.  The supernatant 

obtained was used as the crude extract for estimation. 

Estimation was done by the method of Lowry et al. (1951). To 1 ml of protein 

sample 5 ml of alkaline reagent (1 ml of 1% CuSO4 and 1 ml of 2% sodium-

potassium tartarate, added to 100 ml of 2% Na2CO3 in 0.1 N NaOH) was added. This 

was incubated for 15 minutes at room temperature and then 0.5 ml of 1N Folin-

Ciocalteau reagent was added and again incubated for further 15 minutes following 

which optical density was measured at 720 nm. Quantity of protein was estimated 

from the standard curve made with bovine serum albumin (BSA). 

The phenols were extracted by the method given by Mahadevan and Sridhar 

(1982). 1 g of leaf tissue was dipped in 5 ml of boiling absolute alcohol in dark for 10 

mins. After cooling the sample was crushed with 80% alcohol and then filtered in a 

dark chamber. The residue was reextracted with 80% alcohol and then final volume 

was made up to 10 ml with 80% alcohol. 

Total phenol content was estimated by Folin Ciocalteau’s reagent, following the 

method of Mahadevan and Sridhar (1982). To 1 ml of the alcoholic extract, 1 ml of 

1N Folin Ciocalteau’s reagent followed by 2 ml of 20% sodium carbonate solution 

was added in a test tube. The test tube was shaken and heated on a boiling water bath 

for 1 minute. After cooling, the volume of the reaction mixture was raised to 25 ml. 

Absorbance of the blue colored solution was measured at 650 nm. Quantity of total 

phenol was estimated using caffeic acid as standard. 

Orthodihydroxy phenol was also estimated following the method of Mahadevan 

and Sridhar (1982). 1 ml of alcoholic extract was mixed with 2 ml of 0.05 N HCl, 1 

ml of Arnow’s reagent (NaNO2-10 g, Na2MoO4-10 g, distilled water -100 ml) and 2 

ml of 1 N NaOH and mixed thoroughly at room temperature following which the 

volume  of  the  reaction  mixture  was  raised  to  10  ml. Absorbance  of  the  colored 

solution was recorded at 515 nm. Quantity of the o-dihydroxy phenol was estimated 

using caffeic acid as standard. 

3.16.1.4. Extraction of phenol 

3.16.1.4.1. Estimation of total phenol 

3.16.1.4.2. Estimation of ortho-phenol 
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3.16.2.1. Chitinase 

Extraction of chitinase was done by following the method described by Boller 

and Mauch (1988) with modifications. 1g of leaf sample from the jute plants were 

crushed and extracted using 5 ml of chilled 0.1 M sodium citrate buffer (pH 5.0).  The 

homogenate was centrifuged at 12000 r.p.m. for 10 min at 4°C, and precipitate was 

discarded. The supernatant was used as enzyme source. 

Chitinase activity was measured according to the method described by Boller 

and Mauch (1988). Assay mixture consisted of 10 µl of 1 M Na-acetate buffer (pH 4) 

0.4 ml enzyme solution and 0.1 ml colloidal chitin. Colloidal chitin was prepared as 

per the method of Roberts and Selitrennikoff (1988). Incubation was done for 2 hrs at 

37°C and centrifuged at 10,000 r.p.m. for 3 min 0.3 ml supernatant, 30 µl of 1M K-

PO4 buffer (pH 7.1) and 20 µl Helicase (3%) were mixed and allowed to incubate for 

1h at 37°C. 70 µl of 1M Na-borate buffer (pH 9.8) was added to the reaction mixture. 

The mixture was again incubated in a boiling water bath for 3 min and rapidly cooled 

in ice water bath. 2 ml DMAB (2% di methyl amino benzaldehyde in 20% HCl) was 

finally added and incubated for 20 min at 37°C. The  amount of GlcNAc released was 

measured  spectrophotometrically  at  585  nm  using  a  standard  curve  and  activity 

expressed as µg GlcNAc released min-1g-1fresh wt. tissue. 

3.16.2.2. Phenylalanine ammonia lyase 

Enzyme was extracted by the method described by Chakraborty et al. (1993). 

Leaf  samples  were  crushed and extracted by using  5  ml  of  sodium borate  buffer 

(pH 8.8)  containing  2  mM  β-mercaptoethanol  in  ice  followed  by centrifugation  

at  15000  r.p.m.  for 20  min  at  4°C.  The supernatant was collected and after 

recording its volume, used immediately for assay or stored -20°C. 

Phenylalanine  ammonia  lyase  activity  in  the  supernatant  was  determined  

by measuring the production of cinnamic acid from L-phenylalanine  

spectrophotometrically. The reaction mixture contained 0.3 ml of 300 µM sodium 

borate (pH 8.8), 0.3 ml of 30 µM L-phenylalanine and 0.5 ml of supernatant in a total 

volume of 3 ml. Following incubation for 1hr at 40°C the absorbance at 290 nm was 

3.16.2. Extraction and assay of enzyme activities 
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read against a blank without the enzyme in the assay mixture. The enzyme activity 

was expressed as µg cinnamic acid produced min-1 g-1 fresh wt. of tissue. 

3.16.2.3. β-1, 3-Glucanase 

β-1, 3-glucanase was extracted from leaf samples following the method of Pan 

et al. (1991). Leaf sample (1g) was crushed and extracted using 5  ml  of  chilled  0.05  

M  sodium  acetate  buffer  (pH  5.0). Finally the extract was centrifuged at 10000 

rpm for 15 min at 4°C and the supernatant was used as crude enzyme extract. 

Estimation  of  β-1,3-glucanase  activity  was  done  by  following  the  

laminarin dinitrosalicylate method described by Pan  et al. (1991). The crude enzyme 

extract of 62.5 µl was added to 62.5 µl of laminarin (4%) and then incubated at 40°C 

for 10 min.  The  reaction  was  then stopped  by  adding  375  µl  of dinitrosalicylic  

reagent  and heating on a boiling water bath for 5 min. The resulting colored solution 

was diluted and vortexed with 4.5 ml of water, and absorbance was recorded at 500 

nm. The blank was the crude enzyme preparation mixed with laminarin with zero time 

incubation. The enzyme activity was expressed as µg glucose released min-1 g-1 fresh 

wt. tissue. 

3.16.2.4. Peroxidase 

For the extraction of peroxidase the plant tissues were macerated and extracted 

in 0.1 M odium borate buffer (pH 8.8) containing 2 mM  β-mercaptoethanol under ice 

cold conditions. The homogenate was centrifuged immediately at 15000 r.p.m. for 20 

minutes at 4ºC. After centrifugation the supernatant was collected and after  recording  

its volume was immediately used for assay or stored at -20ºC (Chakraborty et al. 

1993). 

The  reaction  mixture  contained  1  ml  of  0.2M  Na-phosphate  buffer  (pH 

5.4), 1.7 ml dH2O, 100 µl crude enzyme, 100 µl O-dianisidine (5 mg/ml methanol) 

and 0.1 ml of 4 mM H2O2. O-dianisidine was used as substrate and activity was 

assayed spectrophotometrically at 465 nm by monitoring the oxidation of O-

dianisidine in presence of H2O2 (Chakraborty et al. 1993). Specific activity expressed 

as the increase in ∆A 465 min-1g-1fresh wt. tissue. 
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RESULTS 

 

4.1. Isolation of microorganisms from soil, screening and selection 

In order to isolate rhizosphere bacteria soil samples were collected from the 

rhizosphere of the healthy jute plants from the cultivation field. The soil samples are 

mainly collected from the jute cultivation fields of districts of South Dinajpur, Malda 

and plain areas of Darjeeling. A total of 32 soil samples were collected from different 

districts. Soil samples were brought to the laboratory and the bacterial isolates were 

isolated as described under materials and methods. The numbers of bacterial colonies 

were counted in the plates and the microbial population determined in soils from 

different rhizospheres. Microbial populations, determined as cfu g-1 soil, ranged 

between 8x106 – 22x107cfu. 

Table1: Sources of soil samples and bacterial isolates  

Area of soil collection No. of soil samples No. of bacterial isolates 

South Dinajpur 10 28 

Jalpaiguri 02 04 

North Dinajpur 02 05 

Malda 10 24 

Darjeeling 08 15 

 

The bacterial isolates were studied under microscope after suitable staining. 

Bacteria were classified into Gram positive and Gram negative with the help of 

standard Gram staining protocol and were taken for further biochemical tests. A large 

number of both Gram positive and negative bacteria were isolated. 

All the isolates were then screened preliminarily for in vitro plant growth 

promoting activities like solubilization of phosphate, IAA production and for their 

antagonistic activity against the Macrophomina phaseolina (Table 2). 
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Table 2: Preliminary screening of bacterial isolates for in vitro plant growth 

promotion and antagonistic activity 

Serial 

No. 
Isolate Code 

In vitro Plant Growth Promoting Activities 

Phosphate 

solubilization 

IAA 

production 

Antagonistic activity 

against M. phaseolina 

1.  JRS 1 ++ ++ ++ 

2.  JRS 2 _ ++ _ 

3.  JRS 3 _ _ _ 

4.  JRS 4 _ + _ 

5.  JRS 5 + _ _ 

6.  JRS 6 _ _ _ 

7.  JRS 7 _ ++ _ 

8.  JRS 8 + _ _ 

9.  JRS 9 _ + _ 

10.  JRS 10 _ ++ _ 

11.  JRS 11 + + _ 

12.  JRS 12 + _ _ 

13.  JRS 13 _ _ _ 

14.  JRS 14 _ + _ 

15.  JRS 15 + _ _ 

16.  Acti-1 + _ _ 

17.  Acti-2 _ + ++ 

18.  Acti-3 +++ ++ - 

19.  Acti-4 _ ++ _ 

20.  Acti-5 + _ _ 

21.  Acti-6 ++ + +++ 

22.  Acti-7 _ + _ 

23.  Acti-8 _ ++ _ 

24.  Acti-9 + + _ 

25.  Acti-10 + _ _ 

26.  Acti-11 _ _ _ 

27.  Acti-12 _ + _ 
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28.  Acti-13 + _ _ 

29.  Acti-14 + _ _ 

30.  Acti-15 _ + _ 

31.  Acti-16 _ ++ _ 

32.  Acti-17 + + _ 

33.  Acti-18 + _ _ 

34.  Acti-19 _ _ _ 

35.  Acti-20 _ + _ 

36.  Acti-21 + _ _ 

37.  Acti-22 + _ _ 

38.  Acti-23 + _ _ 

39.  Acti-24 _ + _ 

40.  SDJ-1 _ ++ _ 

41.  SDJ-2 + + _ 

42.  SDJ-3 + _ _ 

43.  SDJ-4 _ _ _ 

44.  SDJ-5 _ + _ 

45.  SDJ-6 + _ _ 

46.  SDJ-7 + _ _ 

47.  SDJ-8 + _ _ 

48.  SDJ-9 _ + _ 

49.  SDJ-10 _ ++ _ 

50.  SDJ-11 + + _ 

51.  SDJ-12 + _ _ 

52.  SDJ-13 _ _ _ 

53.  SDJ-14 _ + _ 

54.  SDJ-15 + _ _ 

55.  SDJ-16 + _ _ 

56.  SDJ-17 + _ _ 

57.  SDJ-18 _ + _ 

58.  SDJ-19 _ ++ _ 

59.  SDJ-20 + + _ 
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60.  SDJ-21 + _ _ 

61.  SDJ-22 _ + _ 

62.  SDJ-23 _ + _ 

63.  SDJ-24 + _ _ 

64.  SDJ-25 + _ _ 

65.  SDJ-26 _ + _ 

66.  SDJ-27 + _ _ 

67.  SDJ-28 _ _ _ 

68.  JRSJ-1 _ ++ _ 

69.  JRSJ-2 + _ _ 

70.  JRSJ-3 _ + _ 

71.  JRSJ-4 _ ++ _ 

72.  B-1 + + _ 

73.  B-2 + + _ 

74.  B-3 _ + +++ 

75.  B-4 _ + _ 

76.  B-5 _ + _ 

+ = presence of character, -= absence of character 

Among all tested isolates, it was observed that about 50% of the bacterial 

isolates were IAA producers, 45% could solubilize inorganic phosphate and only four 

isolates (5%) showed antagonistic activity against M. phaseolina (Figure 1). All four 

isolates having antagonistic activity against M. phaseolina were further characterized 

along with the most promising phosphate solubilizer Acti-3. 

4.2. Characterization and identification of selected bacterial isolates 

All selected isolates were further characterised by Gram staining, endospore 

staining and biochemical properties.  

Among the strains Acti-6, B-3 were Gram positive, whereas isolates Acti-3 and 

Acti-2 and JRS 1 showed negative reaction in response to Gram staining. 

 

4.2.1. Gram staining 
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Figure 1: Graphical representation of phosphate solubilization, IAA production and 

antagonistic activity by the isolates 

4.2.2. Endospore staining 

Among the isolates Acti-6 and B-3 produced endospore. Under the light 

microscope green coloured endospores appeared inside the red colour cell along with 

some free green coloured endospores. 

All the five isolates were biochemically characterized by following the standard 

protocols. The results of the biochemical tests are summarized below (Table 2). In 

case of catalase test all the isolates showed positive result. Positive results were 

shown by Acti-6, B-3 and JRS 1 in oxidase test. Gelatin liquefaction was 

demonstrated by three isolates (Acti-6, Acti-2 and B-3). Most of the isolates showed 

negative results in urease test except JRS 1. In case of nitrate reduction except B-3, all 

showed positive results. All the isolates showed positive results in casein hydrolysis 

test. Starch hydrolysis was demonstrated by most of the isolates, except Acti-2. 

 

 

 

4.2.3. Biochemical test 
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Table 3: Morphological and biochemical characteristics of the isolates 

Isolates 
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MR VP 

Acti-6  

(Bacillus 

amyloliquefaciens) 

+ + + + + - + - + + + + 

B-3  

(Bacillus subtilis) + + + + + - - - + + + - 

Acti-3 

 (Pantoea 

agglomerans) 

- - + - - - + - + + + + 

Acti-2 

(Stenotrophomonas 

sp.) 

- - + - + - + - - + - - 

JRS 1  

(Ralstonia pickettii) - - + + - + + - - + + - 

All the five isolates selected for further characterization were identified by using 

the 16S rDNA sequencing.  

The BLAST query of 16S rDNA sequence of the isolate Acti-6 against 

GenBank database confirmed its identity as Bacillus amyloliquefaciens. The isolate 

showed 100% similarity with query coverage of 100% with the partial 16S rRNA 

genes of B. amyloliquefaciens strain MPA 1034 and other B. amyloliquefaciens 

strains present in NCBI database. The sequence was deposited in NCBI, GenBank 

database under the accession no. KT192627.1 (Fig. 3 & 4). The sequenced PCR 

product was aligned with other sequences from NCBI GenBank for identification as 

well as for studying phylogenetic relationship with them. The phylogenetic analyses 

conducted using the UPGMA method among the isolates of B. amyloliquefaciens with 

other ex-type strains obtained from NCBI GenBank database by MEGA 4.1 software. 

The evolutionary history was inferred using the UPGMA method. The optimal tree 

with the sum of branch length = 0.00503495 is shown. The tree is drawn to scale, with 

 

4.2.4. 16S rDNA sequencing, identification and diversity analysis 
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branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic tree. The evolutionary distances were computed using the Maximum 

Composite Likelihood method (Tamura et al. 2004) and are in the units of the number 

of base substitutions per site. All positions containing gaps and missing data were 

eliminated from the dataset (Complete deletion option). There were a total of 946 

positions in the final dataset (Fig. 4). Phylogenetic analysis showed the isolate Acti-6 

is closely related with the 16S rDNA sequences of B. amyloliquefaciens deposited in 

NCBI database (Fig. 5). 

The BLAST query of 16S rDNA sequence of the isolate B-3 against GenBank 

database confirmed its identity as Bacillus subtilis. The isolate showed 100% 

similarity with query coverage of 100% with the partial 16S rRNA genes of Bacillus 

subtilis strain 168 and other Bacillus strains present in NCBI database. The sequence 

was deposited in NCBI, GenBank database under the accession no. KT266821.1 (Fig. 

6 & 7). The sequenced PCR product was aligned with ex-type isolate  sequences  

from  NCBI GenBank  for  identification  as  well  as  for  studying phylogenetic  

relationship  with  them. The evolutionary history was inferred by using the UPGMA 

method. The optimal tree with the sum of branch length = 0.01519756 is shown. The 

percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (1000 replicates) are shown next to the branches. The evolutionary 

distances were computed using the Maximum Composite Likelihood method and are 

in the units of the number of base substitutions per site. All positions containing gaps 

and missing data were eliminated from the dataset (Complete deletion option). There 

were a total of 966 positions in the final dataset (Fig. 8). Phylogenetic analysis 

showed the isolate B-3 is closely related with the sequence of B. subtilis NR112629 

and both the isolates were placed in a clade (Fig. 9). 

The 16S rDNA gene amplification of the strain Acti-3 produced a product 

around 1.5 kb, but after sequencing the actual product was obtained around 1 kb. The 

BLAST query of 16S rDNA sequence of the isolate against GenBank database 

confirmed its identity as Pantoea agglomerans. The isolate showed 97% similarity 

with query coverage of 98% with the partial 16S rRNA genes of P. agglomerans 

strain JCM1236 present in NCBI database. The sequence was deposited in NCBI, 

GenBank database under the accession no. KT031388.1 (Fig. 10 &11).  
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Figure 2: Amplification and the partial sequence of 16s rDNA region of Bacillus 

amyloliquefaciens strain Acti6 

 

 

Figure 3: Sequence deposition to NCBI database of 16S rDNA region of Bacillus 

amyloliquefaciens (Acti-6) 

 



83 
  

 

Figure 4: 16S rDNA sequence alignments of B. amyloliquefaciens (KT192627) with 

other ex-type isolates by ClustalW program in MEGA 4.1 

 

 

Figure 5: Phylogenetic relationship between the Bacillus amyloliquefaciens 

(KT192627) and extype isolates, based on 16S rRNA gene sequences by MEGA 4.1 

software 
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Figure 6: Amplification and the partial sequence of 16s rDNA region of Bacillus 

subtilis strain B-3 

 

 

Figure 7: Sequence deposition to NCBI database of 16S rDNA region of Bacillus 

subtilis (B-3) 
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Figure 8: 16S rDNA sequence alignments of B. subtilis (KT266821) with other ex-

type isolates by ClustalW program in MEGA 4.1 

 

 

 

Figure 9: Phylogenetic relationship between the Bacillus subtilis (KT266821) and ex-

type isolates, based on 16S rRNA gene sequences by MEGA 4.1 software 
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The sequenced PCR product was aligned with ex-type isolate  sequences  from  

NCBI GenBank  for  identification  as  well  as  for  studying phylogenetic 

relationship with them. The evolutionary history was inferred using the UPGMA 

method. The optimal tree with the sum of branch length = 0.34835883 is shown. The 

percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap values (1000 replicates) are shown next to the branches. The tree is drawn 

to scale, those of the evolutionary distances used to infer the phylogenetic tree. The 

evolutionary distances were computed using the Maximum Composite Likelihood 

method (Tamura et al. 2004) and are in the units of the number of base substitutions 

per site. All positions containing gaps and missing data were eliminated from the 

dataset (Complete deletion option). There were a total of 497 positions in the final 

dataset (Fig. 12). The phylogenetic tree clearly suggest that the strain Act-3 is closely 

related to the other Pantoea strain 16S rDNA partial sequences present in NCBI 

database (Fig. 13). 

 

Similarly the PCR product of Acti-2 also sequenced and the sequence was used 

to confirm the identity of the isolate by BLAST query. The BLAST query of 16S 

rDNA sequence of the isolate against GenBank database confirmed its identity as 

Stenotrophomonas sp. Sequence of the isolate showed 99% similarity with other 

Stenotrophomonas strains deposited in NCBI database. The sequence was deposited 

in NCBI, GenBank database under the accession no. KX618651.1 (Fig. 14 & 15). The 

evolutionary history was inferred using the Neighbor-Joining method. The optimal 

tree with the sum of branch length =0.06625857 is shown. The percentage of replicate 

trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches. The tree is drawn to scale, with branch 

lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The evolutionary distances were computed using the Maximum 

Composite Likelihood method (Tamura et al. 2004) and are in the units of the number 

of base substitutions per site. All positions containing gaps and missing data were 

eliminated from the dataset (Complete deletion option). Phylogenetic analyses were 

conducted in MEGA 4.1. 
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Figure 10: Amplification and the partial sequence of 16s rDNA region of Pantoea 

agglomerans Acti-3 

 

 

Figure 11: Sequence deposition to NCBI database of 16S rDNA region of P. 

agglomerans Acti-3 
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Figure 12: 16S rDNA sequence alignments of Pantoea agglomerans (KT031388) 

with other ex-type isolates by ClustalW program in MEGA 4.1 

 

 

 

 

Figure 13: Phylogenetic relationship between the Pantoea agglomerans (KT031388) 

and ex-type isolates, based on 16S rRNA gene sequences by MEGA 4.1 software 
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Figure 14: Amplification and the partial sequence of 16s rDNA region of 

Stenotrophomonas sp. Acti-2 

 

Figure 15: Sequence deposition to NCBI database of 16S rDNA region of 

Stenotrophomonas sp. Acti-2
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Figure 16: 16S rDNA sequence alignments of Stenotrophomonas sp. (KX618651) 

with other ex-type isolates by ClustalW program in MEGA 4.1 

 

 

 

Figure 17: Phylogenetic relationship between the Stenotrophomonas sp. (KX618651) 

and ex-type isolates, based on 16S rRNA gene sequences by MEGA 4.1 software 

 



91 
  

The amplification of 16S rRNA gene of JRS 1 produced 1.3 kb size product, 

which was analyzed by BLAST. The BLAST query revealed the isolate identity as 

Ralstonia pickettii. The isolate showed 99% similarity with the R. pickettii NBRC 

102503 strain of NCBI database. The sequence was deposited in NCBI, GenBank 

database under the accession no. KP247498.1 (Fig. 18 & 19).  The evolutionary 

history was inferred using the Neighbor-Joining method. The optimal tree with the 

sum of branch length = 0.03455046 is shown. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (1000 replicates) are 

shown next to the branches. The tree is drawn to scale, with branch lengths in the 

same units as those of the evolutionary distances used to infer the phylogenetic tree. 

The evolutionary distances were computed using the Maximum Composite 

Likelihood method (Tamura et al. 2004) and are in the units of the number of base 

substitutions per site. All positions containing gaps and missing data were eliminated 

from the dataset (Complete deletion option). There were a total of 1298 positions in 

the final dataset. Phylogenetic analyses were conducted in MEGA 4.1 (Fig. 20). 

Among the promising five isolates characterized both by biochemical and 

molecular techniques one phosphate solubilizer Pantoea agglomerans (Acti-3) and 

one antagonistic isolate Bacillus amyloliquefaciens (Acti-6) was selected for in vivo 

application. Acti-6 showed highest antagonistic activity among the four isolates 

against M. phaseolina. Thus, further study was concentrated on these two isolates. 

4.2.5. SEM studies of bacterial isolates 

Scanning electron studies confirmed the shape and morphology of the isolates 

To characterize the two isolates, Acti-3 and Acti-6 the carbon source utilization 

pattern of those isolates was determined. Both the isolates could utilize variety of 

carbon sources. The isolate P. agglomerans showed capacity to utilize more carbon 

sources than the other one. P. agglomerans could utilize sixteen carbon sources 

whereas B. amyloliquefaciens utilized only seven carbon sources out of thirty five 

used in present study. P. agglomerans could break down fructose, maltose, ribose, 

dextrin, salicin, trehalose, Mannose and others (Table 4, Fig. 24). 

Acti-3 and Acti-6. Both the isolates appeared rod shaped under electron microscope. 

B. amyloliquefaciens was larger rod shaped having length of 2.29 μm whereas P. 

agglomerans relatively shorter having a length of 1.54 μm (Fig. 22 & 23). 

4.2.6. Carbon source utilization 
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Figure 18: Amplification and the partial sequence of 16s rDNA region of Ralstonia 

pickettii JRS-1 (KP247498) 

 

 

Figure 19: Sequence deposition to NCBI database of 16S rDNA region of R. pickettii 

JRS-1 (KP247498)
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Figure 20: 16S rDNA sequence alignments of R. pickettii JRS-1 (KP247498) with other 

ex-type isolates by ClustalW program in MEGA 4.1 

 

 

Figure 21: Phylogenetic relationship between the R. pickettii JRS-1 (KP247498) and ex-

type isolates, based on 16S rRNA gene sequences by MEGA 4.1 software 
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Figure 22: Light microscopic view and scanning electron micrographs of P. 

agglomerans. 
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Figure 23: Light microscopic view and scanning electron micrographs of B. 

amyloliquefaciens 
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Table 4: Carbon source utilization by P. agglomerans and B. amyloliquefaciens 

Test P. agglomerans B. amyloliquefaciens 

Lactose - - 

Xylose - - 

Maltose + - 

Fructose + + 

Dextrose + + 

Galactose - - 

Raffinose - - 

Trehalose + - 

Melibiose - - 

Sucrose + - 

L-Arabinose - - 

Mannose + - 

Inulin - - 

Sodium gluconate - - 

Glycerol + + 

Salicin + + 

Dulcitol - - 

Inositol + + 

Sorbitol + - 

Mannitol + - 

Adonitol + - 

Arabitol - - 

Erythritol + - 

α-Methyl-D-glucoside - - 

Rhamnose - - 

Cellobiose - - 

Melezitose - - 

α-Methyl-D-mannoside - - 

Xylitol - - 

ONPG + + 

Esculin hydrolysis + + 

D-Arabinose - - 

Citrate utilization + - 

Malonate utilization - - 

Sorbose - - 
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Figure 24: Carbon source utilization by P. agglomerans (A) and B. amyloliquefaciens 

(B) 

4.2.7. Protein pattern analysis 

Analysis of protein patterns of the two selected strains by SDS-PAGE revealed 

more or less similar patterns. SDS-PAGE of whole cell proteins of MTCC isolate of B. 

amyloliquefaciens (MTCC 10439) along with original isolated B. amyloliquefaciens 

strain showed similar band patterns as well as band intensities.  Both, proteins of higher 

molecular (44,45,47,49,52,55,63,65,70,73,81,83) KDa and low molecular weights (10,14, 

20,26,30,31,34,36, 38,40,42, 43) KDa were present. Similarly higher band intensities 

(protein bands having molecular weights of 26, 30,31,44,45,47 and 49 KDa)  were 

observed in  SDS gel of whole cell proteins of MTCC isolate of P. agglomerans (MTCC 

8382) along with original isolated P. agglomerans strain. 
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Figure 25: Comparison of SDS PAGE profile of P. agglomerans and B. 

amyloliquefaciens with MTCC strains 

 

4.3. Cultural condition affecting the growth of the selected bacterial isolates 

Among the isolates the Acti-6 and Acti-3 was selected for further study. Both 

the isolates were characterized for their cultural characteristics. Effects of different 

pH, temperature and incubation period on growth of the two isolates were determined. 

4.3.1. Incubation period 

The growth of B. amyloliquefaciens and P. agglomerans was found to be best at 48 

hr. After that growth of both bacteria declined. At 48 hr (log phase) log cfu values of  

B. amyloliquefaciens and P. agglomerans were found to be highest- 16.5 log cfu/ml broth 

and 14.4 log cfu/ml broth respectively (Fig. 26A). 

4.3.2. Temperature 

The growth of two isolates was observed at different temperatures ranging from 20 

to 50ºC. Both the bacteria grew best at 35ºC with 17.7 log cfu/ml and 14.9 log cfu/ml in 

case of B. amyloliquefaciens and P. agglomerans (Fig. 26B). 
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Figure 26: Effect of incubation period (A), temperature (B) and pH (C) on growth 

of B. amyloliquefaciens and P. agglomerans 
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4.3.3. pH 

B. amyloliquefaciens and P. agglomerans grew best at pH 6.0 with log cfu values of 

23.9 log cfu/ml and 22.61 log cfu/ml (Fig.  26C). 

4.4. Cultural condition affecting the growth of the pathogen 

The growth study of Macrophomina phaseolina in vitro showed that variation in 

growth occurred depending on different factors like incubation period, pH, temperature 

and media. The young mycelia were white or hyaline which turned gradually black along 

with maturation. At maturation the isolate produced dense masses of sclerotia on PDA 

plates, which gave a unique black appearance to the culture. 

4.4.1. Media 

Macrophomina phaseolina was grown in six different media i.e. Potato dextrose 

agar (PDA), Potato sucrose agar (PSA), Richard’s agar (RA),Yeast extract dextrose agar 

(YDA), Czapek-Dox agar (CDA), Carrot juice agar (CJA). Results revealed that the 

fungus grew in all media. Maximum growth was recorded in PDA and minimum was in 

CDA (Table 5). 

Table 5: Effect of media on mycelia growth of M. phaseolina 

Media Diameter of growth (cm) 

Incubation period (hr.) 

24 hr 48hr 72hr 

PDA 4.9±0.26 7.6±0.18 9.0±0.05 

PSA 3.7±0.29 6.4±0.16 8.5±0.08 

CJA 3.4±0.13 5.6±0.11 7.8±0.03 

YDA 4.7±0.11 6.8±0.09 8.1±0.05 

RA 5.0±0.23 7.7±0.06 8.4±0.10 

CDA 2.8±0.07 5.3±0.11 7.4±0.09 

Mean± Standard error, n=3 
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4.4.2. Incubation period 

M. phaseolina was grown in Potato Dextrose broth (PDB) for a period of 15 days, 

mycelial growth was recorded after 3,6,9,12 and 15 days of growth and incubated at 30 ± 

20C. Maximum growth was recorded after 12 days of incubation after which it declined 

(Fig. 27). 

4.4.3. pH 

pH of the medium plays crucial role in the growth of all microorganisms. To 

determine the effect of pH, buffer systems have to be used to stabilize the pH. Initially 

buffer solution with different pH values ranging from 4.0 to 8.0 were prepared by mixing 

KH2PO4 and K2HPO4 each at a concentration of 0.03M. The pH finally adjusted using 

N/10 HCL or N/10 NaOH in each case. Richard’s medium and phosphate buffer was 

sterilized separately for autoclaving for 15 min. at 15 lbs. pressure. Equal parts of the 

buffer and medium were mixed before use in Laminar Flow Bench. After mixing flasks 

were inoculated and incubated for 12 days after which dry wt. was taken. Results 

revealed that Macrophomina phaseolina showed maximum growth at pH 6.5 (Fig. 28). 

4.4.4. Carbon source 

Along with the pH of the medium the growth of the fungus is critically influenced 

by available nutrients. The ability of the fungi to grow in different media depends on their 

capability to utilize the available nutrients, of which carbohydrates are the primary one. 

All carbohydrates are not utilized by the fungus in the same rate and so the growth rate 

varies with different carbon sources. In this study, seven different carbon sources viz. 

fructose, dextrose, mannitol, maltose, sucrose, starch and lactose were tested for their 

effect on the growth of M. phaseolina. These were added separately to the basal medium. 

Data was recorded after 12 days of incubation. Results given in table revealed maximum 

growth using dextrose as the carbon source while minimum growth was observed in 

mannitol (Fig. 29A). 
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Figure 27: Effect of incubation period on the mycelial growth of M. phaseolina 

 

 

Figure 28: Effect of pH of growth medium on mycelial growth of M. phaseolina 
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Figure 29: Effect of carbon (A) and nitrogen (B) sources on mycelial growth of M. 

phaseolina. 
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4.4.5. Nitrogen source 

The effect of nitrogen on growth of an organism depends on the form and 

availability of it. Hence the most suitable nitrogen source for any particular 

microorganism can only be determined by testing a number of sources including both 

inorganic and organic. In the present study effect of two inorganic (potassium nitrate and 

ammonium sulphate) and five complex organic sources (urea, peptone, casein, yeast 

extract and beef extract) on the mycelial growth of M. phaseolina was tested. Among the 

nitrogen sources tested highest growth was observed in case of peptone and lowest in 

presence of casein (Fig. 29 B). 

4.5. In vitro PGPR test of selected bacterial isolates 

Plant growth promoting activity of the two selected isolates were studied in detail to 

determine their efficacy to promote plant growth. Initially several in vitro tests were 

conducted and results are presented below (Fig. 30 & 31). 

4.5.1. IAA production  

Both  the  bacterial  strains  were  assessed  for  their  ability  to  produce  indole 

Solubilization of phosphate by the isolates was determined by inoculating them in 

both Pikovskaya agar and NBRIP medium. The production of clear halo zone was 

considered as positive result for phosphate solubilization. Both the isolates produced 

clear halo zone in Pikovskaya medium, but the zone produced by P. agglomerans was 

much clearer, thus indication of much higher amount of phosphate solubilization by the 

isolate. In NBRIP medium the isolate Acti-3 produced yellow zone around the colony 

(Fig. 30 A&B; Fig. 31A).  

The amount of solubilized phosphate by the isolates in liquid medium was 

determined by Fiske and Subbarow method, which revealed that P. agglomerans and B. 

amyloliquefaciens could solubilize 182.6 mg/l and 86 mg/l of phosphate respectively. 

 

acetic acid by growing them in Luria  Bertani  Broth  supplemented with  tryptophan  (0.1  

mM). Both the isolates P. agglomerans Acti-3 and B. amyloliquefaciens showed 

significant amount IAA production which was quantified as 35 μg/ml and 24 μg/ml 

of IAA respectively (Fig. 30 & 31). 

4.5.2. Phosphate solubilisation 
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To determine the ability of P. agglomerans and B. amyloliquefaciens to produce  

Hydrocyanic acid (HCN) the bacteria were grown in medium amended with glycine. 

Results were observed after 4-7 days. The isolate B. amyloliquefaciens could bring 

change in the colour of picric acid soaked filter paper from yellow to brown, thus positive 

in respect of HCN production. The other isolate P. agglomerans found to be non-

cyanogenic in nature. 

4.5.5. Volatile production 

Ammonia production by the isolate was determined by inoculating them to the 

peptone water. Both the isolates P. agglomerans and B. amyloliquefaciens produced 

ammonia. 

4.6. Extracellular hydrolytic enzyme production 

4.6.1. Chitinase production 

4.6.1.1. Qualitative assay 

The isolates were spot inoculated in the colloidal chitin amended minimal medium 

and incubated at 30ºC for 7 days. The plates were flooded with lugol’s iodine to make the 

zone clear. It was observed that no extracellular chitinase was secreted by P. 

agglomerans even when grown on plates in presence of chitin, as sole carbon source. But 

B. amyloliquefaciens secreted extracellular chitinase indicating a clear zone around the 

colony of the bacterium on CDA plate (Fig. 31F). 

 

4.5.3. Siderophore production 

The production of iron chelating siderophore by bacterial strains was detected by 

growing the bacteria individually in chrome azurol S agar plate. The plates were observed 

for 10-15 days after inoculation with the isolates. A yellow halo zone was produced 

around the colonies of   both the isolates which indicated that the strains were able to 

produced siderophore, which chelated iron from blue coloured chrome azurol S agar 

plate.  

4.5.4. HCN production   

The volatile production by the isolates was evaluated as described in material and 

methods. But both the isolate could not show positive result for volatile production. 

4.5.6. Ammonia production  
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4.6.1.2. Quantitative assay 

Quantitative determination of chitinase produced by the strain B. amyloliquefaciens 

was determined by growing it in minimal media with chitin as sole carbon source. The 

strain could produce 24.2 U/ml of chitinase after 72 hours of incubation. 

As the isolate B. amyloliquefaciens produced significant amount of chitinase in both 

quantitative and qualitative assay, so, optimization study was carried out for protease 

production. 

The optimization of chitinase production was done for four parameters such as 

incubation period, temperature, initial pH of the medium and nitrogen source. 

B. amyloliquefaciens showed highest chitinase production after 72 hours of 

incubation, after that a serial decrease in enzyme production was noticed (Fig. 32A).  

The optimum temperature for chitinase production was found to be 35°C. The study 

showed that with the increase with temperature the enzyme production was also 

increased. But, after 35°C a gradual decrease in chitinase production was observed (Fig. 

32B) 

The effect of initial pH of the medium on chitinase production studies showed that 

the isolate Acti-6 showed highest (24.5 U/ml) chitinase production around pH 8. After 

this pH the enzyme production decreased with increasing pH (Fig. 33A). 

The protease production by the isolates was determined by growing them on 

skimmed milk agar plates. Both the isolates showed clear halo zone around the colonies 

after 48 hours of incubation. But, the protease production by isolate B. amyloliquefaciens 

was much greater than P. agglomerans. 

As the isolate B. amyloliquefaciens produced significant amount of protease in both 

quantitative and qualitative assay, so, optimization study was carried out for protease 

production. 

The nitrogen source also influenced chitinase production by B. amyloliquefaciens. 

Among the six nitrogen sources tested, peptone was the most effective nitrogen source. 

An optimum chitinase production of 24.8 U/ml was recorded in presence of peptone as 

nitrogen source in the medium (Fig. 33B). 

4.6.2. Protease production 

4.6.2.1. Qualitative assay 
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Figure 30: In vitro PGPR activities of P. agglomerans. A & B-phosphate solubilization 

on PKV & NBRIP medium; C-siderophore production on CAS agar; D- IAA production; 

E-amylase production and F- protease production on skim milk agar 
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Figure 31: In vitro PGPR activities of B. amyloliquefaciens. A-phosphate 

solubilization on PKV medium; B- IAA production; C-amylase production; D- protease 

production on skim milk agar, E-cellulase production; F-chitinase production and G-

siderophore production on CAS agar 
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Figure 32: Effect of incubation period (A) and temperature (B) on chitinase production 

by Bacillus amyloliquefaciens 
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Figure 33: Effect of pH (A) and nitrogen source (B) on chitinase production by Bacillus 

amyloliquefaciens 
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4.6.2.2.  Optimization of protease production 

Protease production by the isolate B. amyloliquefaciens was quantified and 

The influence of various nitrogen sources on protease production was evaluated 

using the production medium containing fructose as the sole carbon source. The results 

indicated that among the nitrogen sources, the protease production was recorded highest 

in yeast extract and the protease production is lowest in urea (Fig. 36A). 

 

To understand the effect of incubation period on protease production, culture filtrate 

was pulled off at different time intervals and assayed. The study revealed that the isolate 

B. amyloliquefaciens showed highest protease production after 36 hours of incubation. 

After that, a gradual decrease of protease production was recorded (Fig. 34 A).  

4.6.2.2.2. Effect of incubation temperature 

Effect of temperature of protease production was evaluated by growing the isolate 

at different temperatures at a range between 30°C to 60°C, with a difference of 5°C. It 

was found that the isolate showed optimum protease production at 40°C (Fig. 34B). 

4.6.2.2.3. Effect of initial pH of medium 

The pH of skim milk broth was adjusted from pH 5.0 to pH 10.0, and protease 

activity was recorded after 36 hours. It was observed that the production of protease was 

maximum in case of pH 8.5.and lowest at pH 5.0 (Fig. 35A). 

4.6.2.2.4. Effect of carbon source 

The influence of different carbon sources, including glucose, fructose, sucrose and 

mannitol on protease production was investigated. The results indicated that different 

carbon sources have a different impact on the production of extracellular protease by B. 

amyloliquefaciens. All tested carbon sources supported the growth of the isolate. 

However, among the various carbon sources, fructose was found to support maximum 

protease production (256.6 U/ml), whereas lowest production was observed in presence 

of sucrose (Fig. 35B). 

4.6.2.2.5. Effect of nitrogen source 

optimized against different parameters, such as temperature, initial pH, carbon source, 

nitrogen source and metal ions. 

4.6.2.2.1. Effect of incubation period 
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indicated that among the metal ions, the protease production is highest in presence of 

magnesium ion (36B) 

4.6.3. Amylase 

Amylase production by the isolate was determined on starch agar. Among the two 

isolates tested for amylase production only B. amyloliquefaciens showed a clear zone 

around the colony when flooded with iodine. The isolate P. agglomerans could not 

produce amylase. 

4.6.4. β-1-4-glucanse 

The production of β-1-4-glucanse was assessed on the medium containing cellulose 

as sole carbon source. The isolate B. amyloliquefaciens showed positive result in terms of 

β-1-4-glucanse production. 

4.7. Effect of bacterial antagonist on growth of fungal pathogen 

4.7.1. Solid medium 

4.7.1.1. Radial growth inhibition 

In dual culture method, after 7 days of incubation the isolate B. amyloliquefaciens 

inhibited the pathogens to varying degree. Growth reduction of M. phaseolina, F. 

oxysporum, F. semitectum, A. alternata was observed when dual cultured on PDA 

medium. The percentage of inhibition (PI) was calculated by the equation R= (R-r) x 100 

/R. The results revealed that B. amyloliquefaciens inhibited the growth of all test 

pathogens used in study. The percentage of inhibition varried between 61.5-86.8% (Table 

6; Fig. 37, A-F). The highest percent of inhibition was observed against F. semitectum. 

4.7.2. Liquid medium 

The isolate was also tested for inhibitory activity against the test fungi in liquid 

medium. After 7 days of growth, mycelia were harvested and dried and mycelial dry 

weigh was taken. The lowest mycelial dry weight was also recorded in F. semitectum 

(Table 6). 

 

4.6.2.2.6. Effect of metal ions 

The effect of various metal ions on protease production was evaluated .The results 
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Figure 34: Effect of incubation period (A) and temperature (B) on protease production 

by B. amyloliquefaciens 
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Figure 35: Effect of pH (A) and carbon source (B) on protease production by B. 

amyloliquefaciens 

 

 

 

 



115 
  

 

 

Figure 36: Effect of nitrogen source (A) and metal ions (B) on protease production by B. 

amyloliquefaciens. 
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Figure 37: A-F: In vitro antagonistic activity of B. amyloliquefaciens against test 

pathogens. B. amyloliquefaciens paired with Macrophomina phaseolina (B), Fusarium 

semitectum (D) and F. oxysporum (F) with A, C & E being respective controls 
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Table 6: In vitro antagonistic tests of B. amyloliquefaciens against Phytopathogens 

Phytopathogens Solid medium Liquid medium 

Radial 

growth in 

control 

plate 

(R) 

Radial 

growth in 

treated 

plate 

(r) 

Percent 

inhibition 

(PI) 

Mycelial 

dry wt. (g) 

(Control) 

Mycelial 

dry wt.(g) 

(treated) 

M. phaseolina 9.1±0.12 3.5±0.01 61.5% 1.674±0.11 0.184±0.05 

F. oxysporum 8.6±0.5 1.5±0.04 82.6% 
1.355±0.08 0.088±0.01 

F. semitectum 8.2±0.21 1.2±0.08 85.4% 1.312±0.24 0.077±0.22 

A. alternata 6.1±0.09 0.9±0.01 85.2% 1.087±0.20 0.069±0.02 

 After 7 days, Mean±SD (n=3) 

 

4.7.3. Changes in the hyphal structure 

Scanning electron microscopy (SEM) confirmed the antagonistic activity of the 

isolate B. amyloliquefaciens. Morphological abnormalities in hyphae of the fungal 

pathogen which was mediated by antibiosis, were clearly observed under SEM. The 

affected pathogenic mycelium showed attachment, lysis and disintegration (Fig. 38, A-F). 

4.7.4. Partial characterization of active principles from B. amyloliquefaciens 

The cell free culture filtrate was extracted separately with equal volume of acetone, 

benzene, chloroform, ethyl acetate and diethyl ether. Among the fractions ethyl acetate 

showed promising activity against M. phaseolina. The ethyl acetate fraction was partially 

characterized by UV-spectroscopy and GC-MS.  UV-spectrophotometric analysis showed 

that antifungal compound from B. amyloliquefaciens showed the maximum absorbance at 

380 nm. The GC/MS analysis of the active compound have revealed the presence of 

several compounds, some of them reported to have antifungal and antibacterial activity. 

A total of seventeen compounds were detected in GC/MS analysis (Table 7). Among 

them, highest peak was obtained at retention time 18.88 by 10-Octadecenoic acid, methyl 

ester. Some other compounds, summarised in table no 7, also was detected in the sample. 
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Figure 38: Effect of antagonistic B. amyloliquefaciens on the hyphal architecture of M. 

phaseolina under SEM (A, control; B-F, treated) 

 



119 
  

Table 7: Chemical composition of ethyl acetate fraction of cell free culture filtrate by 

GC/MS analysis 

Retention time (min) Compounds 

11.85 3,4,4-Trimethyl-3-bicycloheptan-2-one 

12.5 6-Amino-5,8-dimethoxyquinazoline 

13.83 
Piperidine, 3,4-didehydro-2,2,6,6-tetramethyl-4-

(4-hydroxyphenol) 

15.62 1-Octadecene 

16.92 2-(4-Nitrobutyryl)cyclooctanone 

17.25 Androstane 

17.75 Cycloeicosane 

18.2 
2-Methoxy-4-[(2-pyridin-4-yl-ethylamino)-

methyl]-phenol 

18.88 10-Octadecenoic acid, methyl ester 

19.67 1-Docosene 

20.67 9-Tricosene (Z) 

21.42 1-Tetradecene, 2decyl 

22.27 5-Phenyl-1,3-diazaadamantan-6-one oxime 

22.55 Docosanoic acid, methyl ester 

23.02 Quinestrol 

23.83 
Phenol, 4-(1,1,3,3-Tetramethylbutyl)-2-(4-

Phenyl-1-piperazinylmethyl) 

24.58 
9,10-Secoergosta-5,7,10(19),22-tetraene-3,25-

diol (3a,57,7E,22E) 
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Figure 39: UV-scan spectrum (A) and GC-MS Total ion chromatogram (TIC) (B) of ethyl 

acetate fraction of cell free culture filtrate of B. amyloliquefaciens 
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Figure 40: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 10-octadecenoic acid, methyl ester, methyl ester, B. Docosanoic acid, 

methyl ester 
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Figure 41: Compounds identified in ethylacetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. Piperidine, 3, 4-didehydro-2,2,6,6-tetramethyl-4-(4-hydroxyphenol), 

B. Phenol, 4-(1,1,3,3-Tetramethylbutyl)-2-(4-Phenyl-1-piperazinylmethyl) 
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Figure 42: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 1-Tetradecene, 2decyl, B. 2-Methoxy-4-[(2-pyridin-4-yl-ethylamino)-

methyl]-phenol 
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Figure 43: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 3,4,4-Trimethyl-3-bicycloheptan-2-one, B. 6-Amino-5,8-

dimethoxyquinazoline 
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Figure 44: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 31-Octadecene, B. 2-(4- Nitrobutyryl) cyclooctanone 
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Figure 45: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. Androstane, B. Cycloeicosane 
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Figure 46: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 1-Docosene, B. 9-Tricosene (Z) 
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Figure 47: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: A. 5-Phenyl-1,3-diazaadamantan-6-one oxime, B. Quinestrol 
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Figure 48: Compounds identified in ethyl acetate fraction of cell free culture filtrate of  

B. amyloliquefaciens: 9,10-Secoergosta-5,7,10(19), 22-tetraene-3,25-diol (3a,57,7E,22E) 
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physical properties of experimental properties was analysed by gravitational 

sedimentation analysis method and chemical properties were evaluated by using Himedia 

soil testing kit (K054S). The soil content about 71% of clay, 7% of sand and about 23% 

silt. The result clearly indicated that experimental soil categorised under the clay textural 

class. The soil has a pH of 7.5 ± 0.2. Chemically soil contains about 1% of organic 

carbon, 22-56 kg/hectare of phosphate and quite high amount of potassium but amount of 

nitrate nitrogen was very less below the detectable level (Table 8).   

 

Table 8: Physical and chemical properties of experimental soil 

Soil Properties Value 

Physical properties 

Sand  6.94% 

Clay  71.28% 

Silt  21.78% 

Chemical properties  

Oxidizable organic carbon %  0.75-1.00 

Phosphate (kg/hectare) 22-56 

Potassium (kg/hectare) 280-392 

Ammonical nitrogen (kg/hectare) About 15 

Nitrate nitrogen - 

pH 7.5 ±0.2 

 

4.9. Effect of application of rhizobacteria on growth of jute plants 

The  growth  promotion  of  different  varieties  of  jute seedlings  was  observed  in 

terms of increase in height, root length, dry weight and increase in leaf area after 15, 30 

and 45 days of growth. 

It was observed that, plant height increased significantly after the application of P. 

agglomerans and B. amyloliquefaciens both singly and in combination. It was also 

noticed that P. agglomerans could increase plant height more efficiently in comparison to 

4.8. Soil properties 

The soil used in the study was analysed both physically and chemically. The 
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B. amyloliquefaciens. But higher percentage of increase was observed when both the 

isolates were applied simultaneously after 30 and 45 days of treatment in all the varieties 

(Fig. 49, 50, 51 & 52; Table 9).  

Similarly, significant amount of increase in root length was observed in all the 

varieties in comparison to untreated control. Highest percentage of increase was observed 

in cultivar JRC 321 after 45 days of application (Fig. 53; Table 10). In case of root length 

dual application with P. agglomerans and B. amyloliquefaciens could show highest 

increase.   

The effect of bacterial inoculation on shoot fresh weight was observed. It was 

recorded that inoculation with both the isolates increased the fresh weight of shoot. 

Inoculation with P. agglomerans could increase shoot weight more efficiently in 

comparison to B. amyloliquefaciens. But higher percentage of increase was observed 

when both the isolates were applied simultaneously 45 days of treatment in all the 

varieties (Fig. 54; Table 11). Application of two bacterial isolates also showed significant 

increase in root fresh weight following application. Highest percentage of increase was 

observed in case of dual application followed by P. agglomerans after 45 days of 

application (Fig. 55; Table 12). 

Shoot dry weight showed significant increase following the application of both the 

isolates. Here also, dual application with P. agglomerans and B. amyloliquefaciens 

showed highest amount of increase in shoot dry weight (Fig. 56; Table 13) and similar 

type of observations were also recorded in case of root dry weight (Table 14). 

The effect of bacterial inoculation of leaf area was also observed. Application of 

both the isolate increased the leaf area in all the jute cultivars. Highest increase was 

observed in case of dual application followed by B. amyloliquefaciens application 

followed by B. amyloliquefaciens in almost all the cultivars (Fig. 57; Table 15). 
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Figure 49: Effect of P. agglomerans and B. amyloliquefaciens on growth of jute 

varieties after 15 days. A-C: changes in growth pattern of JRC 212, D-F: changes in 

growth pattern of JRC 321, G-I: changes in growth pattern of JRO 524, J-L: changes in 

growth pattern of JRO 8432. 
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Figure 50: Effect of P. agglomerans and B. amyloliquefaciens on growth of jute 

varieties after 30 days. A-C: changes in growth pattern of JRC 212, D-F: changes in 

growth pattern of JRC 321, G-I: changes in growth pattern of JRO 524, J-L: changes in 

growth pattern of JRO 8432 
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Figure 51: Effect of P. agglomerans and B. amyloliquefaciens on growth of jute 

varieties after 45 days. A-C: changes in growth pattern of JRC 212, D-F: changes in 

growth pattern of JRC 321, G-I: changes in growth pattern of JRO 524, J-L: changes in 

growth pattern of JRO 8432 
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Table 9: Effect of P. agglomerans and B. amyloliquefaciens on shoot length of jute 

plants after 15, 30 & 45 days of application 

Cultivars Treatments  Shoot length (cm) 

Initial 15 days 30  days 45 days 

 

JRC 

212 

Control 33.4±2.81a 34.7±2.20a 58.3±1.49a 70.40±2.51a 

P. agglomerans 34.6±2.36a 44.8±2.86b 78.6 ±3.52b 110.8±3.81b 

B. amyloliquefaciens 35.3±1.26a 41.4±1.63ab 75.8±1.91b 90.60±3.09b 

P. agglomerans +  

B. amyloliquefaciens 
34.0±1.91a 46.10±2.10b 82.6±2.82b 115.2±3.38c 

LSD=11.48                                                                                   

 

JRC 321 

Control 33.3±3.39a 35.8±3.00a 46.3±1.99a 79.2±3.20a 

P. agglomerans 32.6±2.08a 43.6±1.12b 79.3±3.00b 92.4±3.72b 

B. amyloliquefaciens 31.3±2.86a 44.6±1.82b 68.5±2.13bc 90.2±3.85b 

P. agglomerans +  

B. amyloliquefaciens 
32.8±3.00a 46.9±2.16b  88.6±1.92c 108.3±3.46c 

LSD=10.81 

 

JRO 524 

Control 20.4±3.12a 24.6±1.45a 28.3±0.61a 46.3±3.60a 

P. agglomerans 23.5± 0.40a 35.3±2.21b 64.7±1.23c 84.3±3.64c 

B. amyloliquefaciens 22.8±2.32a 33.2±1.65a 52.5±1.44b 72.6±3.81b 

P. agglomerans +  

B. amyloliquefaciens 
23.8±0.98a 37.9±1.49c 71.3±1.59c 90.6± 3.70c 

LSD=11.63 

 

JRO 

8432 

Control 20.6±1.11a 21.2±2.72a 22.6±1.82a 33.6±2.54a 

P. agglomerans 26.4±1.35a 34.6±3.20b 52.4±2.23b 66.7± 4.90b 

B. amyloliquefaciens 26.7±1.23a 38.9±1.92b 49.7±1.92b 63.2±3.72b 

P. agglomerans +  

B. amyloliquefaciens 
27.3±1.63a   0.4±1.22b 62.2 ±1.65c 78.1±3.15c 

LSD=9.77 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test. 
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Table 9A: ANOVA of data presented in Table 9 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 870.5919 3 290.1973 4.161193 0.041761 3.862548 

Columns 8903.547 3 2967.849 42.55654 1.21E-05 3.862548 

Error 627.6506 9 69.73896 

   Total 10401.79 15 

     

 

Table 9B: ANOVA of data presented in Table 9 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 870.5918 3 290.1972 4.161193 0.041761 3.862548 

Columns 8903.546 3 2967.848 42.55654 1.21E-05 3.862548 

Error 627.6506 9 69.73895 

   Total 10401.78 15 

     

 

Table 9C: ANOVA of data presented in Table 9 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 1293.365 3 431.1216 4.083537 0.043733 3.862548 

Columns 7828.515 3 2609.505 24.71694 0.000111 3.862548 

Error 950.18 9 105.57555 

   Total 10072.06 15 

  

    

  

 

Table 9D: ANOVA of data presented in Table 9 (JRO 8432) 

 

Source of 

Variation SS df MS F P-value F crit 

Rows 1685.743 3 561.9142 9.837385 0.003354 3.862548 

Columns 2832.973 3 944.3242 16.53221 0.000528 3.862548 

Error 514.0825 9 57.12028 

   Total 5032.798 15         
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Table 10: Effect of P. agglomerans and B. amyloliquefaciens on root length of jute 

plants after 15, 30 & 45 days of application 

Cultivars Treatments  Root length (cm) 

Initial 15 days 30  days 45 days 

 

JRC 

212 

Control 6.5±0.43a 6.7±1.07 a 9.6±0.75a 12.8±2.10a 

P. agglomerans 6.6±1.17 a 9.6±0.66 a 17.3±1.10b 23.8±2.05b 

B. amyloliquefaciens 6.8±1.50 a 9.2±1.04 a 15.7±1.20b 22.4±1.64b 

P. agglomerans +  

B. amyloliquefaciens 
6.4±1.12a 11.4±1.15b 18.2±1.80b 24.8±3.21b 

LSD=3.14                                                          

 

JRC 321 

Control 5.8±0.36 a 6.3±0.68a 9.7±1.21a 11.2±1.48a 

P. agglomerans  6.1±0.62a 8.7±0.95a  16.9±0.87b  19.8±2.11b 

B. amyloliquefaciens 6.0±0.35 a 9.2±0.51a 17.5±1.39b 21.8±2.16b 

P. agglomerans +  

B. amyloliquefaciens 
5.7±0.39 a 11.2±1.10b 18.6±1.05b 23.7±3.01c 

LSD=3.16 

 

JRO 524 

Control 7.5±1.12 a 8.1±1.04a 9.5±0.85a 11.6±1.86a 

P. agglomerans 7.3±0.73 a 10.6±1.17ab 16.6±0.75bc 19.4±2.10b 

B. amyloliquefaciens  7.7±0.43 a 12.4±1.60b  14.7±1.90b  18.6±2.00b 

P. agglomerans +  

B. amyloliquefaciens 
6.8±1.35 a 12.8±1.56b 17.7±0.95c 22.7±1.88c 

LSD=2.87 

 

JRO 

8432 

Control 7.6±0.97 a 8.4±0.88a 9.2±1.50a 11.4±1.10a 

P. agglomerans 7.3±1.35 a 12.3±1.20b 15.3±1.17b 19.6±1.38b 

B. amyloliquefaciens 7.8 ±0.83 a 12.9±1.00b 14.6±1.90b 18.8 ±1.00b 

P. agglomerans +  

B. amyloliquefaciens 
7.6±1.07 a 13.4±1.40b 16.4±1.04b 23.4±1.43c 

LSD=2.76 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test. 
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Table 10A: ANOVA of data presented in Table 10 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 94.7225 3 31.5741 5.3513 0.021679 3.862548 

Columns 494.2925 3 164.7641 27.92481 6.84655E-05 3.862548 

Error 53.1025 9 5.9002 

   Total 642.1175 15         

 

 

Table 10B: ANOVA of data presented in Table 10 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 98.8325 3 32.9441 5.503689 0.0200604 3.862548 

Columns 443.2125 3 147.7375 24.6811 0.000112 3.862548 

Error 53.8725 9 5.98583 

   Total 595.9175 15 

 

      

 

 

Table 10C: ANOVA of data presented in Table 10 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 74.915 3 24.97166667 5.076115189 0.025026552 3.862548 

Columns 257.81 3 85.93666667 17.4687747 0.000428686 3.862548 

Error 44.275 9 4.919444444 

   Total 377 15 

 

  

 

  

 

 

Table 10 D: ANOVA of data presented in Table 10 (JRO 8432) 

Source of 

Variation SS df MS F P-value F crit 

Rows 81.065 3 27.02166667 5.934480234 0.016218351 3.862548 

Columns 239.145 3 79.715 17.50695461 0.000425161 3.862548 

Error 40.98 9 4.553333333 

   Total 361.19 15         
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Table 11: Effect of P. agglomerans and B. amyloliquefaciens on shoot mass of jute after 

15, 30 & 45 days of application 

Cultivars Treatments  Shoot mass (gm) 

Initial 15 days 30  days 45 days 

 

JRC 

212 

Control 7.21±0.24a 8.32±1.29a 10.32±1.27a 14.33±1.28a 

P. agglomerans 7.26±0.19a 14.46±1.0b 18.21±1.2b 20.70±2.01b 

B. amyloliquefaciens 8.32±0.24a 12.45±1.1b 16.51±1.2b 19.61±1.51b 

P. agglomerans +  

B. amyloliquefaciens 
7.23±1.32a 14.82±2.2b 18.63±1.0b 23.87±1.87c 

LSD=2.47                                                           

 

JRC 321 

Control 6.83±0.28a 8.21±0.93a 9.23±0.97a 10.43±1.70a 

P. agglomerans 6.78±0.43a 9.60±0.87a 13.12±1.40a 17.56±1.00b 

B. amyloliquefaciens 6.58±0.19a 9.43±1.33a 10.84±0.8b 13.42±2.10c 

P. agglomerans +  

B. amyloliquefaciens 
6.81±0.29a 10.81±1.1b 14.28±1.7b 18.60±2.08c 

LSD=2.13 

 

JRO 524 

Control 4.92±0.07a 5.33±0.59a 6.72±1.99a 8.12±1.60a 

P. agglomerans 5.24±0.20a 6.16±1.10b 7.64±0.92b 10.34±1.21b 

B. amyloliquefaciens 5.22±0.16a 6.13±1.05b 7.42±1.04b 9.62±1.34c 

P. agglomerans +  

B. amyloliquefaciens 
5.31±0.10a 7.28±0.88c 9.10±0.99c 11.14±1.80d 

LSD=0.66 

 

JRO 8432 

Control 4.21±0.09a 4.87±0.34a 6.21±0.93a 7.32±1.12a 

P. agglomerans 4.16±0.17a 6.52±1.00b 8.22±0.89bc 9.62 ±1.10b 

B. amyloliquefaciens 4.13±0.14a 6.24±0.83b 7.82±1.05b 9.17±1.90b 

P. agglomerans +  

B. amyloliquefaciens 
4.26±0.17a 6.68±0.49b 8.66 ±1.10c 10.66 ±2.40c 

LSD=0.78 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 11A: ANOVA of data presented in Table 11 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 86.20957 3 28.73652 7.864699 0.00695 3.862548358 

Columns 318.7816 3 106.2605 29.0817 5.81E-05 3.862548358 

Error 32.88476 9 3.653862 

   Total 437.8759 15         

 

 

Table 11B: ANOVA of data presented in Table 11 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 37.25157 3 12.41719 4.565394 0.033075 3.862548358 

Columns 147.4383 3 49.14611 18.06941 0.000377 3.862548358 

Error 24.47866 9 2.719851 

   Total 209.1685 15         

 

 

Table 11C: ANOVA of data presented in Table 11 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 7.612369 3 2.537456 9.729899 0.003479 3.862548358 

Columns 48.45622 3 16.15207 61.93527 2.48E-06 3.862548358 

Error 2.347106 9 0.26079 

   Total 58.41569 15         

 

 

Table 11D: ANOVA of data presented in Table 11 (JRO 8432) 

Source of 

Variation SS df MS F P-value F crit 

Rows 8.049769 3 2.683256 7.385434 0.008456 3.862548358 

Columns 55.67352 3 18.55784 51.07887 5.64E-06 3.862548358 

Error 3.269856 9 0.363317 

   Total 66.99314 15         
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Table 12: Effect of P. agglomerans and B. amyloliquefaciens on root mass of jute after 

15, 30 & 45 days of application 

Cultivars Treatments  Root mass (gm) 

Initial 15 days 30  days 45 days 

 

JRC 

212 

Control 0.56±0.03a 0.81±0.07a 1.25±0.51a 2.16±0.69a 

P. agglomerans 0.52±0.03a 1.24±0.26a 2.15±0.50b 3.10±0.32b 

B. amyloliquefaciens 0.57±0.02a 0.98±0.31a 1.83±0.60ab 2.86±0.35ab 

P. agglomerans +  

B. amyloliquefaciens 
0.53±0.03a 1.37±0.11a 3.01±0.64c 4.98±0.78c 

LSD=0.71                                                      

 

JRC 321 

Control 0.61±0.02a 0.98±0.25a 1.32±0.26a 2.32±0.56a 

P. agglomerans 0.63±0.03a 1.39±0.20a 1.96±0.64a 3.98±0.84b 

B. amyloliquefaciens 0.64±0.03a 1.36±0.36a 1.74±0.62a 4.22±1.20b 

P. agglomerans +  

B. amyloliquefaciens 
0.59±0.23a 1.67±0.65b 2.87±0.65b 5.12±2.30c 

LSD=0.68 

 

JRO 524 

Control 0.68±0.65a 0.96±0.23a 1.23±0.50a 1.86±1.10a 

P. agglomerans 0.66±0.02a 1.01±0.78a 1.96±0.71c 2.67±0.96bc 

B. amyloliquefaciens 0.74±0.02a 1.16±0.33a 1.61±0.33b 2.56±0.80b 

P. agglomerans + 

B. amyloliquefaciens 
0.64±0.08a 1.26±0.15a 2.01±0.56c 2.89±0.72c 

LSD=0.31 

 

JRO 

8432 

Control 0.64±0.04a 0.93±0.32a 1.16±0.28a 1.78±0.72a 

P. agglomerans 0.61±0.03a 1.14±0.85a 1.51±0.36b 2.62±0.65b 

B. amyloliquefaciens 0.66±0.04a 1.04±0.32a 1.44±0.41ab 2.26±0.92c 

P. agglomerans + B. 

amyloliquefaciens 
0.65±0.06a 1.19±0.80a 1.98±0.62c 2.85±0.78c 

LSD=0.29 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 12A: ANOVA of data presented in Table 12 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 3.46415 3 1.154717 3.847274 0.050472 3.862548358 

Columns 17.1846 3 5.7282 19.08516 0.000306 3.862548358 

Error 2.70125 9 0.300139 

   Total 23.35 15         

 

 

Table 12B: ANOVA of data presented in Table 12 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 3.16215 3 1.05405 3.857849 0.050145 3.862548358 

Columns 23.90815 3 7.969383 29.16814 5.74E-05 3.862548358 

Error 2.459 9 0.273222 

   Total 29.5293 15         

 

 

Table 12C: ANOVA of data presented in Table 12 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 0.511325 3 0.170442 3.050107 0.084737 3.862548358 

Columns 7.627125 3 2.542375 45.49659 9.18E-06 3.862548358 

Error 0.502925 9 0.055881 

   Total 8.641375 15         

  

 

Table 12D: ANOVA of data presented in Table 12 (JRO 8432) 

Source of 

Variation SS df MS F P-value F crit 

Rows 0.56175 3 0.18725 3.628876 0.057851 3.862548358 

Columns 6.68235 3 2.22745 43.16764 1.14E-05 3.862548358 

Error 0.4644 9 0.0516 

   Total 7.7085 15         
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Table 13: Effect of P. agglomerans and B. amyloliquefaciens on shoot dry weight of jute 

after 15, 30 & 45 days of application 

Cultivars Treatments  Shoot dry mass (gm)  

Initial 15 days 30  days 45 days 

 

JRC  

212 

Control 
1.73±0.59a 2.70±1.27a 3.10±0.14a 4.30±1.21a 

P. agglomerans 
2.21±0.23a 4.057±1.21b 6.945±0.11b 8.65±2.01b 

B. amyloliquefaciens 
1.97±1.09a 3.58±1.24ab 5.78±0.10b 6.86±1.51b 

P. agglomerans +  

B. amyloliquefaciens 
2.33±0.09a 5.64±1.02b 7.13±0.13b 8.79±1.87c 

LSD=2.22                                                           

 

JRC  

321 

Control 
2.19±0.19a 2.63±0.97a 2.95±0.16a 3.34±1.7a 

P. agglomerans 
2.27±0.58a 4.13±1.40b 5.64±0.14b 7.55±1.0c 

B. amyloliquefaciens 
2.22±0.54a 4.05±0.83ab 4.66 ±0.11a 5.77±2.10b 

P. agglomerans +  

B. amyloliquefaciens 
2.09±0.43a 4.16±1.77b 6.43 ±0.17b 7.97±2.08c 

LSD=2.04 

 

JRO  

524 

Control 
1.52±0.04a 1.65±1.99a 2.08 ± 0.05a 2.51±1.60a 

P. agglomerans 
1.58±0.06a 2.28±0.92b 2.83 ± 0.07b 3.83±1.21b 

B. amyloliquefaciens 
1.41±0.05a 2.15±1.04b 2.60 ± 0.09b 3.37±1.34c 

P. agglomerans +  

B. amyloliquefaciens 
1.67±0.04a 3.32±0.99b 4.15 ± 0.16b 5.08±1.80d 

LSD=0.69 

 

JRO 

8432 

Control 
1.25±0.08a 1.65±0.93a 1.85±0.03a 2.18±1.12a 

P. agglomerans 
1.27±0.07a 2.93 ±0.89b 3.70±0.10b 4.33±1.10b 

B. amyloliquefaciens 
1.30±0.11a 2.00±1.05b 2.50±0.08b 2.93±1.9b 

P. agglomerans +  

B. amyloliquefaciens 
1.33±0.08a 3.07 ±1.10b 3.98±0.10b 4.90±2.4b 

LSD=1.67 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant 

differences of mean within different treatments according to Fischer’s LSD test 

 

 



144 
  

Table 13A: ANOVA of data presented in Table 13 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 21.79134 3 7.2637795 9.247603212 0.004120168 3.862548 

Columns 58.4954 3 19.49846504 24.82372544 0.000109619 3.862548 

Error 7.069293 9 0.785476986 

   Total 87.35603 15         

 

Source of 

Variation SS df MS F P-value F crit 

Rows 13.71294 3 4.570981204 5.130049248 0.024323574 3.862548 

Columns 34.33055 3 11.44351613 12.84315089 0.001330221 3.862548 

Error 8.019188 9 0.891020921 

   Total 56.06268 15       

 

Source of 

Variation SS df MS F P-value F crit 

Rows 5.585106 3 1.861701946 9.758282823 0.003445549 3.862548 

Columns 9.886108 3 3.295369439 17.2729835 0.000447339 3.862548 

Error 1.717035 9 0.190781716 

   Total 17.18825 15 

    

Source of 

Variation SS df MS F P-value F crit 

Rows 6.607711 3 2.202570444 7.724953812 0.007352795 3.862548 

Columns 11.57325 3 3.857749855 13.53007325 0.001103134 3.862548 

Error 2.566117 9 0.285124092 

   Total 20.74708 15     

   

 

 

 

 

 

Table 13B: ANOVA of data presented in Table 13 (JRC 321) 

  

 

Table 13C: ANOVA of data presented in Table 13 (JRO 524)

 

  

 

Table 13D: ANOVA of data presented in Table 13 (JRO 8432)
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Table 14: Effect of P. agglomerans and B. amyloliquefaciens on root dry weight of jute 

after 30 & 45 days of application 

Cultivars Treatments 30  days 45 days 

 

JRC 

212 

Control 0.42±0.14a 0.81±0.61a 

P. agglomerans 0.83±0.11b 1.34±0.36b 

B. amyloliquefaciens 0.71±0.31bc 1.28±0.23b 

P. agglomerans +  

B. amyloliquefaciens 

1..10±0.20c 2.08±0.80c 

LSDTreatment = 0.301                                                                           LSDDuration = 0.42 

 

JRC 321 

Control 0.47±0.15a 0.98±0.72a 

P. agglomerans 1.08±0.40b 1.56±0.68b 

B. amyloliquefaciens 0.89±0.20c 1.33±0.98c 

P. agglomerans +  

B. amyloliquefaciens 

1.42±0.35d 2.20±1.1d 

LSDTreatment = 0.18                                                                             LSDDuration = 0.26 

 

JRO 524 

Control 0.42±0.11a 0.96±0.90a 

P. agglomerans 0.86±0.10b 1.37±0.62b 

B. amyloliquefaciens 0.71±0.26c 1.26±0.80c 

P. agglomerans +  

B. amyloliquefaciens 

0.99±0.50d 1.47±0.58d 

LSDTreatment = 0.04                                                                            LSDDuration = 0.05 

 

JRO 8432 

Control 0.38±0.26a 0.56±0.72a 

P. agglomerans 0.74±0.19b 1.2±0.55b 

B. amyloliquefaciens 0.67±0.31c 0.96±0.89c 

P. agglomerans +  

B. amyloliquefaciens 

0.91±0.20d 1.45±0.68d 

LSDTreatment = 0.19                                                                            LSDDuration = 0.27 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant 

differences of mean within different treatments according to Fischer’s LSD test 
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Table 14A: ANOVA of data presented in Table 14 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 0.966538 3 0.322179167 9.818793651 0.046361 9.276628 

Columns 0.750313 1 0.7503125 22.86666667 0.017386 10.12796 

Error 0.098437 3 0.0328125 

   Total 1.815288 7 

  

  

  

 

Table 14B: ANOVA of data presented in Table 14 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 1.226838 3 0.408945833 34.32913606 0.008015 9.276628 

Columns 0.610513 1 0.6105125 51.24973767 0.005614 10.12796 

Error 0.035738 3 0.0119125 

   Total 1.873088 7         

 

 

Table 14C: ANOVA of data presented in Table 14 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 0.3247 3 0.108233333 216.4666667 0.000529 9.276628 

Columns 0.5408 1 0.5408 1081.6 6.18E-05 10.12796 

Error 0.0015 3 0.0005 

   Total 0.867 7 

     

 

Table 14D: ANOVA of data presented in Table 14 (JRO 8432) 

Source of 

Variation SS df MS F P-value F crit 

Rows 0.537238 3 0.179079167 13.51966027 0.030042 9.276628 

Columns 0.270113 1 0.2701125 20.39226172 0.020298 10.12796 

Error 0.039738 3 0.013245833 

   Total 0.847088 7 
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Table 15: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on Leaf area of 

jute after 15, 30 & 45 days of application 

Cultivars Treatments  Leaf Area (cm2) 

Initial 15 days 30  days 45 days 

 

JRC 

212 

Control 11.12±1.12a 12.21±0.29a 15.67±0.73a 18.87±0.82a 

P. agglomerans 10.94±0.79a 14.11±0.39a 18.45±2.27a 25.67±0.52b 

B. amyloliquefaciens 10.86±0.98a 13.98 ±0.23a 17.41±0.41a 28.41±0.80bc 

P. agglomerans +  

B. amyloliquefaciens 
10.80±0.96a 14.43 ±0.32a 20.31±1.30b 31.32±1.65c 

LSD= 3.12                                                         

 

JRC 321 

Control 10.81±1.02a 11.54 ±0.25a 12.87±0.92a 19.67±0.82a 

P. agglomerans 10.66±1.38a 14.34 ±0.31a 16.78±1.51b 28.50±1.40b 

B. amyloliquefaciens 10.72±1.47a 13.88 ±0.27a 16.35±0.81ab 32.63±0.98c 

P. agglomerans +  

B. amyloliquefaciens 
10.87±0.58a 14.68 ±0.32a 17.11±1.11b 35.14±2.10c 

LSD=3.88 

 

JRO 524 

Control 12.38±0.92a 14.11 ±0.29a 15.78±1.05a 17.21±1.6a 

P. agglomerans 12.41±0.69a 16.17±0.44b 18.97±1.29b 24.46±0.82b 

B. amyloliquefaciens 11.89±0.66a 15.86±0.30ab 18.0±1.05b 24.52±1.20b 

P. agglomerans +  

B. amyloliquefaciens 
12.04±0.57a 16.44±0.35b 19.38±0.73b 27.11±0.79c 

LSD=2.42 

 

JRO 8432 

Control 15.72±0.56a 15.94±0.31a 16.46±0.94a 17.18±0.91a 

P. agglomerans 15.79±0.77a 16.24±0.36a 18.67±0.95b 20.47±1.10b 

B. amyloliquefaciens 15.65±0.85a 16.11±0.31a 18.30±1.34b 20.36±2.1b 

P. agglomerans +  

B. amyloliquefaciens 
16.26±1.05a 17.33±0.23b 20.31±1.36c 22.27±1.80c 

LSD=0.89 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 15A: ANOVA of data presented in Table 15 (JRC 212) 

Source of 

Variation SS df MS F P-value F crit 

Rows 46.98065 3 15.66021667 2.688556909 0.109314586 3.862548 

Columns 523.55785 3 174.5192833 29.96159217 5.15196E-05 3.862548 

Error 52.4229 9 5.824766667 

   Total 622.9614 15 

   

  

 

 

Table 15B: ANOVA of data presented in Table 15 (JRC 321) 

Source of 

Variation SS df MS F P-value F crit 

Rows 74.767818 3 24.922606 2.768144476 0.103236675 3.862548 

Columns 780.71431 3 260.23810 28.90454831 5.95788E-05 3.862548 

Error 81.030256 9 9.0033618 

   Total 936.51239 15         

 

 

Table 15C: ANOVA of data presented in Table 15 (JRO 524) 

Source of 

Variation SS df MS F P-value F crit 

Rows 22.818275 3 7.606091667 3.900298698 0.048856066 3.862548 

Columns 291.927925 3 97.30930833 49.89886859 6.22293E-06 3.862548 

Error 17.551175 9 1.950130556 

   Total 332.297375 15 

     

 

Table 15D: ANOVA of data presented in Table 15 (JRO 8432) 

Source of 

Variation SS df MS F P-value F crit 

Rows 10.83136875 3 3.61045625 7.715920981 0.007379798 3.862548 

Columns 50.59681875 3 16.86560625 36.04355685 2.41961E-05 3.862548 

Error 4.21130625 9 0.467922917 

   Total 65.63949375 15 
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Figure 52: Effect of application of P. agglomerans and B. amyloliquefaciens on increase 

in plant height after 15 (A), 30 (B) and 45 (C) days 
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Figure 53: Effect of application of P. agglomerans and B. amyloliquefaciens on 

increase in root length after 15 (A), 30 (B) and 45 (C) days 
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Figure 54: Effect of application of P. agglomerans and B. amyloliquefaciens on increase 

in shoot fresh weight after 15 (A), 30 (B) and 45 (C) days 
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Figure 55: Effect of application of P. agglomerans and B. amyloliquefaciens on increase 

in root fresh weight after 15 (A), 30 (B) and 45 (C) days 
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Figure 56: Effect of application of P. agglomerans and B. amyloliquefaciens on increase in shoot 

dry weight after 15 (A), 30 (B) and 45 (C) days of application 



154 
  

 

Figure 57: Effect of application of P. agglomerans and B. amyloliquefaciens on increase 

in leaf area after 15 (A), 30 (B) and 45 (C) days of application 
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To evaluate the effect of rhizobacterial application, along with morphometric 

characters like plant length, shoot fresh and dry weight, leaf area, biochemical changes 

were also analysed. Results showed that, application of bacterial isolates increased the 

metabolites like proteins, carbohydrates, chlorophyll and phenols.  

In case of total sugar, the increase of sugar content was observed in all varieties of 

jute plants after the application of rhizobacteria both singly and in combination. Sugar 

content was higher when both the isolates were applied in consortium in comparison to 

their single application. The reducing sugar content also showed an increase after 

rhizobacterial application. Joint application of P. agglomerans and B. amyloliquefaciens 

showed highest increase in reducing sugar content in the leaves of jute varieties. ANOVA 

and LSD analysis revealed a significant increase in reducing sugar content in treated 

plants in comparison to control (Table 16 & 17 and Figure 58). Like sugars, an increase 

in protein content was also observed following the rhizobacterial application. Joint 

application was found to be more efficient for increasing the protein content in leaves of 

jute plant in comparison to control and other treatments. Along with sugar and proteins 

the chlorophyll content also showed an increase after application. Highest increase in 

chlorophyll content was recorded in the application of dual culture (Fig. 59, A & B).  

Phenol is an important secondary metabolite which plays important role in plant 

defence. Both total and ortho-hydroxy phenol was estimated following the application of 

P. agglomerans and B. amyloliquefaciens. Results showed that total phenol also 

increased after the application of both isolates. Statistical analysis revealed a significant 

increase only after 30 and 45 days in all the varieties (Table 20 & Fig. 60). Highest 

increase in phenol content observed in dual application followed by the application of B. 

amyloliquefaciens. In case of ortho-hydroxy phenol, statistical significant increase was 

observed mostly after 30 and 45 days of application in all the varieties. A significant 

increase in o-dihydroxy phenol content over untreated control was observed after 15 days 

only in case of dual application in JRC 212 and JRC 321 (Table 21 and Fig. 60). 

 

 

4.10. Biochemical changes in jute leaves induced by application of rhizobacteria 
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Table 16: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on total sugar 

content of jute leaves after 15 & 30 days of application 

Jute 

varieties 

Treatments  Total Sugar (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 97±3.78a 98±2.52a 

P. agglomerans 122±2.08b  126±4.51c 

B. amyloliquefaciens 121±2.11b 124±3.00b 

P. agglomerans +  

B. amyloliquefaciens 

127±1.15c 132±1.52d 

LSDTreatment = 1.82                                                                                       LSDDuration = 2.1 

 

JRC 321 

Control 104±2.51a 105±5.19a 

P. agglomerans 124±2.64b 129±3.05b 

B. amyloliquefaciens 119±1.52c 123±4.16c 

P. agglomerans +  

B. amyloliquefaciens 

 129±2.51d  134±2.08d 

LSDTreatment = 1.63                                                                                     LSD Duration = 1.83 

 

JRO 524 

Control 85±1.53a 85±1.52a 

P. agglomerans 104±2.08b 110±3.51b 

B. amyloliquefaciens 103±2.31b 109±4.51b 

P. agglomerans +  

B. amyloliquefaciens 

106±1.52b 114±2.52c 

LSDTreatment = 3.16                                                                                      LSDDuration = 3.65 

 

JRO 8432 

Control 79±1.08a 81±1.53a 

P. agglomerans 96±1.49c 103±2.65b 

B. amyloliquefaciens 93±5.34b 101±2.52b 

P. agglomerans +  

B. amyloliquefaciens 

109±3.51d 113±1.53c 

LSDTreatment= 2.50                                                                                    LSD Duration = 2.89 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 16A: ANOVA of data presented in Table 16 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1953 3 651 372 3.33849E-07 4.757063 

Columns 98.16667 2 49.083 28.04761905 0.00090215 5.143253 

Error 10.5 6 1.75 

   Total 2061.667 11 

   

  

 

 

Table 16B: ANOVA of data presented in Table 16 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1316.25 3 438.75 309.7058824 5.76442E-07 4.757063 

Columns 98.16667 2 49.08333333 34.64705882 0.000506023 5.143253 

Error 8.5 6 1.416666667 

   Total 1422.917 11         

 

 

Table 16C: ANOVA of data presented in Table 16 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1366.917 3 455.6388889 85.87958115 2.55643E-05 4.757063 

Columns 171.5 2 85.75 16.16230366 0.003837255 5.143253 

Error 31.83333 6 5.305555556 

   Total 1570.25 11 

   

  

 

 

Table 16D: ANOVA of data presented in Table 16 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1603 3 534.3333333 160.3 4.07442E-06 4.757063 

Columns 200.6667 2 100.3333333 30.1 0.000744526 5.143253 

Error 20 6 3.333333333 

   Total 1823.667 11 
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Table 17: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on reducing 

sugar content of jute leaves after 15 & 30 days of application 

Jute 

varieties 

Treatments  Reducing Sugar (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 36±1.52a 37±4.16a 

P. agglomerans 46±1.54c 51±2.52c 

B. amyloliquefaciens 43±1.10b 47±1.73b 

P. agglomerans +  

B. amyloliquefaciens 

49±1.01d 56±2.00d 

LSDTreatment =2.39                                                                                       LSDDuration =2.76 

 

JRC 321 

Control 41±2.08a 40±0.58a 

P. agglomerans 56±2.51c 60±2.52c 

B. amyloliquefaciens 53±3.21b 58±1.53b 

P. agglomerans +  

B. amyloliquefaciens 

65±3.05d 68±4.16d 

LSD Treatment=2.85                                                                                      LSD Duration =3.30 

 

JRO 524 

Control 26±2.00a 27±4.24a 

P. agglomerans  37±2.65c  43±2.08c 

B. amyloliquefaciens 33±2.52b 37±2.89b 

P. agglomerans +  

B. amyloliquefaciens 

42±4.50d 46±2.52d 

LSDTreatment =2.21                                                                                       LSDDuration =2.55 

 

JRO 8432 

Control 22±3.05a 23±1.53a 

P. agglomerans 34±1.15c 38±2.52c 

B. amyloliquefaciens 28±1.76b 32±2.31b 

P. agglomerans +  

B. amyloliquefaciens 

39±2.51d 43±1.53d 

LSDTreatment =1.57                                                                                       LSD Duration =1.81 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 17A: ANOVA of data presented in Table 17 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 494.3333 3 164.7777778 54.42201835 9.61255E-05 4.757063 

Columns 120.5 2 60.25 19.89908257 0.002248586 5.143253 

Error 18.16667 6 3.027777778 

   Total 633 11 

     

 

Table 17B: ANOVA of data presented in Table 17 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1174.25 3 391.4166667 90.32692308 2.20544E-05 4.757063 

Columns 60.66667 2 30.33333333 7 0.027 5.143253 

Error 26 6 4.333333333 

   Total 1260.917 11 

     

 

Table 17C: ANOVA of data presented in Table 17 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 611 3 203.6666667 78.83870968 3.2818E-05 4.757063 

Columns 58.5 2 29.25 11.32258065 0.00918967 5.143253 

Error 15.5 6 2.583333333 

   Total 685 11 

     

 

Table 17D: ANOVA of data presented in Table 17 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 601.6667 3 200.5555556 153.6170213 4.62129E-06 4.757063 

Columns 51.5 2 25.75 19.72340426 0.002301143 5.143253 

Error 7.833333 6 1.305555556 

   Total 661 11 
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Table 18: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on soluble 

protein content of jute leaves after 15 & 30 days of application. 

Jute 

varieties 

Treatments  Soluble protein (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 45±1.15a 46±1.73a 

P. agglomerans 65±0.58c 68±3.51c 

B. amyloliquefaciens 62±3.46b 64±1.53b 

P. agglomerans +  

B. amyloliquefaciens 

72±1.73d 76±1.71d 

LSDTreatment = 1.15                                                                                     LSDDuration =1.32 

 

JRC 321 

Control 47±1.73a 49±1.53a 

P. agglomerans 65±1.16c 70±1.85c 

B. amyloliquefaciens 62 ±2.66b 66±1.53b 

P. agglomerans +  

B. amyloliquefaciens 

76 ±2.31d 82±3.21d 

LSDTreatment =1.57                                                                                      LSDDuration =1.81 

 

JRO 524 

Control 42±1.73a 43±1.98a 

P. agglomerans  57±4.04c 63 ±3.21c 

B. amyloliquefaciens 54±1.15b 59 ±5.51b 

P. agglomerans +  

B. amyloliquefaciens 

63±2.30d 72 ±3.46d 

LSDTreatment =2.81                                                                                      LSDDuration =3.24 

 

JRO 8432 

Control 38±1.58a 38±3.51a 

P. agglomerans 59±1.66b 63±1.53b 

B. amyloliquefaciens 57±1.84b 61±2.65b 

P. agglomerans +  

B. amyloliquefaciens 

64±1.86c 69 ±1.15c 

LSDTreatment =2.08                                                                                     LSDDuration =2.40 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 18A: ANOVA of data presented in Table 18 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1365.583 3 455.1944 655.48 6.15027E-08 4.757062 

Columns 29.1666 2 14.58333 21 0.0019531 5.143252 

Error 4.16666 6 0.694444 

   Total 1398.91 11 

     

 

Table 18B: ANOVA of data presented in Table 18 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1574.91 3 524.9722 402.1064 2.64694E-07 4.757062 

Columns 76.1666 2 38.08333 29.17021 0.0008109 5.143252 

Error 7.83333 6 1.305556 

   Total 1658.91 11     

   

 

Table 18C: ANOVA of data presented in Table 18 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1123.583 3 374.5278 89.29139 2.28113E-05 4.7570626 

Columns 106.1667 2 53.08333 12.65563 0.007036427 5.1432528 

Error 25.16667 6 4.194444       

Total 1254.917 11 

 

      

 

 

Table 18D: ANOVA of data presented in Table 18 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 1530.91 3 510.3056 221.337 1.56563E-06 4.7570626 

Columns 51.5 2 25.75 11.1686 0.009492401 5.143252 

Error 13.833 6 2.305556       

Total 1596.2 11 
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Table 19: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on total 

chlorophyll content of jute leaves after 15 & 30 days of application. 

Jute 

varieties 

Treatments  Total chlorophyll (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 1.243±0.104a 1.246±0.273a 

P. agglomerans 1.321±0.265bc 1.341±0.118b 

B. amyloliquefaciens 1.316±0.105b 1.336±0.088b 

P. agglomerans + B. 

amyloliquefaciens 

1.327±0.173c 1.356±0.155c 

LSDTreatment = 0.009                                                                           LSDDuration = 0.011 

 

JRC 321 

Control 1.178±0.147a 1.180±0.10a 

P. agglomerans 1.252±0.056b 1.251±0.08b 

B. amyloliquefaciens 1.273±0.103c 1.276±0.013c 

P. agglomerans + B. 

amyloliquefaciens 

1.264±0.087d 1.268±0.107c 

LSDTreatment = 0.003                                                                           LSDDuration = 0.004 

 

JRO 524 

Control 0.878±0.224a 0.879±0.202a 

P. agglomerans 1.245±0.202c 1.248±0.261c 

B. amyloliquefaciens 1.152±0.068b 1.154±0.080b 

P. agglomerans + B. 

amyloliquefaciens 

1.261±0.032d 1.263±0.051d 

LSDTreatment =0.003                                                                             LSDDuration = 0.004 

 

JRO 8432 

Control 0.863±0.018a 0.865±0.076a 

P. agglomerans 1.331±0.087c 1.342±0.160c 

B. amyloliquefaciens 1.310±0.311b 1.332±0.202b 

P. agglomerans + B. 

amyloliquefaciens 

1.356±0.036d 1.361±0.058d 

LSDTreatment =0.008                                                                             LSDDuration = 0.009 

Values represent Mean ± S.D., where n=3; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 19A: ANOVA of data presented in Table 19 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 0.02006 3 0.006688 134.979 6.8E-06 4.75706 

Columns 0.0009 2 0.000485 9.7937 0.01289 5.14325 

Error 0.0002 6 4.95556E-05       

Total 0.021 11 

 

      

 

 

Table 19B: ANOVA of data presented in Table 19 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 0.01768 3 0.005894444 1066.3316 1.43E-08 4.757063 

Columns 1.616E-05 2 8.08333E-06 1.462311 0.303867 5.143253 

Error 3.316E-05 6 5.52778E-06       

Total 0.017732 11         

 

 

Table 19C: ANOVA of data presented in Table 19 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 0.28671 3 0.095572778 14830.25862 5.4E-12 4.75706 

Columns 4.066E-05 2 2.03333E-05 3.155172414 0.11578 5.14325 

Error 3.866E-05 6 6.44444E-06       

Total 0.2867 11         

 

 

Table 19D: ANOVA of data presented in Table 19 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 0.513009 3 0.171003 5576.184783 1E-10 4.75706 

Columns 0.0003126 2 0.000156333 5.097826087 0.05085 5.14325 

Error 0.000184 6 3.06667E-05 

   Total 0.5135056 11 
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Table 20: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on total 

phenol content of jute leaves after 15 & 30 days of application. 

Jute 

varieties 

Treatments  Total phenol (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 11.45±1.14a 13.27±1.10a 

P. agglomerans 14.63±0.74b 17.76±1.15b 

B. amyloliquefaciens 14.87±1.5ab 18.8±1.69b 

P. agglomerans +  

B. amyloliquefaciens 

14.90±1.67b 19.90±1.05b 

LSDTreatment =3.28                                                                                  LSDDuration =3.79 

 

JRC 321 

Control 12.63±2.28a 14.50±1.28a 

P. agglomerans 14.80±1.85a 17.70±1.00a 

B. amyloliquefaciens 14.87±1.10a 18.85±2.25b 

P. agglomerans +  

B. amyloliquefaciens 

15.34±0.85a 19.50±0.90b 

LSDTreatment =3.69                                                                                  LSDDuration =4.26 

 

JRO 524 

Control 16.83±1.25a 18.60±0.87a 

P. agglomerans 18.28±0.90a 19.76±1.45ab 

B. amyloliquefaciens 18.86±0.86a 22.17±1.16b 

P. agglomerans +  

B. amyloliquefaciens 

19.37±0.97a 22.63±1.06b 

LSDTreatment =3.47                                                                                  LSDDuration =4.00 

 

JRO 8432 

Control 16.47±0.85a 15.57±0.80a 

P. agglomerans 18.34±1.12ab 21.57±1.65b 

B. amyloliquefaciens 19.30±1.21b 22.40±1.20b 

P. agglomerans +  

B. amyloliquefaciens 

19.65±0.75b 23.20±0.79b 

LSDTreatment =2.46                                                                                  LSDDuration =2.84 

Values represent Mean ± S.D., where n=10; Different superscripts indicate significant 

differences of mean within different treatments according to Fischer’s LSD test 
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Table 20A: ANOVA of data presented in Table 20 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 112.2431 3 37.41436667 6.552457177 0.025394 4.757063 

Columns 196.99581 2 98.49790833 17.25014704 0.003251 5.143253 

Error 34.25985 6 5.709975 

   Total 343.4987 11 

     

 

Table 20B: ANOVA of data presented in Table 20 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 87.326291 3 29.10876389 4.032840669 0.069026 4.757063 

Columns 160.08335 2 80.041675 11.08928305 0.009654 5.143253 

Error 43.307583 6 7.217930556 

   Total 290.7172 11 

     

 

Table 20C: ANOVA of data presented in Table 20 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 59.02246 3 19.67415556 3.083165014 0.11171 4.75706 

Columns 44.0178 2 22.0089 3.44904615 0.10066 5.14325 

Error 38.28693 6 6.381155556 

   Total 141.3272 11 

     

 

Table 20D: ANOVA of data presented in Table 20 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 94.564733 3 31.52157778 9.824771259 0.009888 4.757063 

Columns 42.98046 2 21.49023333 6.698161757 0.0296 5.143253 

Error 19.25026 6 3.208377778 

   Total 156.7954 11 
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Table 21: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on o-

dihydroxy phenol content of jute leaves after 15 & 30 days of application. 

Jute 

varieties 

Treatments  o-dihydroxy Phenol (mg/ gm tissue) 

15 days  30 days 

 

JRC 212 

Control 06.3±0.56a 06.9±0.35a 

P. agglomerans 07.7±1.13a 08.6±1.80ab 

B. amyloliquefaciens 07.8±1.47a 09.9±1.02b 

P. agglomerans +  

B. amyloliquefaciens 

08.7± 1.49b 10.3±1.15c 

LSDTreatment =1.75                                                                                    LSDDuration =2.02 

 

JRC 321 

Control 06.7±0.64a 07.7±0.85a 

P. agglomerans 08.1±0.90ab 09.2±1.35ab 

B. amyloliquefaciens 08.6±0.96b 09.7±1.15b 

P. agglomerans +  

B. amyloliquefaciens 

09.3±1.22b 10.6±0.95b 

LSDTreatment =1.73                                                                                    LSDDuration =1.99 

 

JRO 524 

Control 07.6±0.80a 08.5±1.30a 

P. agglomerans 08.4±0.49a 09.6±1.11a 

B. amyloliquefaciens 08.8±1.74a 10.1±1.27a 

P. agglomerans +  

B. amyloliquefaciens 

09.3±1.00b 10.3±0.82b 

LSDTreatment =1.69                                                                                    LSDDuration =1.95 

 

JRO 8432 

Control 07.3±1.50a 08.3±1.31a 

P. agglomerans 08.5±1.10a 09.70±0.62ab 

B. amyloliquefaciens 09.0±0.40a 10.4±0.92bc 

P. agglomerans +  

B. amyloliquefaciens 

09.8±1.13b 11.7±1.31c 

LSDTreatment =1.75                                                                                    LSDDuration =2.02 

Values represent Mean ± S.D., where n=3; Different superscripts indicate significant differences 

of mean within different treatments according to Fischer’s LSD test 
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Table 21A: ANOVA of data presented in Table 21 (JRC 212) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 32.36916 3 10.789722 7.135011 0.02098 4.75706 

Columns 40.88 2 20.44 13.516531 0.00599 5.14325 

Error 9.073333 6 1.5122222 

   Total 82.3225 11 

     

 

Table 21B: ANOVA of data presented in Table 21 (JRC 321) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 30.89583 3 10.29861111 6.5169625 0.025701 4.757063 

Columns 49.85166 2 24.92583333 15.77307 0.004081 5.143253 

Error 9.481666 6 1.580277778 

   Total 90.22916 11 

     

 

Table 21C: ANOVA of data presented in Table 21 (JRO 524) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 18.92916 3 6.3097222 4.163306452 0.06496 4.75706 

Columns 47.24666 2 23.623333 15.5872434 0.0042 5.14325 

Error 9.093333 6 1.5155556 

   Total 75.26916 11 

     

 

Table 21D: ANOVA of data presented in Table 21 (JRO 8432) 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 33.809166 3 11.269722 6.972160165 0.0221 4.75706 

Columns 48.881666 2 24.440833 15.12063929 0.00454 5.14325 

Error 9.6983333 6 1.6163889       

Total 92.389166 11         
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Figure 58: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens on total and 

reducing sugar content of jute leaves after 45 days. (A-JRC 212, B-JRC 321, C-JRO 524 

& D-JRO 8432) 
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Figure 59: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens alone and in 

combination on soluble protein (A) and total chlorophyll content of jute leaves after 45 

days. 
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Figure 60: Effect of Pantoea agglomerans and Bacillus amyloliquefaciens alone and in 

combination on total and o-dihydroxy phenol content of jute leaves after 45 days, Values 

represent Mean ± S.D. (A-JRC 212, B-JRC 321, C-JRO 524 & D-JRO 8432) 
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4.11. Effect of rhizobacteria on disease development of jute  

In order to determine the effect of bacterial isolates on disease reduction, three 

treatments were taken in each case 

i) Inoculation with pathogen 

ii) Inoculation with individual bacterial isolates  

iii) Inoculation with both bacterial isolates and fungal pathogen. 

The test pathogen Macrophomina phaseolina was mass cultured by using sterilized jute 

stem pieces as substrate. Flasks with jute stem pieces were incubated for 7 days at 26°C 

and used as source of fungal inoculum. The treatments were individual and in 

combinations: PGPR- P. agglomerans, B. amyloliquefaciens and P. agglomerans + B. 

amyloliquefaciens in Macrophomina infested sick soil to test the biocontrol efficacy of 

PGPR. 

PGPR treatments in Macrophomina infested soil. (Individual and Combinations) 

T1- Pantoea agglomerans+ M. phaseolina  

T2- Bacillus amyloliquefaciens + M. phaseolina 

T3- P. agglomerans + B. amyloliquefaciens + M. phaseolina 

T4- Uninoculated control (only pathogen) - M. phaseolina  

Single as well as dual application of P. agglomerans and B. amyloliquefaciens 

effectively reduced the disease incidence. Lowest disease incidence of 16.50% (79.11% 

reduction over control) was recorded in P. agglomerans + B. amyloliquefaciens + M. 

phaseolina treatment followed by 20.5% of Bacillus amyloliquefaciens + M. phaseolina 

(74.05% reduction) and 23.5% of Pantoea agglomerans + M. phaseolina (70.25% 

reduction). Highest disease incidence of 79.0% was recorded in untreated plants (M. 

phaseolina). More disease severity was observed in only pathogen treated plants without 

PGPR, followed by Pantoea agglomerans + M. phaseolina, Bacillus amyloliquefaciens + 

M. phaseolina and P. agglomerans + B. amyloliquefaciens + M. phaseolina. In all 

treatments with PGPR applications, the expression of symptoms was less and disease 

severity was less (Table 22 & Fig. 61). 
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Table 22: Efficacy of P. agglomerans and B. amyloliquefaciens on disease incidence in 

jute under Macrophomina infested sick soil potted conditions.  

Treatments Percent Disease 

Index (PDI) 

% of disease 

 over 

control 

Pantoea agglomerans + M. phaseolina 23.5 70.25 

Bacillus amyloliquefaciens + M. phaseolina 20.5 74.05 

P. agglomerans + B. amyloliquefaciens + M. 

phaseolina 

16.5 79.11 

M. phaseolina  (pathogen)  

 

79.0 - 

 

 

Table 23: Efficacy of P. agglomerans and B. amyloliquefaciens on shoot length of jute 

varieties under Macrophomina infested sick potted soil conditions at 15 days of 

inoculation 

Treatments JRC 

212 

JRC 

321 

JRO 

8432 

JRO 

524 

Pantoea agglomerans +  

M. phaseolina 

33.5±2.08 34.8±2.86 16.5±3.20 17.1±1.22 

Bacillus amyloliquefaciens + 

M. phaseolina 

35.2±1.12 35.7±1.82 17.7±1.22 16.9±1.93 

P. agglomerans + 

B. amyloliquefaciens +  

M. phaseolina 

39.5±2.10 38.9±1.65 19.3±1.73 20.1±2.73 

M. phaseolina  (pathogen)  

 

21.4±2.20 20.9±3.00 11.5±1.11 12.2±1.65 

LSD(p=0.05)  Treatments 

                        Varieties 

3.568 

3.568 

 Values represent Mean ± S.D., where n=5 
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Table 23A: ANOVA of data presented in table 23 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 370.235 3 123.4117 16.23126 0.000565 3.862548 

Columns 1033.895 3 344.6317 45.32639 9.33E-06 3.862548 

Error 68.43 9 7.603333 

   Total 1472.56 15 

     

 

Table 24: Efficacy of P. agglomerans and B. amyloliquefaciens on root length of jute 

varieties under Macrophomina infested sick potted soil conditions at 15 days of 

inoculation 

Treatments JRC 

212 

JRC 

321 

JRO 

8432 

JRO 

524 

Pantoea agglomerans +  

M. phaseolina 

7.2±0.65 6.9±0.94 9.4±1.56 8.9±1.17 

Bacillus amyloliquefaciens + 

M. phaseolina 

7.8±0.73 7.4±1.21 9.9±1.63 10.1±1.60 

P. agglomerans + 

B. amyloliquefaciens +  

M. phaseolina 

10.4±1.15 9.9±1.73 10.8±1.73 11.2±1.90 

M. phaseolina  (pathogen)  

 

4.2±0.68 3.9±0.54 5.9±0.88 5.7±0.83 

LSD(p=0.05)  Treatments 

                        Varieties 

0.649 

0.649 

Values represent Mean ± S.D., where n=5 

 

Table 24A: ANOVA of data presented in table 24 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 66.125 3 22.04167 87.38987 5.64E-07 3.862548 

Columns 12.885 3 4.295 17.02863 0.000472 3.862548 

Error 2.27 9 0.252222 

   Total 81.28 15 
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Table 25: Efficacy of P. agglomerans and B. amyloliquefaciens on shoot mass of jute 

varieties under Macrophomina infested sick potted soil conditions at 15 days of 

inoculation 

 

Treatments JRC 

212 

JRC 

321 

JRO 

8432 

JRO 

524 

Pantoea agglomerans + 

M. phaseolina 

10.3±1.05 8.1±2.40 4.1±0.49 3.89±0.35 

Bacillus 

amyloliquefaciens + M. 

phaseolina 

12..5±1.19 8.4±2.41 4.8±1.05 4.2±1.00 

P. agglomerans + B. 

amyloliquefaciens + M. 

phaseolina 

13.2±1.77 11.5±2.10 5.2±0.88 4.9±0.49 

M. phaseolina  

(pathogen)  

 

5.72±0.29 5.89±0.88 2.22±0.33 2.13±0.59 

LSD(p=0.05)  

Treatments 

Varieties 

 

1.837 

1.837 

Values represent Mean ± S.D., where n=5. 

 

Table 25A: ANOVA of data presented in table 25 

Source of 

Variation SS df MS F P-value F crit 

Rows 34.46107 3 11.48702 5.697486 0.018208 3.862548 

Columns 115.7081 3 38.56936 19.13014 0.000303 3.862548 

Error 18.14541 9 2.016156 

   Total 168.3145 15 

   

  

 

The efficacy of P. agglomerans and B. amyloliquefaciens on growth parameters in 

jute varieties under Macrophomina infested sick potted soil conditions was also analysed 

in terms of shoot and root length, shot and root biomass (fresh weight). It was observed 

that severe decrease in shoot and root length occurred due to infection of M. phaseolina. 

Height increase in shoot and root length was observed in case of T3- P. agglomerans + 

B. amyloliquefaciens + M. phaseolina followed by T2- Bacillus amyloliquefaciens + M. 

phaseolina and T1- Pantoea agglomerans + M. phaseolina (Table 23-26). 



175 
  

Table 26: Efficacy of P. agglomerans and B. amyloliquefaciens on root mass of jute 

varieties under Macrophomina infested sick potted soil conditions at 15 days of 

inoculation 

Treatments JRC 

212 

JRC 

321 

JRO 

8432 

JRO 

524 

Pantoea agglomerans +  

M. phaseolina 

1.1±0.25 1.09±0.27 1.11±0.85 1.07±0.78 

Bacillus amyloliquefaciens 

+ M. phaseolina 

1.16±0.07 1.29±0.36 1.13±0.33 1.15±0.34 

P. agglomerans + 

B. amyloliquefaciens +  

M. phaseolina 

1.25±0.26 1.36±0.35 1.22±0.50 1.19±0.29 

M. phaseolina  (pathogen)  

 

0.79±0.26 0.86±0.07 0.83±0.32 0.80±0.07 

LSD(p=0.05)  Treatments 

                        Varieties 

0.065 

0.065 

Values represent Mean ± S.D., where n=5 

 

Table 26A: ANOVA of data presented in table 26 

Source of 

Variation 

SS df MS F P-value F crit 

Rows 0.420219 3 0.140073 55.39824 4E-06 3.862548 

Columns 0.023619 3 0.007873 3.113705 0.081134 3.862548 

Error 0.022756 9 0.002528       

Total 0.466594 15         

 

4.12. Biochemical changes induced in jute leaves by application of rhizobacteria 

4.12.1. Biochemical components 

To analyse the efficacy of rhizobacterial isolates to stimulate defense related 

biochemical responses estimation of total and ortho-phenol was done in regular intervals 

after inoculation with pathogen. Results showed that total and o-phenol contents were 

increased in leaves of the different jute varieties following single as well as dual 

application of P. agglomerans, B. amyloliquefaciens and challenge inoculation with M. 

phaseolina.  Phenol contents were even more significantly increased when challenged 

with pathogen. Maximum phenol content was obtained in the presence of both P. 
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agglomerans + B. amyloliquefaciens and M. phaseolina. Similar trend was also observed 

in o-phenol content (Fig. 62, 63, 64 & 65). 

4.12.2. Defense enzymes 

Defense enzyme accumulation in jute leaves following the application rhizobacteria 

and pathogen was also determined. Results showed a time course increase in 

accumulation of chitinase in leaves of all the jute varieties. A statistical significant 

increase in chitinase accumulation was observed in all treatments in comparison to 

uninoculated control. Highest accumulation was observed in dual application along with 

the presence of M. phaseolina (Fig. 66 & 67). 

The time course accumulation of β-1, 3 glucanase in jute leaves showed an 

elevation after 48 hours of pathogen inoculation and the trend persists up to 192 hours. In 

case of β-1, 3 glucanase dual application showed highest accumulation in presence of 

pathogen (Fig. 68 & 69). 

Phenyl ammonia lyase exhibited an increase when inoculated either single bacterium 

or in dual application in presence of M. phaseolina. Application of rhizobacterial isolates 

in absence of pathogen could induce very little amount of PAL. Higher activity of the 

enzyme was observed when plants were inoculated with both rhizobacterial isolates. 

Amount of PAL accumulation in leaves of jute varieties was quite higher in case of B. 

amyloliquefaciens in comparison to the plants inoculated with P. agglomerans. But, 

highest activity of PAL was observed in dual application challenged with pathogen (Fig. 

70 & 71). 

There was a significant increase in peroxidase activities of jute leaves in pathogen 

inoculated as well as in P. agglomerans, B. amyloliquefaciens or P. agglomerans + B. 

amyloliquefaciens treated plants challenge inoculated with M. phaseolina. Relatively 

higher activity was shown by plants inoculated with P. agglomerans + B. 

amyloliquefaciens and challenge inoculated with pathogen. Least enzyme activity was 

recorded in untreated control jute plants (Fig. 72 & 73). 
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Figure 61: Jute plants showing the disease symptoms on different plant parts: A: control 

(M. phaseolina) and treated plant (dual application); B, C, & D: Symptoms of stem rot 

on jute plants. 
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Figure 62: Time course accumulation of total phenol in JRC 212 (A) & JRC 321 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina, Values represent Mean ± S.D. LSD for JRC 212 = 3.28 and LSD for JRC 

321 = 3.69 
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Figure 63: Time course accumulation of total phenol in JRO 524 (A) & JRO 8432 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRO 524 = 3.47 and LSD for 

JRO 8432 = 2.46 
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Figure 64: Time course accumulation of ortho-dihydroxy phenol in JRC 212 (A) & JRC 

321 (B) leaves following the application of P. agglomerans and B. amyloliquefaciens 

along with M. phaseolina. Values represent Mean ± S.D. LSD for JRC 212 =1.69 and 

LSD for JRC 321 =1.73 
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Figure 65: Time course accumulation of ortho-dihydroxy phenol in JRO 524 (A) & 

JRO 8432 (B) leaves following the application of P. agglomerans and B. 

amyloliquefaciens along with M. phaseolina. Values represent Mean ± S.D. LSD for 

JRO 524 = 1.69 and LSD for JRO 8432 = 1.75 
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Figure 66: Time course accumulation of chitinase in JRC 212 (A) & JRC 321 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRC 212 = 6.68 and LSD for JRC 

321 = 3.11 
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Figure 67: Time course accumulation of chitinase in JRO 524 (A) & JRO 8432 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRO 524 = 26.80 and LSD for 

JRO 8432 = 29.93 
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Figure 68: Time course accumulation of β-1, 3 glucanase in JRC 212 (A) & JRC 321 

(B) leaves following the application of P. agglomerans and B. amyloliquefaciens along 

with M. phaseolina. Values represent Mean ± S.D. LSD for JRC 212 = 10.30 and LSD 

for JRC 321 = 8.81 
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Figure 69: Time course accumulation of β-1, 3 glucanase JRO 524 (A) & JRO 8432 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRO 524 = 8.04 and LSD for 

JRO 8432 = 13.8 
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Figure 70: Time course accumulation of Phenyl alanine ammonia lyase in JRC 212 (A) 

& JRC 321 (B) leaves following the application of P. agglomerans and B. 

amyloliquefaciens along with M. phaseolina. Values represent Mean ± S.D. LSD for 

JRC 212 = 7.08 and LSD for JRC 321 = 6.39 
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Figure 71: Time course accumulation of Phenyl alanine ammonia lyase in JRO 524 (A) 

& JRO 8432 (B) leaves following the application of P. agglomerans and B. 

amyloliquefaciens along with M. phaseolina. Values represent Mean ± S.D. LSD for 

JRO 524 = 6.49 and LSD for JRO 8432 = 11.94 
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Figure 72: Time course accumulation of peroxidase in JRC 212 (A) & JRC 321 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRC 212 = 0.310 and LSD for 

JRC 321 = 0.354 
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Figure 73: Time course accumulation of peroxidase in JRO 524 (A) & JRO 8432 (B) 

leaves following the application of P. agglomerans and B. amyloliquefaciens along with 

M. phaseolina. Values represent Mean ± S.D. LSD for JRO 524 = 0.443 and LSD for 

JRO 8432 = 0.504 
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DISCUSSION 

 

From the onset of green revolution the use of chemical fertilizers, pesticides, 

fungicides have increased crop productivity, but their excess uses have caused several 

health hazards. These have also caused drastic change in the pH of soil, thus altering the 

composition of microbial community of natural soil. An alternative to this chemical 

fertilizer and pesticides is the need of the time and may be provided by the use of plant 

growth promoting bacteria. 

Plant growth promoting rhizobacteria actively colonize the zone around plant root, 

secrete phytohormones and make nutrients available for the roots, thus promoting the 

growth. Moreover, the beneficial microorganisms secrete siderophores, hydrolytic 

enzymes which inhibit growth of pathogenic organisms. To impart the beneficial effect, 

these microorganisms have to first colonize the root actively. Thus colonization is the 

first and crucial step for plant rhizobia interaction (Lugtenberg et al.  2001). Plant growth 

promoting rhizobacteria may colonize rhizosphere freely or may be as endophytes. The 

mechanisms by which PGPR can influence plant growth may differ from species to 

species as well as from strain to strain, but, these may be grouped under two broad 

categories direct i.e. production of growth hormones, phosphate solubilization, nitrogen 

fixation or indirect viz, suppression of deleterious microorganisms by siderophore 

production or secretion of antifungal metabolites (Kloepper, 1993). Inoculation of PGPR 

initiates biochemical or physiological changes in the plant, which lead to improvement of 

health as well as induction of resistance in host against pathogens. Till now, numerous 

PGPR strains isolated from different plant rhizosphere have been evaluated throughout 

the world. But a common and standard protocol is yet to be deduced, as variation in 

responses was observed from site to site, year to year as well as for different crops 

(Martinez-Viveros et al. 2010). The search of potent strains that may produce desirable 

results in laboratory as well as in field trials is still going on. Unexplored rhizosphere 

may be the niche of potent pgpr strains.  

In this milieu present study was undertaken to study the unexplored rhizosphere of 

jute plants. A total seventy six bacterial isolates were isolated from different jute growing 
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fields of North Bengal. All the strains were screened for their ability to solubilize 

phosphate, IAA production and antagonistic activity against stem rot pathogen 

Macrophomina phaseolina. About 50% of the bacterial isolates could produce IAA, 45% 

could solubilize inorganic phosphate and only four isolates (5%) showed antagonistic 

activity against M. phaseolina. Four antagonistic strains and one potent phosphate 

solubilizer were further characterized by both biochemical and molecular techniques. 16S 

rDNA sequencing revealed the identity of all five isolates. The  BLAST  query  of  16S r  

DNA  sequence  of  the  isolate  Acti-6, B-3, Acti-3, Acti-2 and JRS-1 established as 

Bacillus  amyloliquefaciens, Bacillus subtilis, Pantoea agglomerans, Stenotrophomonas 

sp., and Ralstonia pickettii respectively. All the sequences were submitted and deposited 

in NCBI, GenBank database under the accession nos. KT192627.1 (B. 

amyloliquefaciens), KT266821.1 (B. subtilis B-3), KT031388.1 (P. agglomerans), 

KX618651.1 (Stenotrophomonas sp.) and KP247498.1 (R. pickettii). 16S rDNA sequence 

alignments of these isolates with sequences of extype isolates present in NCBI data base 

were also carried out along with phylogenetic tree construction with the help of MEGA 

4.1 software.  

Among the promising five isolates, one phosphate solubilizer Acti-3 (P. 

agglomerans, KT031388.1) and one antagonistic isolate Acti-6 (B. amyloliquefaciens, 

KT192627.1) was selected for in vivo application. Acti-6 showed highest activity among 

the four isolates which showed antagonistic activity against M. phaseolina. Thus, further 

study was concentrated on these two isolates.  

Mishra et al. (2011) reported plant growth promoting activity of Pantoea 

agglomerans NBRISRM, which was isolated from rhizosphere of Cicer arietinum L. The 

strain could produce 60.4l g/ml indole acetic acid and solubilize 77.5l g/ml tri-calcium 

phosphate under in vitro conditions. Silini-Chérif et al. (2012) also reported plant growth 

promoting activity of Pantoea agglomerans lma2, which was isolated from arid region of 

Pakistan. The isolate showed significant amount of phosphate solubilization, IAA and 

siderophore production both under normal and salt stress condition.  

B. amyloliquefaciens from the rhizosphere of Glycine max has also been reported to 

have PGPR activities (Sharma et al. 2013). The strain was first putatively identified as 
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Bacillus sp. and 16S rDNA sequencing confirmed the identity as B. amyloliquefaciens. 

The strain showed several plant growth promoting traits such as siderophore production, 

indole-3-acetic acid-like-compounds, ACC deaminase, phosphatases, phytases, HCN, 

cellulases, zinc solubilization and antagonisms to soil-borne pathogens. 

In the present study two strains were next characterized by scanning electron 

microscopy which revealed that, both isolates were rod shaped but the B. 

amyloliquefaciens was larger in size. The optimum conditions of the growth of the 

selected bacterial isolates were determined. Both the isolates showed optimum growth 

after 48 h. At 48 h log cfu values of B. amyloliquefaciens and P. agglomerans were found 

to be highest- 16.5 log cfu/ml broth and 14.4 log cfu/ml broth respectively. The optimum 

pH for growth of both isolates was 6.0 and temperature 35° C. similar type of observation 

was recorded by Chakraborty et al. (2013) in case of B. megaterium. The isolates B. 

amyloliquefaciens and P. agglomerans were also characterised for carbon source 

utilization capacity. The isolate P. agglomerans could utilize more carbon sources than 

the other one. It could break down fructose, ribose, dextrin, salicin, trehalose, mannose 

and others. Similar type of carbon source utilization was observed by Silini-Chérif et al. 

(2012) in case of Pantoea agglomerans lma2.  

Macrophomina phaseolina is a devastating plant pathogen, which infects more than 

500 plant hosts (Wyllie, 1988). Diseases such as seedling blight, charcoal rot, stem rot, 

and root rot, caused by M. phaseolina, are favoured by higher temperatures (30-35°C) 

and low moisture content of soil (Sandhu et al. 1999). The pathogenic strain used in this 

study was characterised for growth variations under different pH, temperature and media. 

In case of growth in solid medium the strain showed optimum growth in PDA plates. In 

liquid state maximum growth was recorded after 12 days of incubation and optimum pH 

for the growth was found to 6.5. Maximum biomass accumulation of M. phaseolina was 

observed between pH 6.0 to 7.0 by several earlier authors (Jha and Dubey, 2000; Kaur et 

al. 2013). The effect of different carbon and nitrogen sources was also studied. Optimum 

growth was recorded when dextrose and peptone was used as carbon and nitrogen source 

respectively. Tandel et al. (2012) reported similar type of observation of growth of M. 

phaseolina. They studied the effect of eight different media including synthetic and semi 
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synthetic. The growth of M. phaseolina was significantly high on potato dextrose agar as 

compared to the other media used in this study.  

B. amyloliquefaciens and P. agglomerans were tested in vitro for properties related 

to plant growth promotion. Results revealed that, both the isolates produced significant 

amount of IAA. The isolates P. agglomerans and B. amyloliquefaciens was found to 

produce 35 μg/ml and 24 μg/ml of IAA respectively when augmented with 0.1 mM 

tryptophan. Both the isolates could solubilize phosphate, but the degree of solubilization 

was quite higher in P. agglomerans. In liquid medium P. agglomerans and B. 

amyloliquefaciens could solubilize 182.6 mg/l and 86 mg/l of phosphate. The isolates 

were also tested for siderophore and HCN production. B. amyloliquefaciens showed 

positive results in both the tests. Test organisms also showed capacity to produce 

ammonia when tested with Nessler’s reagent but both of them could not produce any 

volatile compound. Chung et al. (2005) reported phosphate solubilizing rhizobacteria 

from rhizosphere soil of various crops of Korea. One of most potent phosphate solubilizer 

was identified as HK P. agglomerans (AY335552) by 16S rDNA sequencing. Walpola 

and Yoon (2013) studied the effect of phosphate solubilizing bacteria (PSB) on the 

growth of mung bean. Two efficient strains, identified as Pantoea agglomerans (PSB-1) 

and Burkholderia anthina (PSB-2) were evaluated for P solubilization and maximum 

solubilization (720.75 µg mL-1) was recorded from the cultures co-inoculated with both 

the isolates.  Islam et al. (2016) isolated ten pgpr strains from cucumber rhizosphere in 

Bangladesh and evaluated their ability to suppress Phytophthora crown rot in cucumber. 

Molecular identification techniques revealed these isolates as new strains of 

Pseudomonas stutzeri, Bacillus subtilis, Stenotrophomonas maltophilia, and Bacillus 

amyloliquefaciens. The isolates showed quite a significant amount of IAA production in 

vitro.  

Both the isolates B. amyloliquefaciens and P. agglomerans were screened for 

extracellular hydrolytic enzyme production. Both of them produced protease and 

amylase. But chitinase and cellulase production was exhibited by only B. 

amyloliquefaciens. Further, optimization studies were conducted for protease and 

chitinase. Studies revealed that, the isolate B. amyloliquefaciens could produce optimum 
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chitinase after 72 hours of incubation and optimum temperature was 35°C for the same. 

When effect of pH and nitrogen sources was studied it was observed that, the optimum 

pH for chitinase production was around pH 8.0 and peptone served the best as nitrogen 

source. Bhattacharya et al. (2016) reported similar type of observation in Bacillus 

pumilus JUBCH08. The isolate showed optimum chitinase production under submerged 

fermentation in a medium containing 0.5% chitin and peptone, at initial pH 8.0, when 

incubated at 35°C for 72 hours of incubation. 

Optimization studies related to protease production revealed that, the strain B. 

amyloliquefaciens showed optimum protease production after 36 hours of incubation, 

after which production of protease showed continuous decrease. The optimum pH of 

medium for protease production was found to be 8.5, which indicates its alkaline nature. 

The optimum substrate for production of protease from B. amyloliquefaciens strain was 

fructose as carbon source and yeast extract as nitrogen source. When the effect of metal 

ions was studied it was found that, in presence of calcium and manganese chloride the 

production of protease increased. Decrease in protease activity was observed in case of 

Zn+2.  Pant et al. (2015) reported high level of protease production form Bacillus subtilis 

after 36 hours at 45°C, at pH 10. Haddar et al. (2009) showed optimum protease 

production by Bacillus mojavensis around pH 9. The best carbon source for protease 

production in Bacillus pumilus SG 2 was using fructose and the best nitrogen sources 

were yeast extract and casein by Sangeetha et al. (2007).  

Production of hydrolytic enzyme, which probably degrade the components of 

fungal cell wall such as is an important characteristics of PGPR. Many authors reported 

different hydrolytic enzyme production by PGPR (Gupta et al. 2006, Kumar et al. 2012).  

The in vitro antagonistic activity of B. amyloliquefaciens was tested against known 

phytopathogens- Macrophomina phaseolina, Fusarium oxysporum, F. semitectum, 

Alternaria alternata. In all cases, the isolate inhibited the growth of the fungal pathogen 

both in solid as well as liquid medium. The percentage of inhibition varied between 61.5-

86.8% on PDA plates. Scanning electron microscopic study confirmed the antagonistic 

activity of the isolate B. amyloliquefaciens. Morphological abnormalities in hyphae of the 

fungal pathogen which was mediated by antibiosis, were clearly observed under SEM. 
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The affected mycelium of M. phaseolina showed severe abnormalities such as 

attachment, lysis and disintegration.  

Kumar et al. (2012) reported the antagonistic activity of Bacillus strain BPR7, 

which strongly inhibited the growth of several phytopathogens such as Macrophomina 

phaseolina, Fusarium oxysporum, F. solani, Sclerotinia sclerotiorum, Rhizoctonia solani 

and Colletotricum sp. in vitro. Cell-free culture filtrate of strain BPR7 also showed 

antagonistic activity against all test pathogens. Antagonistic activity of Bacillus 

amyloliquefaciens subsp. plantarum IMV B-7404 and BIM B-439D against bacterial and 

fungal pathogens was reported by Avdeeva et al. (2014). Torres et al. (2016) reported 

antifungal effect of Bacillus subtilis subsp. subtilis PGPMori7 and Bacillus 

amyloliquefaciens PGPBacCA1 against Macrophomina phaseolina (Tassi) Goid. They 

studied the effect of cell suspension, cell free supernatant and lipopeptide fraction of both 

the isolates. The cell suspension showed highest inhibition against fungal M. phaseolina. 

SEM studies revealed that PGPBacCA1 induced damage in M. phaseolina sclerotia, 

generating a fungicidal effect. 

Different fractions of cell free supernatant of the isolate B. amyloliquefaciens were 

evaluated for antagonistic activity. Ethyl acetate fraction showed highest amount of 

antagonistic activity and further characterised by GC/MS analysis. The analysis 

confirmed the presence of several compounds, but most abundant was 10-Octadecenoic 

acid, methyl ester, which had a retention time 18.88 min. Deepth et al. (2016) reported 

the antifungal activity of Lactobacillus plantarum MYS6 against a fumonisin producing 

fungus, Fusarium proliferatum MYS9. They have reported 10-Octadecenoic acid, methyl 

ester as one of the major antifungal compounds produced by the isolate.  

After the in vitro characterization for plant growth promoting activities, the selected 

two isolates were applied to jute plants to correlate their efficiency as plant growth 

promoter. In order to determine in vivo plant growth promoting activities in four different 

jute varieties (JRC 212, JRC 321, JRO 524 & JRO 8432) in potted condition, two 

selected potent PGPR- Bacillus amyloliquefaciens and Pantoea agglomerans, isolated 

from jute rhizosphere were applied as aqueous suspensions to the rhizophere of seven-

days old plants where potted soil was maintained as non-sterile with the natural 
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rhizospheric micro flora. Significant increase in growth, measured in terms of increase in 

shoot & root length, fresh biomass, shoot & root dry biomass, leaf area (cm2) was 

observed after 15, 30 & 45 days of application of B. amyloliquefaciens and P. 

agglomerans, singly or jointly. In JRC 212 and JRC 321 jute varieties, maximum 

increase in shoot length was observed after 45 days of dual application of B. 

amyloliquefaciens and P. agglomerans, followed by single application of P. agglomerans 

and B. amyloliquefaciens in comparison to control. Similar trend was observed in JRO 

524 and JRO 8432 varieties. Among the four jute varieties, better increase in shoot length 

was observed in JRC 212 and JRO 524 in comparison to JRC 321 and JRO 8432. In both 

cases, P. agglomerans was most effective as plant growth promoter when applied singly, 

whereas dual application of P. agglomerans with B. amyloliquefaciens showed best 

results in increase in shoot length. Jute is mainly cultivated for its fibre obtained from the 

shoot. Better development of shoot therefore would lead to increase in productivity of 

finished product. Significant increase in growth of jute following PGPR application has 

been justified by comparing with similar research works done by earlier researchers. In 

an earlier study, Bhattacharyya and Jha (2012) mentioned the role of plant growth 

promoting rhizobacteria (PGPR) in colonizing plant roots and increasing plant growth. 

They also mentioned that the biochemical or physiological changes induced in the host 

that are activated by the PGPR lead to plant growth promotion and develop resistance 

capacity in the host against pathogens. Role of Pantoea agglomerans YS19 strain as 

endophyte in promoting growth of rice was also reported by Feng et al. (2006). Khalimi 

et al. (2012) conducted experiment in rice plant and reported that mixture of application 

of two strains of Pantoea agglomerans- P. agglomerans (PaJ) and P. agglomerans 

(BS2a) showed best results to promote growth and to increase yield of rice in terms of 

increase in fresh and dry weights of shoot, root, length of stem, diameter of stem, leaf 

area, chlorophyll content, macro nutrients content in the leaf, number of tillers, number of 

panicles per hill, percentage of pithy grain per panicles, dry weights of 1,000 grains and 

weight of grain per hill. In a study by Singh et al. (2016), potential of two strains of 

Bacillus amyloliquefaciens-DSBA-11 and DSBA-12 as phosphate solubilising growth 

promoters and biocontrol agents of bacterial wilt of tomato by Ralstonia solanacearum 

was reported. The bio-control efficacy was higher in B. amyloliquefaciens DSBA -12 
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treated plants. Bhattacharyya et al. (2014) assessed the antagonism of Bacillus 

amyloliquefaciens (AB909000) to control Macrophomina Phaseolina disease in jute. B. 

amyloliquefaciens (AB909000) showed the best effect in phosphate solubilisation 

efficiency (73.33%), seed germination (96.66%) and seedling growth of jute. The 

bacterium showed highest ability to pathogen inhibition (74.26%) as well as reduction of 

stem rot disease severity (62.9%) in the green house. Inoculation of Lens esculenta by 

Bacillus subtilis was reported by Rinu and Pandey (2009) to enhance the efficacy of 

Rhizobium–legume symbiosis. Based on another field experiment carried out by 

Chaturvedi et al. (2016), they emphasized about the role of Pantoea sp., Bacillus 

megaterium, B. pumilus, B. cereus and Paenibacillus polymyxa as PGPR as well as 

endophytes in promoting growth of plants. Bacillus subtilis and B. amyloliquefaciens 

group (FZB13, FZB14, FZB24, FZB37, FZB38, FZB42, FZB44 and FZB45) possessed 

plant growth promoting, higher crop yields and biological activities against some soil 

borne fungal diseases (Grosch et al. 1999). A field study was conducted by Ekinci et al. 

(2014) to determine the effect of different plant growth promoting rhizobacteria strains- 

Bacillus megaterium TV-3D, B. megaterium TV-91C, B. megaterium TV-87A, B. 

megaterium KBA-10, B. subtilis TV-17C and Pantoea agglomerans RK-92 on growth 

and quality of cauliflower transplants under greenhouse conditions. The findings of the 

study revealed that different bacterial inoculations increased plant growth parameters 

such as fresh shoot weight, dry shoot weight, root diameter, root length, fresh root 

weight, dry root weight, plant height, stem diameter, leaf area and chlorophyll contents of 

cauliflower transplant respectively. Dual application of B. megaterium KBA-10 and P. 

agglomerans RK-92 also increased gibberellic acid (GA), salicylic acid (SA), indole 

acetic acid (IAA) contents by ratio of 23.64, 89.54 and 25.63%, respectively in compared 

to the control. In previous study with Bacillus subtilis and Bacillus amyloliquefaciens it 

was reported that these bacteria increased plant growth and yield on different plants 

(Kokalis-Burelle et al. 2003; Adesemoye et al. 2008).  

P. agglomerans also increased root length markedly in  JRC 212, JRO 524 & JRO 

8432 cultivars, where as B. amyloliquefaciens significantly promoted root growth in 

terms of increase in length in JRC 321 cultivar of jute after 15,30 and 45 days of 

inoculation as compared to control. Maximum root growth was noticed by combined 
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application of both bacteria after 45 days in JRC 212 variety in comparison to other three 

jute varieties. Souza et al. (2015)  reported the importance soil-plant-microbe interactions 

to the development of efficient inoculants and direct as well as indirect mechanisms by 

PGPR strains- Pantoea, Bacillus that are helpful in growth improvement of agricultural 

crops. In a green house study conducted by Turan et al. (2014), effects of Bacillus 

megaterium strain TV-91C, B. subtilis strain TV-17C and Pantoea agglomerans strain 

RK-92 on the growth, nutrient, and hormone content of cabbage seedlings were 

evaluated. Among the strains, B. megaterium TV-91C showed the highest seedling 

nutrient content and growth parameters in terms of increase in fresh, dry shoot and root 

weight, stem diameter, seedling height although the maximum values for leaf area, 

gibberellic acid, salicylic acid, and indole acetic acid (IAA) contents of seedlings were 

obtained following the application of  P. agglomerans RK-92. Wang et al. (2013) 

reported that Pantoea agglomerans, Bacillus megaterium and Enterobacter asburiae 

were remarkable for their high levels of IAA production and these potent plant growth 

promoting endophytes showed growth promotion in pea nut at different growth stages. 

Growth promotion in sugarcane in terms of increased dry biomass after 30 days of 

inoculation by Pantoea agglomerans 33.1 was observed by Quecine et al. (2012). 

Previous studies also supported the role of soil microbes for plant growth promotion, 

phosphate solubilisation and auxin production. Bacillus megaterium was also capable of 

solubilizing zinc oxide, zinc carbonate, potassium bentonite and rock phosphate in 

addition to tri-calcium phosphate leading to better growth promotion of crops (Amalraj et 

al. 2012). Mitra et al. (2014) also isolated Bacillus sp from the rhizosphere of Ocimum 

sanctum which was reported as eco-friendly biofertilizer strain that enhanced growth of 

Cicer arietinum in terms of seed germination, root-shoot height-weight and leaves.  A 

Gram-negative, rod shaped, cream white coloured strain Pantoea NII-186, isolated from 

Western Ghat soil sample was reported as PGPR by Dastager et al. (2009) which could 

be deployed as an inoculant to attain the desired plant growth-promoting activity in 

agricultural environment. Figueiredo et al. (2010) also reported some potential PGPR and 

their commercial products- Bacillus pumilus QST 2808 (Sonata® TM), B. pumilus GB34 

(YieldShield®), B. subtilis GBO3 (Kodiak ®) and Pantoea agglomerans C9-1 

(BlightBan C9-1®) could be used in field for improvement of health status of plants. In a 
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review by Ashraf et al. (2013), mechanisms of plant growth promotion by PGPR strains 

and their role as plant growth promoters as well as bio-protectors in sustainable 

agriculture were also emphasized.  

Dual application of B. amyloliquefaciens and P. agglomerans showed maximum 

significant increase in fresh as well as dry biomass of shoot after 45 days of inoculation 

over control. Similar trend was also observed while analysing the increase in fresh and 

dry biomass of roots by the application of P. agglomerans with B. amyloliquefaciens, 

singly or jointly. In all four varieties, B. amyloliquefaciens + P. agglomerans showed 

highest increase in leaf area after 45 days, whereas B. amyloliquefaciens increased leaf 

area in JRC 212, JRC 321 & JRO 524 varieties and P. agglomerans singly showed more 

increase than single application of B. amyloliquefaciens in JRO 8432 cultivar of jute. 

Significant increase was tested statistically by ANOVA and LSD tests. In West Bengal, 

leaves of jute are also consumed as a leafy vegetable. Therefore, increase in leaf area due 

to bacterial application is noteworthy. These results are in conformity with more of 

earlier researchers who showed that that leaf and shoot dry weight and leaf surface area 

were increased by bacterial inoculation (Nezarat and Gholami, 2009).  In an experiment 

conducted by Majumdar and Chakraborty (2015), they found significant increases in 

shoot length, root length, fresh and dry weight as well as in leaf area due to drench 

application of aqueous suspension of P. agglomerans in the rhizosphere of four varieties 

of Corchorus olitorius and Corchorus capsularis. Dutkiewicz et al. (2016) reported the 

beneficial role of Pantoea agglomerans as growth promoter in cropping systems by 

fixation of atmospheric nitrogen, production of phytohormones, degradation of phytate as 

well as phosphate solubilizing which makes the soil phosphorus available for plants. 

Pantoea agglomerans has also been identified as an antagonist of many plant pathogens 

as a result of antibiotic production, competition mechanisms or induction of plant 

resistance. In a study by Roy et al. (2015), it was found that combined application of 

biofertilizer strains and phosphate solubilising bacteria showed major effect on plant 

growth promotion as apparent by increased plant height, basal diameter and green weight 

of olitorius jute (Var. JRO 524). They also reported that PGPR strains had significant 

effect on reduction of Macrophomina phaseolina but the effect was more pronounced 

with inclusion of two biocontrol agents -Trichoderma harzianum and Pseudomonas 
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fluorescens. Ferreira et al. (2008) isolated endophytic PGPR from Eucalyptus species 

seeds and reported the PGPR traits of Pantoea agglomerans in colonizing of seedlings 

and growth promotion of plants. Venkadesaperumal et al. (2014) identified two potent 

plant growth promoting strains-OM5 (Pantoea agglomerans) and EM9 (Exiguobacterium 

sp.). Seeds of chili and tomato were inoculated with both strains, singly or jointly, results 

indicated that co-inoculation gave a more pronounced effects on seedling emergence, 

secondary root numbers, primary root length and stem length, while inoculation by 

individual isolate showed a lower effect. Authors suggested to use the mixed inocula of 

OM5 and EM9 strains as biofertilizers to increase the production of food crops in 

Andaman archipelago by means of sustainable and organic agricultural system. In a study 

by Ramirez and Kloepper (2010), Bacillus amyloliquefaciens FZB45 promoted plant 

growth and improved Phosphate nutrition in soil. Sharma et al. (2013) reported that, 

Bacillus amyloliquefaciens strain sks_bnj_1 possessed multiple plant growth-promoting 

traits such as siderophore production, indole-3-acetic acid-like-compounds, ACC 

deaminase, phosphatases, phytases, HCN, cellulases, zinc solubilization and antagonisms 

to soil-borne pathogens. Inoculation with the strain improved plant growth, nutrient 

assimilation and yield of soybean.  Significant increase in rhizosphere soil properties and 

nutrient content in straw and seeds of soybean was observed following the application of 

strain sks_bnj_1. Plant growth promoting and biocontrol activity of Bacillus 

amyloliquefaciens were also reported by several workers (Kaki et al. 2013; Chowdhury et 

al. 2015). Damam et al. (2014) isolated and characterized several PGPR strains from the 

rhizospheric soil of different medicinal plants from various locations in Andhra Pradesh. 

Authors reported that dual combination of three PGPR strains- one strain of Pantoea sp. 

(Cf 7) and   two strains of Pseudomonas sp. (Te 1, Av 30) were most effective as plant 

growth promoters. The combinations of these PGPR strains significantly increased plant 

growth parameters (shoot length, number of branches, number of tubers, diameter of 

tuber and total biomass) of Coleus forskohlii in field conditions in comparison to control. 

Many researchers reported growth improvement of various crops- maize, rice by Bacillus 

megaterium (Liu et al. 2006). Chakraborty et al. (2004, 2006, 2009) also mentioned the 

role of different potent PGPR strains- Bacillus megaterium, B. pumilus and 

Ochrobactrum anthropi in growth improvement as well as their biocontrol efficacy in 
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reduction of plant diseases. Thus it is clear that the potential of various isolates of 

Bacillus amyloliquefaciens and Pantoea agglomerans as plant growth promoters have 

been recorded previously. 

P. agglomerans and B. amyloliquefaciens both were good phosphate solubilizers to 

convert insoluble phosphorus (P) to an accessible form, like orthophosphate for 

increasing plant yields. The phosphate solubilisation traits of PGPR and application of 

these traits in improving growth status of plants was also reported by Rodriguez et al. 

(2006). One of the most common ways that PGPR improve nutrient uptake for plants is 

by altering plant hormone levels, ability to alter available phosphate from insoluble to 

soluble form. This changes root growth and shape by increasing root branching, root 

mass, root and shoot length, and/or the amount of root hairs. This leads to greater root 

surface area, which in turn, helps it to absorb more nutrients (Dessaux et al. 2009). The 

efficacy of Bacillus amyloliquefaciens (UPMS3) as phosphate solubilizer in consortia 

with beneficial PGPR in promoting rice seed germination and seedling growth was 

evaluated. Bacterization of rice seeds with B.  amyloliquefaciens increased shoot, root 

lengths, and total dry biomass of seedlings (Ng et al. 2012). In a study by Kang et al. 

(2014), potential of Bacillus megaterium mj1212 as phosphate solubilizer was explored 

for enhancing the growth of mustard plants. The beneficial effect of B. megaterium 

mj1212 in mustard plants was determined by an increasing shoot length, root length and 

fresh weight of plants. Liu et al. (2015) isolated and characterized potent phosphate 

solubilising bacteria- Bacillus megaterium, Bacillus subtilis, Pseudomonas aeruginosa 

from calcareous soil. There were reports about the role of cold tolerant species of 

Pantoea dispersa and Exiguobacterium acetylicum to effectively solubilize phosphate at 

lower temperatures (Selvakumar et al. 2008).  Walpola and Yoon (2013) isolated two 

phosphate solubilizing bacterial isolates - Pantoea agglomerans and  Burkholderia 

anthina and reported their role as potent plant growth promoter through their efficiency 

on tomato plant growth and phosphorus uptake. Both strains remarkably enhanced plant 

height, root length, shoot and root dry weight of plants. Pantoea sp. Pot1, solubilized 

tricalcium phosphate at a rate of 956 mg L-1. Greenhouse experiments demonstrated that 

tomato plants with soil systems inoculated with Pantoea sp. Pot1 incorporated more P 

and produced much higher biomass as reported by Sharon et al. (2016). Paul and Sinha 
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(2013) isolated four phosphate solubilizing isolates JPSB15, JPSB17, JPSB18 and 

JPSB19 belong to genera Pseudomonas  sp, Azotobacter sp, Flavobacterium sp and 

Bacillus sp from jute mill effluent. Muthaiyan and Ramlingam (2015) mentioned the role 

of about 34 bacillary isolates as plant growth promoters and phosphate solubilizers in 

paddy rhizosphere. Phosphate-solubilization mechanism and in vitro plant growth 

promotion activity mediated by Pantoea eucalypti were reported by Castagno et al. 

(2011). Pantoea eucalypti was isolated from the rhizosphere of Lotus tenuis and the use 

of bacterium as bioinoculant, alone or in combination with other beneficial PGPR strains, 

could be a sustainable practice to facilitate the nutrient supply to Lotus tenuis plants. 

Results of the present study, therefore clearly revealed P. agglomerans and B. 

amyloliquefaciens to have the ability of phosphate solubilization which would be one of 

the mechanisms of observed plant growth promotion by both bacteria.  

In the present study, effect of P. agglomerans and B. amyloliquefaciens on 

biochemical parameters related to growth- total & reducing sugar, soluble protein, total & 

ortho phenol and total chlorophyll contents were analysed in selected jute varieties. Total 

and reducing sugar contents were recorded to be highest in B. amyloliquefaciens + P. 

agglomerans treated jute leaves after 45 days. P. agglomerans was more effective than B. 

amyloliquefaciens. Similar trend was observed in evaluating effect of those PGPR 

isolates on soluble protein content of four jute cultivars. Highest soluble protein content 

was noticed in B. amyloliquefaciens + P. agglomerans treatment after 45 days in JRC 

321, followed by JRC 212, JRO 524 and JRO 8432. Accumulation of phenolics was also 

highly significant. In all cultivars, B. amyloliquefaciens + P. agglomerans was most 

effective. Single application B. amyloliquefaciens showed comparatively more increase 

in total phenol as well as o-phenol content than P. agglomerans treated jute leaves. 

Highest total chlorophyll content was observed after 45 days during time course 

inoculation in dual bacterial treatment but B. amyloliquefaciens singly was effective in 

increasing chlorophyll content in JRC 321 cultivar. P. agglomerans showed more 

significant increase in total chlorophyll in other three jute cultivars except JRC 321 than 

B. amyloliquefaciens. In an earlier study similar trend in biochemical studies related to 

significant increase in chlorophyll, total carbohydrate, reducing sugar, soluble protein as 

well as total and o-dihydroxy phenol contents was observed by the application of P. 
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agglomerans in jute plants (Majumdar and Chakraborty, 2015). Bacillus subtilis GB03 

was found to increase photosynthetic efficiency and chlorophyll content in Arabidiopsis 

thaliana through the modulation of endogenous signalling of glucose and abscisic acid 

sensing (Zhang et al. 2008). Enormous PGPR were known to promote plant growth, crop 

yield, seed emergence, thus promoting agriculture (Minorsky, 2008). Plant properties like 

leaf area, chlorophyll content, and total biomass were enhanced by inoculation of PGPR 

(Mia et al. 2010). 

Thus, it can be concluded that dual application of successful inocula of P. 

agglomerans and B. amyloliquefaciens will be more effective in field which can be used 

for improvement of health status of plants including growth promotion and induction of 

resistance in host. But among the two bacteria P. agglomerans can be used as a potent 

phosphate solubilising plant growth promoting strain more effectively in comparison to 

B. amyloliquefaciens.  

The present study, supported by earlier studies conducted by a large number of 

previous workers, indicated that selected two potent PGPR strains- P. agglomerans and 

B. amyloliquefaciens showed the ability to promote growth in jute plants. Besides growth 

promotion, in general PGPR are also associated with pathogen suppression in the soil. 

Induced resistance has also emerged as a potential tool in crop protection practices based 

on biological control. Induced resistance can be defined as the phenomenon by which 

plants exhibit increased levels of resistance to a broad spectrum of pathogens by the prior 

activation of genetically programmed defence pathways. Research over the past years has 

demonstrated that ISR (induced systemic resistance) can be a potential mechanism by 

which PGPR demonstrate biological disease control (Kloepper et al. 1996). ISR is 

dependent on colonization of the root system by sufficient numbers of PGPR. Some of 

the rhizobacteria induce resistance through the salicylic acid-dependent SAR pathway 

others prefer jasmonic acid and ethylene perception by the plant for ISR to develop. ISR 

offers a natural mechanism for biological control of plant disease.It has been 

hypothesised that the inducing rhizobacteria in the plant roots provoke a signal, which 

spreads systemically within the plant and increases the defensive competence of the 

distant tissues from the subsequent infection by the pathogens. ISR thus extended the 



204 
  

protective action of PGPR from their antagonistic activity against soil-borne pathogens in 

the rhizosphere to a defense-stimulating effect above the surface of the ground tissues 

against foliar pathogens. Hence, in order to get a proper insight into the induced systemic 

resistance, analysis of the biochemical changes especially those known to be involved in 

these mechanisms are essential. Besides growth promotion, in order to determine whether 

P. agglomerans and B. amyloliquefaciens could induce systemic resistance in four jute 

varieties, accumulation of defense related enzymes and phenolics were studied. Results 

revealed that both the isolates increased significantly activities of defense enzymes and 

accumulation of total as well as o-phenol in all four jute varieties during time course 

accumulation of 48-192 hrs. Highest activities of defense enzymes and highest total and 

o-phenol contents were observed after 192 h of application of both bacteria in 

comparison to untreated healthy control. Among the two isolates, B. amyloliquefaciens 

was most effective singly than P. agglomerans. Biocontrol efficacy of B. 

amyloliquefaciens and B. pumilus against Fomes lamaoensis were reported by 

Chakraborty et al. (2013). Both the isolates led to enhancement in activities of defense 

related enzymes- phenyl alanine ammonia lyase, peroxidase, chitinase, β-1, 3-glucanase 

and total phenols. Antagonistic activities of Bacillus strains against pathogens were also 

reported by Kumar et al. (2012). The role of induced systemic resistance in canola 

mediated by Bacillus amyloliquefaciens and Bacillus cereus was observed. PGPR strains 

were able to control blackleg disease of plant (Ramarathnam et al. 2011). Manikandan et 

al. (2010) reported role of plant growth promoting rhizobacterial strains as potent 

biocontrol agents along with growth promotion. It was observed by Erdogan and 

Benlioglu (2010) that beneficial bacteria promoted growth of plant in disease infested soil 

by suppressing the disease through antibiosis, by inducing systemic resistance, producing 

toxins, bio-surfactants, lytic enzymes and competing for food and niches. Chakraborty et 

al. (2006) also mentioned the role of Bacillus megaterium in induction of resistance in tea 

plants as evidenced by the increased accumulation defense enzymes- POX, CHT, β-1.3-

GLU and PAL. Murphy et al. (2000) reported the biocontrol abilities of Bacillus 

amyloliquefaciens, B. subtilis and B.  pumilus. 

Since the isolate Bacillus amyloliquefaciens showed antagonistic activity against 

Macrophomina phaseolina in vitro, experiments were further conducted to determine 
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whether the isolate along with Pantoea agglomerans could also control stem rot disease 

caused by M. phaseolina. Roots of jute plants of selected four varieties were infected 

with cultures of M. phaseolina and prior to this bacterial suspensions were applied as soil 

drench in potted conditions in order to control the disease. Time course accumulation of 

peroxidase (POX), chitinase (CHT), glucanase (GLU) and phenyl alanine ammonia lyase 

(PAL) increased markedly in treated four varieties of jute- JRC 212, JRC 321, JRO 524 

and JRO 8432 in comparison to healthy control following 48, 96,144 and 192 h of 

challenge inoculation with M. phaseolina. In all selected four varieties of jute during time 

course accumulation, highest peroxidase and chitinase activities were observed in TI (P. 

agglomerans + B. amyloliquefaciens + M. phaseolina) samples than T4 (M. phaseolina 

inoculated) and healthy control from 48-192 hrs. There was also significant increase in 

POX and CHT activities in P. agglomerans + M. phaseolina and B. amyloliquefaciens + 

M. phaseolina treatments as compared to control. Similar trend was observed in 

glucanase (GLU) and phenyl alanine ammonia lyase (PAL) activities of jute varieties 

following the treatments. Single application of B. amyloliquefaciens was comparatively 

most effective than P. agglomerans when there was challenge inoculation with M. 

phaseolina. The findings of the present study have been justified with some similar 

research works reported by earlier researchers. Vasebi et al. (2015) reported about the 

potent biocontrol strain- Pantoea agglomerans ENA1 which reduced charcoal rot disease 

of soybean by Macrophomina phaseolina. Significant reduction of the disease was 

measured in host-plant weight increase, reduced micro-sclerotial coverage of the host 

tissues and decreased population of the pathogen in soil. Antibiosis activity of biocontrol 

strain of Pantoea agglomerans E325 against Erwinia amylovora was evaluated by Pusey 

et al. (2011). Manso et al. (2010) reported antagonistic activity of Pantoea agglomerans 

PBC-1 strain against Penicillium expansum and P. digitatum. Diseases of apple and pears 

caused by Erwinia amylovora were reduced by Pantoea vagans (Smits et al. 2010). 

Narula et al. (2007) observed induction of resistance in wheat after inoculation with 

Pantoea agglomerans D5/23 strain along with other potent biofertlizers. Properties 

exhibited by P. agglomerans strains related to induction of plant resistance against 

disease were well known. Pantoea agglomerans showed an inhibitory activity against a 

number of important fungal plant pathogens, including Fusarium culmorum, a soil-borne 
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fungal pathogen that caused seedling and head blight, foot and root rot of wheat, Puccinia 

recondita f. sp. tritici causing brown rust of wheat, Fusarium avenaceum, F. oxysporum, 

F. gibbosum and F. graminearum (Pandolfi et al. 2010; Romanenko and Alimov, 2000). 

There was a report about biological control of Monilinia laxa and Rhizopus stolonifer by 

Pantoea agglomerans EPS125 strain (Bonaterra et al. 2003). In an another experiment 

carried out by Li et al. (2015) it was observed that Bacillus amyloliquefaciens LJ02 

induced systemic resistance against powdery mildew disease of cucurbits. Cucumber 

seedlings when treated with B. amyloliquefaciens LJ02 produced significantly increased 

production of superoxide dismutase, peroxidase, polyphenol oxidase and phenylalanine 

ammonia lyase as compared to control. Authors confirmed the increased production of 

free salicylic acid and expression of pathogenesis-related gene PR-1 which also indicated 

stimulation of salicylic acid mediated defense response in cucumber plant after 

application of bacterium. Induction of systemic resistance in Panax ginseng against 

Phytophthora cactorum through the application of Bacillus amyloliquefaciens HK34 

strain was reported by Lee et al. (2015). Significant up-regulation of the genes- PR10, 

PR5, and CAT in plants treated with B. amyloliquefaciens was observed against 

P. cactorum in comparison to pathogen inoculated plants and control. Bacillus 

amyloliquefaciens (AB909000) reduced stem rot disease severity and enhanced activity 

of peroxidase after challenge inoculation with M. phaseolina in jute plant as reported by 

Bhattacharyya et al. (2014). Meena et al. (2014) conducted an experiment where 

combination of phosphate solubilizing bacterium  and Trichoderma viride along with the 

application of NPK fertilizers were most effective in management of diseases in 

Corchorus olitorius (L.) caused by M. phaseolina. In a research conducted by Saraf et al. 

(2014), secretion of allochemicals-metabolites, siderophores, antibiotics, volatile 

metabolites and enzymes by PGPR strains led to biocontrol of phytopathogens.  

Loganathan et al. (2014) characterized Bacillus subtilis (BS2) strain which was found 

effective against tomato wilt by Fusarium oxysporum fsp. lycopersici. The bacterium 

induced resistance against Fusarium wilt by enhancing the activities of defense related 

enzymes- peroxidase, polyphenol-oxidase, chitinase and phenylalanine ammonia lyase 

and phenolics when challenged with the pathogen. Native PAGE analysis of polyphenol-

oxidase showed appearance of four isoforms. Out of the four isoforms, increased 
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expression of PPO3 and PPO4 isoforms was found in B. subtilis treated plant challenged 

with F. oxysporum. Induction of PPO in native PAGE analysis was also reported by 

Ramamoorthy et al. (2002), who showed the increased expression of PPO enzyme in 

PGPR treated tomato and chilli plants against Pythium aphanidermatum. Khiyami et al. 

(2014) adopted eco-friendly approach for the management of cotton seedling disease by 

the dual application of PGPR strains- Bacillus circulans and B. coagulans. Both the 

isolates were most effective strains in controlling cotton seedling disease.  Bacillus 

amyloliquefaciens FZB42 reduced disease severity in lettuce plant caused by 

phytopathogenic fungus Rhizoctonia solani (Krober et al. 2014). Biocontrol activity of 

Bacillus amyloliquefaciens CNU114001 against fungal plant diseases was reported by Ji 

et al. (2013). Crude antifungal substance, secreted by B. amyloliquefaciens showed 

antagonistic activity against tomato gray mold, cucumber and pumpkin powdery mildew 

diseases. There was earlier report about antagonism of Bacillus sp against Macrophomina 

phaseolina (Omar et al. 2013). Solanki et al. (2012) showed characterization and 

purification of chitinase, β-1, 3-glucanase and protease from four Bacillus strains. 

Bacillus strains reduced disease caused by Rhizoctonia solani. An increase in the 

activities of chitinase, glucanase, peroxidase, polyphenol-oxidase, phenylalanine 

ammonia lyase and total phenolic content in leaves of tomato was observed during 

disease suppression by Bacillus strains. There were several reports about the biocontrol 

potentials of B. subtilis strains in successful control of Fusarium wilt of cucumber (Cao et 

al. 2011) and the management of charcoal rot disease caused by Macrophomina 

phaseolina by using potent biocontrol agents- Pseudomonas plecoglossicida, 

Brevibacterium antiquum and Bacillus altitudinis (Gopalakrishnan et al. 2011). Arrebola 

et al. (2010) mentioned the biocontrol activity of Bacillus amyloliquefaciens PPCB004 

against postharvest fungal pathogens. Combined effects of Pseudomonas alcaligenes and 

Bacillus pumilus were reported in control of root-rot disease of chickpea (Akhtar and 

Siddiqui, 2008).  In another research work carried out by Loganathan et al. (2010), 

Bacillus amyloliquefaciens and Bacillus subtilis were used as potential biocontrol isolates 

against fungal pathogens- Fusarium oxysporum f.sp. lycopersici and Sclerotium rolfsii. 

El-Barougy et al. (2009) reported antagonistic activities of potent PGPR isolates against 

M. phaseolina in soybean plant in potted as well as field conditions. Some species of 
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fluorescent Pseudomonas were established as very effective biocontrol agents for stem 

and root rot in jute (Srivastava and Singh, 2009). B. subtilis IX 007 showed maximum 

reduction of growth of fungal mycelia. Choudhary and Johri (2009) mentioned that 

Bacillus amyloliquefaciens was known as potential elicitors of ISR and exhibited 

significant reduction in the incidence of various diseases in diverse hosts. Singh et al. 

(2008) reported biocontrol efficacy of Bacillus subtilis BN1 in reduction of root rot 

symptoms caused by Macrophomina phaseolina in pine seedlings. In a similar study, 

Bacillus licheniformis MML2501 inhibited the mycelial growth of fungal pathogens - 

Macrophomina phaseolina, Fusarium udum, F. oxysporum, Bipolaris oryzae, Pyricularia 

oryzae, Alternaria alternata and Curvularia lunata. B. licheniformis also produced 

salicylic acid and through induction of systemic resistance bacterium could be used as 

biocontrol agent for protection of crops (Shanmugam and Narayanasamy, 2008). 

Bandopadhyay et al. (2006) used some potent PGPR isolates and Trichoderma that 

showed antifungal activities through the inhibition of highly virulent strain of M. 

phaseolina (R9). Low molecular weight volatiles- methyl jasmonate and methyl 

salicylate, isolated from PGPR strains- Bacillus subtilis GB03 and Bacillus 

amyloliquefaciens IN937a triggered induced systemic resistance in seedlings of 

Arabidiopsis against the pathogen- Erwinia carotovora subsp. carotovora (Ryu et al. 

2004). Many research studies showed that elicitation of induced systematic resistance by 

Bacillus strains led to a significant reduction in severity of various diseases (Kloepper et 

al. 2004). Srivastava et al. (2001) inoculated chickpea plant with P. fluorescens isolate 4-

92 which protected the plant against charcoal rot disease caused by M. phaseolina. It was 

also observed that bacterial treatment increased glucanase and chitinase activities of root. 

De Meyer and Hofte (1997) also gave evidence in favour of some plant growth 

promoting bacteria that triggered a salicylic acid dependent signalling pathway leading to 

the induction of ISR against plant pathogens. Dual application of successful inocula of P. 

agglomerans and B. amyloliquefaciens were more effective in increasing activities of 

defense enzymes related to the mechanisms of ISR as well as reducing stem rot disease of 

M. phaseolina in all four jute cultivars. In support of this finding from our investigation, 

earlier research work conducted by Akhtar et al. (2016) also showed that a combination 

of PGPR strains- Bacillus spp., Pseudomonas aeruginosa, Serratia spp. and 
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Pseudomonas spp. could reduce disease of maize plant caused by Fusarium oxysporum. 

Consortia of those selected isolates were most effective in reducing disease through direct 

or indirect mechanisms of action. Higher proline content, catalase and ascorbate 

peroxidase activities were observed in PGPR treated and F. oxysporum inoculated plant 

in comparison to untreated healthy control. Similar observation was made by Karkachi et 

al. (2010) in a study in which author mentioned the antifungal activities of PGPR strains 

against Fusarium oxysporum f.sp. lycopersici through the production of antifungal 

metabolites. Biocontrol of seedling blight disease of Corchorus olitorius was reported by 

Muhammed et al. (2016) through the application of bacilli groups in association with 

other some phosphate solubilizing fungal species. Sahid and Khan (2016) isolated 

Bacillus subtilis and Trichoderma harzianum and reported their biological potentiality in 

management of root-rot disease in mung-bean plants, caused by Macrophomina 

phaseolina. Treatment with biological control agents significantly increased biochemical 

components as well as root nodulation. Sarma et al. (2015) emphasized the role of 

microbial consortia in mediating plant defense against phytopathogens in their review 

article. Authors also gave possible explanations for reduction in diseases when a 

microbial consortium was used, compared the effects of microbes when used alone. In a 

review by Perez-Montano et al. (2014), role of potent PGPR strains as biocontrol agents 

in cereal and leguminous agricultural crops was highlighted. Those PGPR isolates 

suppressed plant pathogens through induced systemic resistance pathways. Bacillus sp. 

CHEP5 strain was reported as biocontrol agent that induced systemic resistance in 

Arachis hypogaea (L.) against Sclerotium rolfsii causing root and stem wilt. Reduction in 

sclerotial disease was more when Bacillus sp. CHEP5 was co-inoculated with 

Bradyrhizobium sp. SEMIA 6144 as evidenced by increase in phenylalanine ammonia-

lyase enzyme activity (Figueredo et al. 2014). Bhattacharyya et al. (2014) screened 

bacterial isolates, isolated from the rhizosphere of jute for their in vitro PGPR activities. 

Authors reported the biocontrol potential of PGPR strains that significantly suppressed 

the incidence of seedling disease even after challenge inoculation with the pathogen. In 

another study, Magnin-Robert et al. (2013) reported that Pantoea agglomerans, 

Acinetobacter lwoffii, Bacillus subtilis and Pseudomonas fluorescens- these PGPR 

isolates induced systemic resistance in grapevine against Botrytis cinerea when all the 
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strains were applied in combination. But single application of P. agglomerans was also 

effective in reducing the symptoms of grey mould disease. Antagonistic activities of 

Bacillus subtilis strain and Bacillus spp. against Alternaria solani, Phytophthora infestans 

and anthracnose pathogen and induction of systemic resistance by B. subtilis in tomato 

plants were reported by researchers (Chowdappa et al. 2013). Abdel-Aziz (2013) isolated 

Bacillus alvei NRC 14 which inhibited disease caused by Fusarium oxysporum through 

induction of ISR pathways and increased expression of chitinase, β-1, 3 glucanase and 

proteases. Sandra et al. (2009) characterized some PGPR strains and identified them as 

Bacillus subtilis IX 007, B. amyloliquefaciens VII 015 and VIII 016, B. pumilus IX 030, 

and B. stearothermophilus TM 008. The strains showed antagonism against 

Macrophomina phaseolina, causal agent of charcoal root rot through the production of 

volatiles and siderophores as possible mechanisms. Reduction of Fusarium root rot 

disease of cucumber was observed after dual application of Bacillus subtilis MB10 and 

Trichoderma viride MT15 strains (Majdah, 2008). Sarkar and Bhattacharyya (2008) 

reported biological control of Macrophomina phaseolina by antagonistic microorganisms 

in green gram. Bandopadhyay and Bandopadhyay (2004) focussed on beneficial traits of 

plant growth promoting rhizobacteria and fungal antagonist and their consortia for 

biological disease management in blast fibre crop. Pal et al. (2001) isolated two bacilli 

isolates MR-11(2) and MRF and fluorescent Pseudomonas sp. EM85 from the 

rhizosphere of maize plant. All PGPR strains were found antagonistic to Macrophomina 

phaseolina, Fusarium moniliforme and Fusarium graminearum. Combined application of 

two bacilli more significantly reduced charcoal rot disease. Raupach and Kloepper (1998) 

reported that combined application of PGPR strains- INR7 (Bacillus pumilus), GB03 

(Bacillus subtilis), and ME1 (Curtobacterium flaccumfaciens) were most effective in 

reducing anthracnose, angular leaf spot and wilt diseases in cucumber, caused by 

Colletotrichum orbiculare, Pseudomonas syringae pv. lachrymans and Erwinia 

tracheiphila as compared to single application of PGPR strain.  

Total phenol and o-phenol contents were estimated in jute leaves of different four 

varieties following application of P. agglomerans, B. amyloliquefaciens and challenge 

inoculation with M. phaseolina. There was a significant increase in phenol contents of 

leaves in all treatments (M. phaseolina, P. agglomerans + M. phaseolina, B. 
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amyloliquefaciens + M. phaseolina and P. agglomerans + B. amyloliquefaciens + M. 

phaseolina), but most significant increase was when there was challenge inoculation. 

Analysis of Variance (ANOVA) revealed that there were significant differences in all 

treatments in case of total and ortho-phenol contents during disease development. Fatima 

and Anjum (2016) reported that Pseudomonas aeruginosa PM12 strain induced systemic 

resistance in tomato against Fusarium oxysporum through up-regulation of phenolics. 

Phenolic compounds are responsible for arresting growth of pathogen in plants. Higher 

accumulation of phenolics was observed in tomato pre-treated with Pseudomonas 

fluorescens and challenge inoculated with Ralstonia solanacearum as observed by 

Murthy et al. (2014). Significant increase in total phenolic content was observed along 

with enhanced activities of chitinase, β-1, 3-glucanase, phenylalanine ammonia lyase, 

peroxidase and polyphenol oxidase during induction of resistance by bacilli isolate to 

Colletotrichum acutatum causing anthracnose rot (Wang et al. 2014). Boominathan and 

Sivakumar (2013) reported that higher accumulation of phenolics was observed in 

Curcuma longa pre-treated with Bacillus megaterium (AUM72) against Pythium 

aphanidermatum. Induction of defense enzymes and increased phenol contents related to 

phenyl propanoid pathway led enhance resistance against invasion of Pythium in 

turmeric. Accumulation of high level of phenolics was observed during systemic 

response in tomato plant induced by application of two potent PGPR strains- 

Pseudomonas putida MG4 and P. fluorescens MG18 (Ahmed et al. 2011). Liang et al. 

(2011) reported increased expression of superoxide dismutase, peroxidase, catalase, 

polyphenol oxidase and phenylalanine ammonia-lyase along with rise in phenol contents 

during induction of resistance in cucumber against seedling damping-off by Bacillus 

megaterium L8. There was earlier report mentioned by Maachia et al. (2010) indicating 

that Bacillus spp. enhanced resistance to Uncinula necator infection in grapevine as well 

as induced phenolic compounds that played a vital role in induced systemic resistance. 

Prathuangwong and Buensanteai (2007) observed increased production of phenols in 

soybean plants when treated with Bacillus amyloliquefaciens strain KPS46 challenge 

inoculated with the pathogen as compared with diseased as well as control plants. There 

was earlier report by M,Piga et al. (1997) about high level accumulation of phenolic 

compounds when plant was treated with potent PGPR strains, challenged with pathogens. 
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Benhamou et al. (1996) reported that pre-treatment with PGPR in pea plant showed 

induction of phenolics against Fusarium oxysporum f. sp. pisi and Pythium ultimum. A 

statistical significant increase in total and ortho-phenol was observed in leaves of tea 

varieties following the application of Bacillus amyloliquefaciens, Serratia marcescens 

and B. pumilus (Chakraborty et al. 2013). 

The results of the present study have shown that jute rhizosphere is a habitat of 

dynamic rhizobacteria. In our study we have characterised five potent strains, out of 

which, two were further characterised. The strain Pantoea agglomerans showed quite a 

high level of phosphate solubilization whereas Bacillus amyloliquefaciens showed 

antagonistic activity against all the phytopathogens used in study. SEM analysis also 

confirmed the antagonistic activity of B. amyloliquefaciens. This antagonistic activity of 

B. amyloliquefaciens was also correlated with hydrolytic enzyme production by the 

isolate. To evaluate the efficacy of these two isolates to stimulate plant growth, the strains 

were applied in vivo. The experimental results revealed that two strains Pantoea 

agglomerans and Bacillus amyloliquefaciens could increase growth parameters such as 

shoot and root length; shoot and root dry weight and leaf area. Inoculation with these two 

isolates not only showed promising results in growth parameter, but also showed increase 

in biochemical parameters. Total and reducing sugar content, protein content, total and o-

hydroxy phenol content increased following the application of these two strains in all the 

jute cultivars. Further, a significant decrease in Percent Disease Index was observed 

following the application of the isolate in presence of M. phaseolina. All the defense 

enzymes related to ISR have been enhanced. Though the exact mechanism of elicitation 

of ISR by PGPR is not well known, but it can be speculated that, the isolates secreted 

metabolites which in turns elicited systemic resistance to jute plants. Thus, these two 

isolates can be used as consortium to enhance the growth and thus productivity of jute 

plants. Further study with these two isolates, specially, B. amyloliquefaciens may lead to 

the development of excellent biocontrol agent against devastating pathogen 

Macrophomina phaseolina.              
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          CONCLUSION 

 

 

Jute is a natural long, soft, shiny vegetable fibre that can be spun into coarse, strong 

threads. Jute  is  one  of  the  cheapest  natural  fibres  and  is  second  only  to  cotton  in  

amount produced and variety of  uses. Cultivation of jute also suffers from attacks by 

various pathogens during different stages of growth, the most important being 

Macrophomina phaseolina causing stem rot. Moreover, M. phaseolina infects more than 

three hundred plants. Use of chemical fungicide for last few decades exploited the natural 

microflora of the soil. In spite of being cultivated in a large area of Bangladesh and West 

Bengal (India) very little work has been done on jute rhizosphere. Keeping this in mind 

present study has been undertaken. The principle moto of this study was to screen jute 

rhizosphere for potent plant growth promoting rhizobacteria and evaluation of their 

efficacy for growth promotion and disease management.The major conclusions drawn 

from this study have been enumerated below: 

 A total seventy six isolates were obtained from rhizosphere of jute plants from 32 

soil samples, collected from different areas of north Bengal. Among the isolates 

about 50% of was IAA producer, 45% could solubilize inorganic phosphate and 

only 5% showed antagonistic activity against M. phaseolina. 

 On the basis of preliminary screening five isolates were selected and further 

characterised morphologically, biochemically. The identity of all five isolates 

were confirmed by 16S rDNA sequencing and BLAST analysis. The sequences 

were deposited in NCBI, GeneBank databse under the accession nos. KT192627.1 

(B. amyloliquefaciens), KT266821.1 (B. subtilis B-3), KT031388.1 (P. 

agglomerans), KX618651.1 (Stenotrophomonas sp.) and KP247498.1 (R. 

pickettii). 

 On the basis of in vitro phosphate solubilization activity and antagonistic activity 

two strains, P. agglomerans (KT031388.1) and B. amyloliquefaciens 

(KT192627.1) were finally selected, and further characterized by scanning 

electron microscopy, carbon source utilization and protein pattern analysis by 

SDS-PAGE.  
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 The growth of B. amyloliquefaciens and P. agglomerans was found to be best at 

48 h. After that growth of both bacteria declined. At 48 h (log phase) log cfu 

values of B. amyloliquefaciens and P. agglomerans were found to be highest- 

16.5 log cfu/ml broth and 14.4 log cfu/ml broth respectively. Both the bacteria 

grew best at 35ºC and optimum pH for the growth was found to be 6.0. 

 The optimum cultural conditions for the growth of the pathogen Macrophomina 

phaseolina was also determined. M. phaseolina showed growth in all the media 

used in the study but highest growth was observed in PDA. The effect of 

incubation period on mycelial dry weight was determined and found that after 12 

days of incubation the isolate showed highest mycelial dry weight. 

Macrophomina phaseolina showed maximum growth at pH 6.5, in presence of 

dextrose and peptone as carbon and nitrogen source respectively.  

 Both the bacterial isolates were tested for their in vitro plant growth promoting 

activities. Both the bacterial isolates were able to produce IAA, siderophores, 

ammonia and could solubilize phosphate. B. amyloliquefaciens produced HCN, 

chitinase, protease. Whereas P. agglomerans was found to be non-chitinolytic, 

non-cyanogenic and produced amylase and protease in less quantity.  

 Chitinase and protease production by B. amyloliquefaciens was optimized. The 

isolate could produce optimum chitinase after 72 hours of incubation and 

optimum temperature was 35°C for the same. When effect of pH and nitrogen 

sources was studied it was observed that, the optimum pH for chitinase 

production was around pH 8.0 and peptone served the best as nitrogen source. 

 Optimization studies related to protease production revealed that, the strain B. 

amyloliquefaciens showed optimum protease production after 36 hours of 

incubation. The optimum pH of medium for protease production was found to be 

8.5 and optimum substrate for production of protease from B. amyloliquefaciens 

strain was fructose as carbon source and yeast extract as nitrogen source. In 

presence of metal ions such as calcium, magnesium and manganese chloride the 

production protease increased. Decrease in protease activity was observed in case 

of Zn+2.   
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 The antagonistic activity of B. amyloliquefaciens was tested against known 

phytopathogens- Macrophomina phaseolina, Fusarium oxysporum, F. 

semitectum, Alternaria alternata. The percentage of inhibition varied between 

61.5-86.8%. Scanning electron microscopic study confirmed the antagonistic 

activity of the isolate B. amyloliquefaciens. Abnormalities, attachment, lysis and 

disintegration, in hyphal structure of M. phaseolina was observed. 

 Partial characterization of cell free culture filtrate of B. amyloliquefaciens was 

done. The ethyl acetate fraction was characterized by GC/MS analysis. The 

analysis revealed presence of several compounds. Most abundant was 10-

Octadecenoic acid, methyl ester, which had a retention time 18.88 min. 

 In order to determine in vivo plant growth promoting activities in four different 

jute varieties (JRC 212, JRC 321, JRO 524 & JRO 8432) in potted condition. Two 

isolates P. agglomerans and B. amyloliquefaciens were applied to the rhizosphere 

by drench application to evaluate the effect on growth parameters of jute plants. 

The bacteria were applied singly or in dual combination. In all the cases plant 

growth was increase significantly in comparison to control. 

 The effect of both the isolates on biochemical parameters were determined. The 

studies showed that, application of P. agglomerans and B. amyloliquefaciens 

significantly increased the total chlorophyll, total and reducing sugar, protein as 

well as total phenolics content of the jute plants.  

 In order to evaluate the efficacy of these two isolate in disease suppression several 

combinations treatments with rhizobacteria and pathogens was tried. Single as 

well as dual application of P. agglomerans and B. amyloliquefaciens effectively 

reduced the disease incidence. Lowest disease incidence of 16.50% (79.11% 

reduction over control) was recorded in P. agglomerans +B. amyloliquefaciens+ 

M. phaseolina treatment followed by 20.5% of Bacillus amyloliquefaciens + M. 

phaseolina (74.05% reduction) and 23.5% of Pantoea agglomerans+ M. 

phaseolina (70.25% reduction). Highest disease incidence of 79.0% was recorded 

in untreated plants (M. phaseolina). More disease severity was observed in only 

pathogen treated plants without PGPR, followed by Pantoea agglomerans+ M. 
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phaseolina, Bacillus amyloliquefaciens + M. phaseolina and P. agglomerans +B. 

amyloliquefaciens + M. phaseolina. 

 In addition to this, time course accumulation of defense enzymes such as 

chitinase, Phenyl alanine ammonia lyase, Peroxidase and β-1, 3 Glucanase was 

determined following the inoculation with both pathogen and P. agglomerans, B. 

amyloliquefaciens. Higher activities of CHT, PO, PAL, β-1, 3 GLU and 

accumulation of higher phenolic compounds were observed in jute varieties 

following the application of P. agglomerans, B. amyloliquefaciens.  

 Statistical analyses- ANOVA, LSD were performed. 
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DMAB- Di methyl amino benzaldehyde  

DNA- Deoxyribonucleic acid 

DNA RNA- Ribonucleic acid 

DNSA- Dinitro salicylic acid 

dNTPs- Deoxy nucleotide tri-phosphates 

EDTA- Ethylene diamine tetra acetic acid 

FeCl3- Ferric chloride 

g- gram 

GC-MS- Gas chromatography-Mass spectroscopy 

GlcNAc- N-acetyl glucosamine 
H

2
O

2 
- Hydrogen peroxide  

H2So4- Sulphuric acid 

HCl- Hydrochloric acid 
HCN- Hydrogen cyanide 

HDTMA- Hexa-decytrimethyl ammonium bromide 
hr- hour 
IAA- Indole acetic acid 

ISR- Induced systemic resistance  

KCl- Potassium chloride 

KH2 PO4 – Potassium dihydrogen phosphate 

MEGA4 - Molecular Evolutionary Genetics Analysis 4 

mg- Mili gram 
MgCl2 - Magnesium chloride 

ml- Mili litre 

Na2CO3 - Sodium carbonate 



 
 

A3 
 

Na2HPO4 - Di sodium hydrogen phosphate 

Na2MoO4 - Sodium molybdate 

NaCl- Sodium chloride 

NaN3 - Sodium azide 

NaNO2 - Sodium nitrite 

NaOH- Sodium Hydroxide 
NB- Nutrient Broth 

NBRIP- National Botanical Research Institute's phosphate growth medium (NBRIP) 

NCBI-National Center for Biotechnology Information 

NJ- Neighbour Joining method 
PAL- Phenylalanine ammonia lyase 
PCI- Water saturated phenol: Chloroform: Isoamyl alcohol  
PCR- Polymerase chain reaction 
PDA -Potato dextrose agar  
PGPR- Plant Growth Promoting Rhizobacteria 
PGPTs- Plant growth promoting traits  
PKV- Pikovskaya agar 

POX- Peroxidase 
PR proteins- Pathogenesis related proteins  
PSA-Potato sucrose agar  
PSB- Phosphate solubilising bacteria  

PVP- Poly vinyl- pyrollidone 
RA- Richard’s agar  
RP- Rock phosphate  

RS- Rhizosphere soil  

SA- Salicylic acid 
SA- Starch agar 

SAR- Systemic acquired 
resistance  
Sec-Seconds 
SDS- Sodium dodecyl sulphate 

SDS-PAGE- Sodium dodecyl sulphate- Poly-acrylamide gel electrophoresis  

SEM- Scanning electron microscopy 
SKM- Skim milk agar 

TAE buffer- Tris Acetic Acid and EDTA buffer  

TE buffer- Tris-EDTA buffer 

TEMED- N,N,N',N'-Tetramethylethylenediamine  
Tris Hcl- Tris hydrochloric acid 

UPGMA- Unweighted Pair Group Method with Arithmetic Mean  
YDA-Yeast extract dextrose agar  
β-1,3-GLU- β-1,3 glucanase 
 



 
 

A4 
 

 
 
 

 

APPENDIX C: List of Chemicals 

 

Ammonium chloride  

Ammonium per sulphate  

Bovine serum albumin  

Calcium phosphate  

Carboxy methyl cellulose  

Chrome azurol S  

Colloidal chitin 

Copper sulphate 

Deoxy nucleotide tri-phosphates  

Di methyl amino benzaldehyde  

Di sodium hydrogen phosphate  

Dinitro salicylic acid 

Ethylene diamine tetra acetic acid  

Ferric chloride 

Helicase (3%) 

Hexa-decytrimethyl ammonium bromide  

Hydrochloric acid 

Hydrocyanic acid  

Hydrogen peroxide 

 Indole acetic acid  

Magnesium chloride 

N,N,N',N'-Tetramethylethylenediamine  

N-acetyl glucosamine 

O-dianisidine (5 mg/ml methanol) 

Poly vinyl- pyrollidone  

Potassium chloride 

Potassium dihydrogen phosphate  

Sodium azide 

Sodium carbonate  

Sodium chloride  

Sodium dodecyl sulphate  

Sodium Hydroxide  

Sodium molybdate  

Sodium nitrite 

Sulphuric acid  

Tri- calcium phosphate 

Tris Acetic Acid and EDTA buffer  

Tris hydrochloric acid 

Tris-EDTA buffer 

Water saturated phenol: Chloroform: Isoamyl alcohol  

0.05(M) sodium phosphate buffer (pH 6.8) 



 
 

A5 
 

0.1(M) sodium acetate buffer (pH 5.0) 

0.2M Na-phosphate buffer (pH 5.4)  

0.3mM borate buffer (pH 8.0) 

1 M Potassium phosphate buffer (pH 7.1)  

1M Na-acetate buffer (pH 4) 

Sodium borate buffer (pH 8.8)  

2 mM β- mercaptoethanol 

1 M Na-borate buffer (pH 9.8) 

2% L-phenylalanine 

2,4-Diacetylphloroglucinol 

4 mM H2O2. 

4% laminarin 
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Abstract 

Present investigation was undertaken to screen the PGPR isolates from the rhizosphere of Jute for their plant growth 
promoting and antagonistic activities in the view of an alternative way to chemical fertilizer and hazardous fungicides. 
A total 76 isolates were isolated from different parts of northern West Bengal and screened for their antagonistic 
activity against Macrophomiona phaseolina. Most promising five isolates were selected for further study and screened 
for other plant growth promoting and lytic enzyme producing abilities. Out of these, two isolates were Gram positive 
and rest three Gram negative. All five isolates exhibited several plant growth promoting activities. All five isolates 
showed IAA and ammonia production whereas four out five showed phosphate solubilization activity. Three PGPR 
strains exhibited siderophore production and only one isolate showed cyanide production ability. Among the lytic 
enzymes, chitinase was produced by three isolates. Among them B-3 showed highest degree of chitinase production. 
Protease was also produced by four strains but amylase and β- 1, 4-glucanase activity showed by only one isolate, 
Acti-6. Two isolates B-3 and Acti-6 showed considerable amount of antagonistic activity against three 
phytopathogens Macrophomina  phaseolina,  Fusarium oxysporum,  and  F.semitectum suggesting that Acti-6 and B-
3 showed several attributes to be the potent strains of PGPR and can be used as biofertilizer as well as biocontrol 
agents.  

 

Keywords: PGPR, Jute, Antagonistic activity, Phytopathogen 

 

 

Introduction 
 

Improper use of chemical fertilizers and 
pesticides in search of high crop yield and 

quality is present practice in agriculture after the 

green revolution. But this approach is costly and 
imposes threat to the environment and human 

health (Xu et al. 2014). For the last few years 
scientists are searching an alternative and 

sustainable way to overcome this problem. 

Application of plant growth promoting bacteria 
may be the way. Plant  growth  promoting  

rhizobacteria  (PGPR) are soil  bacteria  those 
lives in vicinity of root system can produce 

beneficial  effect  on  plant  health. The PGPR 

can promote the plant growth either directly or 
indirectly but the exact mechanisms by which 

they can act beneficially on plant growth have 
not been fully elucidated. The direct 

mechanisms of plant growth promotion involve 

the synthesis of substances by the bacterium 
which facilitates the uptake of nutrients from the 

environment (Glick et al., 1999). The direct 
growth promoting activities are as follows i) 

nitrogen fixation ii) solubilization of phosphorus 

iii) production of phytohormones such as auxins, 
cytokinins, gibberellins and iv) lowering of 

ethylene concentration (Kloepper et al., 1989; 
Glick, 1995; Glick et al., 1999). The indirect 

mechanism of plant growth promotion by PGPR 

include i) antibiotic production ii) depletion of 
iron from the rhizosphere iii) synthesis of 

antifungal compound and fungal cell wall lysing 
enzymes such as cellulase,  protease, antibiotics 

and cyanide iv) competition for sites on roots 

and induced systemic resistance (Kumar et 
al.2012, Kavamura et al., 2013, Xu et al. 
2014).In last few decades a large array of 
bacteria including species of Pseudomonas, 
Azospirillum, Azotobacter, Klebsiella, Alcaligens, 
Enterobacter, Arthobacter, Bacillus, 
Burkholderia, and Serratia have been reported 

to enhance plant growth (Kloepper et al., 1989; 
Glick, 1995).  
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Jute (Corchorus olitorius L. and C. 
capsularis L.) is one of the important commercial 

fiber crop of India and Bangladesh. In India jute 

mostly grown in its eastern part with area of 
0.91 million hectares and production 11.82 

million bales (one bale = 180 kgs.). Recently, 
jute has attracted the concentration due to its 

eco-friendliness. Jute crop suffers from several 
fungal, bacterial and viral diseases but the most 

devastating one is the stem rot of jute, caused 

by Macrophomina phaseolina (Tassi) Goid, 
affecting both quality and yield                      

(De, 2014).Hence,  the  present study  was  
intended  to  isolate  and  characterize  PGPR 

strains  from  the  rhizosphere  of  Jute  having  

PGP  and  antagonistic  traits  so  that they  can  
be  exploited  as  potential  bioinoculants.  

 
Materials and Methods 

 
Collection of soil samples from Jute rhizosphere 
 

The present investigation was under taken with 
an objective to select promising native PGPR 

strains which can promote the growth as well as 
can induce resistance against Macrophomina 
phaseolina, the most devastating pathogen of 

Jute (Chorchorus sp.). For this purpose, soil 
samples were collected from different 

agricultural fields of the northern part of the 
West Bengal, India. The samples were placed in 

plastic bags and stored at 4°C in the Laboratory, 
Department of Botany, University of North 

Bengal for further study. 

 
Isolation and characterization of bacteria 
 
Bacteria were isolated from the rhizosphere of 

healthy jute plants (C. olitorius). Ten grams of 

soil particles loosely adhering to the roots were 
collected. The soil suspension was prepared by 

dissolving the soil sample in 100 ml of sterile 
distilled water using magnetic stirrer for 1 h. 

Then the upper light brown colored layer was 

pippeted out and serial dilutions were made. 
Appropriate dilutions were spread over the 

nutrient agar medium and incubated at 37º C 
for 24-48 hrs. Colonies with different 

morphological appearances were selected from 
the countable plates and sub cultured in nutrient 

agar slant for their further use. For the long 

term use bacterial strains were maintained in 
50% glycerol at -20º C. A total 76 bacterial 

isolates were isolated and used in present study. 

The selected bacterial isolates were 
examined for their morphological features in 

terms of colour, shape, size, surface and gram 
staining etc. 

 
Screening for multiple plant growth promoting 
activities 
 
All 76 rhizospheric isolates were first screened 

for their antagonistic activity against M. 
phaseolina and promising isolates were further 

analysed for their other plant growth promoting 

activities. 
 

Phosphate solubilizing activity 
 

The phosphate solubilising test was done in the 
solid medium. Pikovskaya’s medium was used 

for screening of phosphate solubilization 

(Pikovskaya, 1948). Agar plates were prepared 
and the bacterial strains were individually spot 

inoculated at the center of the plates followed 
by incubation for 5 - 6 days. The plates were 

observed for clear zone around the colony and 

the diameter of the clearing zone was recorded. 
 

IAA production 
 

IAA production by bacterial isolates was 
determined following the methods of Gordon 

and Weber (1951). Luria Bertani broth medium 

amended with 0.1 mM tryptophan was 
inoculated with the isolated bacteria. They were 

incubated for 24 h at 30°C on rotary shaker and 
the cultures were centrifuged at10,000 g for 15 

min. Production  of  IAA  in  culture  supernatant  

was  assayed  by  Pillet-Chollet  method  as 
described by Dobbelaere et al. (1999). For the 

reaction, 1 ml of reagent, consisting of 12 g 
FeCl3 per litre in 7.9 M H2SO4was added to 1 ml 

of sample supernatant, mixed well, and kept in 

the dark for 30 min at room temperature. 
 

Siderophore Production 
 

The selected isolates were characterized for 
siderophore production following standard 

method (Schwyn and Neiland, 1987) using blue 
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indicator dye, chrome azurol S (CAS). For 
preparing CAS agar, 1 L, 60.5 mg CAS was 

dissolved in 50 ml water and mixed with 10 ml 

iron (III) solution (1 mM FeCl3.6H2O in 10 mM 

HCl). With constant stirring this solution was 

added to 72.9 mg hexa-decytrimethyl 
ammonium bromide (HDTMA), dissolved in 40 

ml water. The resultant dark blue liquid was 

autoclaved. The dye solution was mixed into the 
medium along the glass wall with enough 

agitation to achieve mixing without the 
generation of foam, and poured into sterile petri 

plates. The plates were inoculated with the 

bacteria and incubated at 30ºC for 10-15 days 
till any change in the color of the medium was 

observed. 
 

HCN production 
 

Hydrogen cyanide (HCN) production was 

evaluated by streaking the bacterial isolates on 
Luria Bertani agar medium amended with 

glycine. Whatman No.1 filter paper soaked in 
picric acid (0.05% solution in 2% sodium 

carbonate) was placed in the lid of each Petri 

plate. The plates were then sealed air-tight with 
parafilm and incubated at 30°C for 48 h. A 

colour change of the filter paper from deep 
yellow to reddish-brown colour was considered 

as an indication of HCN production (Bakker and 
Schippers, 1987). 

 

Production of Ammonia   
 

The ability of bacterial isolates for the 
production of ammonia were tested according to 

Cappuccino et al. (1992). For the production of 

ammonia bacterial isolates were grown in 10 ml 
peptone water in each tube separately and 

incubated for 48-72 h at 30 ± 2°C.  Nessler's 
reagent (0.5 ml) was added in each tube. 

Development of brown to yellow colour was a 

positive test for ammonia production. 
 

Extra cellular enzyme activities 
 

Catalase activity  
 

Catalase activity of selected isolates were 

performed by adding 3-4 drops of hydrogen 
peroxide (H2O2) to 48 h old bacterial colonies. 

The appearance of effervescence indicated 
catalase activity (Schaad NW, 1992). 

 
Chitinase production 
 

For detecting the chitinolytic behavior of the 
bacteria chitinase detection agar (CDA) plates 

were prepared by mixing 10 g colloidal chitin 
with 20 g of agar in M9 medium (Na2HPO4 0.65 

g, KH2PO4 1.50 g, NaCl 0.25 g, NH4Cl 0.50 g, 

MgSO4 0.12 g, CaCl2 0.005 g and distilled water 
1 L; pH  6.5). 

The CDA plate was spot inoculated with 
organism followed by incubation at 28°C for 7-

10 days. Development of halo zone around the 

colony after addition of iodine was considered as 
positive for chitinase enzyme production (Robert 

and Selitrennikoff1988). 
 
Protease activity  
 

The qualitative assay for protease production 

was performed on sterile skim milk agar plates 
(Panc. digest of casein 5.0, Yeast extract 2.5, 

Glucose 1.0, Agar 15.0, Distilled water 1000 ml, 
Skim milk 7% was added as inducer). Isolates 

were spot  inoculated  and  followed  by 

incubation at 30°C and plates  were  examined  
for  development  of  clear  zones  around 

colonies (Walsh et al. 1995). 
 
Amylase activity  
 

The bacterial isolates were spot inoculated on 

starch agar (Beef extract 3.0, Peptone5.0, 
soluble starch 2.0, Agar 15.0, Distilled water 1 

lit.) medium plates and incubated at 30°C for 48 
h. At the end of incubation period, the plates 

were flooded with iodine solution, kept for a 

minute and then poured off. Production of 
colourless zone surrounding colonies was 

considered positive for the production of 
amylase (Shaw et al.1995). 

 

β-1,4-glucanase activity 
 

Isolates  were  inoculated  by  spotting  on  the  
plates  having  cellulose  powder as  a  sole  

source  of  carbon  and  incubated  at  30  ±  2° 
C  for  3-5  days. These plates were examined 
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Table.1 Morphological and Microscopic characters of PGPR isolates   

for development of clear zones around colonies 
(Rangel-Castro et al.2002). 

 

Antagonistic activities against phyto-pathogens 
 

All  five  isolates  were  tested  for  their  
antifungal  activities  against  Macrophomina  
phaseolina,  Fusarium oxysporum,  and            
F. semitectum  on PDA plates. Isolates  were  

inoculated  on  the  surface  of  agar  plate  2  

cm  away  from  fungal  disc. Antagonist  
activity  was  observed  after  incubation  at  28  

±  10 C  up to  7  days.   
 

Results   

 
Isolation and characterization of bacteria 
 
A total of 76 bacteria were isolated from various 

jute growing fields of the northern part of West 
Bengal. These isolates were evaluated for their 

antagonistic and plant growth-promoting traits. 

Out of 76 the best five potential bacterial strains 
showing antagonistic and PGP activities were 

selected for characterization.  
The morphological characteristics of Acti-2, 

Acti-3, Acti-6, B-3 and PKV+ varied widely. Acti-

2, Acti-3 and PKV +produced smooth, shiny, 
convex colony with entire margin whereas Acti-6 

and B-3 produced waxy, non-elevated colony 
with undulated margin (Table 1).  

 
Screening for multiple plant growth promoting 
activities 
 

Phosphate solubilizing activity 
 
All the isolates except B-3 showed ability for 

phosphate solubilization on Pikovskaya medium 
with different efficacy. Out 4 strains Acti-3 

showed maximum degree of phosphate 
solubilization. The phosphate solubilizing activity 

of the isolates indicates that they are able to 
secrete the organic acids that chelate the 

cations, converting insoluble phosphate into 

soluble form and thus available for plants. 
 
IAA production 
 

All the five strains showed development of 

brown to pink colour indicating their capability of 
IAA production. IAA is the most physiologically 

active form of auxin. Recent investigations on 
auxin synthesizing rhizobacteria demonstrated 

that the rhizobacteria can synthesize IAA from 
tryptophan by different pathways, although the 

general mechanism of auxin synthesis was 

basically concentrated on the tryptophan-
independent pathways (Spaepen et al. 2007).  

Among the jute rhizospheric isolates PKV+ 
showed highest IAA production followed by Acti-

3, Acti-2 and Acti-6. 

 
Siderophore Production 

 
Siderophore production was determined blue 

CAS agar medium. Formation of yellow to 
orange zone around the colonies of isolates Acti-

6, Acti-2 and B-3 was observed, indicating their 

capacity to chelate iron from the surrounding 
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Fig. 1 Phosphate solubilization-Acti-3 (a), Acti-6 (b), 

PKV+ (c); IAA production-control, B-3, Acti-6, Acti-

3, Acti-2 & PKV+ (d); siderophore production-Acti-2 

(e) & Acti-6 (f); Chitinase production-B-3(g), Acti-6 

(h) & Acti-2 (i); Protease production-Acti-6 (j), B-3 

(K) & Acti-3 (l); Amylase production-Acti-6 (m) & B-

(n); β- 1, 4-glucanase-Acti-6. 

medium and thereby depriving the pathogens. 

 

HCN production 
 

Ability for hydrogen cyanide synthesis was 
observed for selected five isolates. Among the 

isolates, only Acti-6 showed the HCN production 

ability. 
 

Production of Ammonia 
 

The production of ammonia observed in all the 
five isolates. Ammonia production by the plant 

growth promoting bacteria helps to influence 
plant growth indirectly. 

 

Extra cellular enzyme activities 
 
Chitinase production 
 

The spot inoculated CDA plates were incubated 
at 28°C for 7-10 days. Development of halo 

zone around the colony after addition of iodine 

was considered as positive for chitinase enzyme 
production. The plates of Acti-6, Acti-2, B-3 

showed halo zone around the colonies indicating 
their capability of secretion extracellular 

chitinase. It was observed that no extracellular 

chitinase was secreted by Acti-3 and PKV+ even 
when grown on chitin amended media. 

 
Protease activity  

 
Proteolytic enzyme production was detected as 

formation of a clear zone around the colony on 

skim milk agar. All the isolates showed variable 
degree of protease activity except PKV+. Among 

the isolates Acti-6 showed high production of 
extracellular protease. 

 

Amylase activity  
 

Amylase activity was determined by spot 
inoculation of isolates on starch agar plates. 

After 72 to 96 hrs. of incubation the plates were 
flooded with Iodine solution for1min and the 

appearance of clear zone surrounding the colony 

indicates positive for starch hydrolysis test. 
Among the isolates Acti-6 and B-3 showed 

amylase activity 

Fig. 2 Antagonistic activity of Acti-6 (a,b,c) and B-3 

(d,e,f) against M. phaseolina (a), F. oxysporium (b) 

& F. semitectum. 
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Table.2 Plant growth promoting characteristics and lytic enzyme production traits of PGPR strains 

β- 1, 4-glucanase activity 

 

β- 1, 4-glucanase activity of the isolates were 
determined in minimal medium plates using 

cellulose as only carbon source. Only Acti-6 
showed a halo zone around the colony after the 

addition of congo red indicating secretion of 
extracellular β- 1, 4-glucanase. Plant growth 

promoting traits and extracellular enzyme 

secretion by the isolates have been summarized 
in Table 2 and Figure 1. 

 
Antagonism against pathogens  
 

Antagonistic activity of the bacterial isolates 
were evaluated in terms of inhibition zone 

diameter as an indicator of the reduction in 
growth of 3 fungal pathogens. Among the 

isolates, Acti-6 and B-3 showed antagonistic 
activity against M. phaseolina, Fusarium 
oxysporium and F. semitectum considerably 

(Fig. 2).  
 

Discussion 
 

Many types of microorganisms are known to 

inhabit soil and plant rhizosphere is known to be 
preferred ecological niche for various types of 

soil microorganisms due to rich nutrient 
availability (Geetha et al. 2014). Plant growth 

promoting rhizobacteria (PGPR) perform 
important functions in promoting plant growth 

and sustaining plant health. Direct plant growth 

promotion by microbes is based on improved 

nutrient acquisition by solubilizing insoluble 

phosphate and hormonal stimulation (Walia et 
al. 2014). Varied mechanisms are involved in the 
suppression of plant pathogens which are often 

indirectly connected with plant growth. 
Beneficial plant–microbe interactions have led to 

development of microbial inoculants for use in 
agricultural biotechnology (Berg 2009). 

In the present study, a total of 76 isolates 

were isolated from the rhizospheric soil of jute        
(C. olitorius). All the isolates were screened for 

their antagonistic activity against M. phaseolina, 
most devastating pathogen of jute and other 

plants. Out of 76 five isolates (Acti-2, Acti-3, 

Acti-6, B-3 and PKV+) showed varied degree of 
antagonism against M. phaseolina and the 

isolates were screened for their other in vitro 
plant growth promoting activities. All the isolates 

except B-3 showed ability for phosphate 
solubilization on Pikovskaya medium. Among the 

PGPR strains Acti-3 showed maximum degree of 

phosphate solubilization, which is due the 
production of organic acid, thus converting 

insoluble phosphate into soluble form and 
available for plants. The mechanism of plant 

growth promotion by PGPR includes the 

production of plant hormones. In present study 
isolates were screened for the production of 

IAA, which is most active form of auxin. All the 
five strain showed development of brown to pink 

colour indicating their capability of IAA 
production. Isolates Acti-6, Acti-2 and B-3 also 

showed the siderophore producing capacity. The 

production of siderophore like iron chelating 
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compound is an important criterion for plant 
growth promoting rhizobacteria. They chelate 

the iron from the surrounding medium and soil, 

rendering it unavailable to pathogens. 
Rhizobacteria can inhibit phytopathogens by the 

production of hydrogen cyanide (Bloemberg and 
Lugtenberg 2001). HCN is known to inhibit 

electron transport, and the energy supply to the 
cell is disrupted leading to the death of the 

organisms. It also inhibits the proper functioning 

of different enzymes such as of cytochrome 
oxidase (Gehring et al.1993). Acti-6 showed 

HCN production ability and thereby it can be 
considered as a potent antagonist against plant 

pathogens. Isolates were also screened for 

protease activity. Out of five isolates, 4 showed 
protease activity. Very high protease activity 

was exhibited by Acti-6. Siddiqui et al. (2005) 
reported the biocontrol activity of Pseudomonas 
fluorescens CHA0 by extracellular protease. 
Three PGPR isolates, Acti-6, Acti-2 and B-3 

showed significant amount of chitinase 

production. Several workers reported biological 
control of plant pathogen by chitinase producing 

microorganisms (Raaijmakers et al.2006; Kamal 
et al. 2008). Acti-6 and B-3 showed antagonistic 

activity against M. phaseolina, Fusarium 
oxysporium and F. semitectum considerably.  

The current study has been undertaken as 

a search of an alternative to chemical fertilizer 
and fungicide. A group of promising 

rhizobacterial isolates was screened through in 
vitro and their plant growth promoting 

properties. Based on our results we concluded 

that Acti-6 and B-3 showed several attributes to 
be the potent strains of PGPR and can be used 

as biofertilizer as well as biocontrol agents. 
Future research in this direction is required to 

harness their potential as bio-inoculants for 

sustainable agriculture. 
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Phosphate Solubilizing Rhizospheric Pantoea agglomerans
Acti-3 Promotes Growth in Jute Plants
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Abstract: A phosphate solubilizing plant growth promoting bacterium designated as Acti-3 was isolated from
the rhizosphere of Corchorus olitorius L. and identified as Pantoea agglomerans by 16S rRNA gene sequence
analysis. Besides phosphate solubilization, the isolate exhibited ammonification, production of indole acetic
acid and siderophore production. Drench application of aqueous suspension of P. agglomerans in the
rhizosphere of jute plants showed significant increase in shoot length, root length, fresh and dry weight as well
as in leaf area. Biochemical studies also revealed that the application of P. agglomerans showed significant
increase in chlorophyll content, total carbohydrate, reducing sugar content, soluble protein content as well as
total and o-dihydroxy phenol content in all four varieties of C. olitorius and C. capsularis. The present study
clearly revealed that the strain Acti-3 can promote the growth of jute by a combination of several mechanisms
and thus offers a scope to be developed into novel PGPR based bioinoculant.

Key words: Pantoea agglomerans  Phosphate solubilization  16S rDNA  Plant growth Promotion  Jute

INTRODUCTION phytopathogenic organisms. The mechanisms by which

Jute (Corchorus olitorius L. and C. capsularis L.) is to species as well as from strain to strain [3]. The PGPRs
one of the important commercial fiber crops of India and can promote plant growth either directly or indirectly but
Bangladesh. In India jute is mostly grown in its eastern the exact mechanisms by which they can act beneficially
part with area of 0.91 million hectares and production on plant growth have not been fully elucidated. The direct
11.82 million bales (one bale = 180 kgs). Recently, jute has mechanisms of plant growth promotion involve the
attracted attention due to its eco-friendliness. Jute crop synthesis of substances by the bacterium which
suffers from several fungal, bacterial and viral diseases facilitates the uptake of nutrients from the environment
but the most devastating one is the stem rot of jute, [4]. The direct growth promoting activities are as follows:
caused by Macrophomina phaseolina (Tassi) Goid, i) nitrogen fixation ii) solubulization of phosphorus iii)
affecting both quality and yield [1]. Since excess use of production of phytohormones such as auxins, cytokinins,
chemical fertilizers and pesticides have caused several gibberellins  and  iv)  lowering of ethylene concentration
problems to our ecosystem, use of biological resources in [4, 5, 6]. The indirect mechanism of plant growth
place of chemical fertilizers to promote plant growth has promotion by PGPRs include i) antibiotic production ii)
gained momentum for the last few decades. depletion of iron from the rhizosphere iii) synthesis of

Plant growth promoting rhizobacteria (PGPRs) are a antifungal compound and fungal cell wall lysing enzymes
common group of bacteria that can actively colonize plant such as cellulase, protease, antibiotics and cyanide and
roots and exert beneficial effect on the health of plants [2]. iv) competition for sites on roots and induced systemic
These PGPRs can prevent the deleterious effects of resistance [7, 8, 9].

PGPRs can influence plant growth may differ from species
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Phosphorus is one of the most essential nutrient (100%)  and  pelleted  by  centrifuging  at  12000  rpm  for
requirements in plants and an important component in cell 15 min, followed by washing in 70% ethanol and
metabolism. It plays an important role in plant growth and centrifugation. The pellets were air dried and suspended
development [10]. Though soils may have large reservoir in TE buffer pH 8. After further purification, DNA was
of total phosphorus (P) but the amounts available to quantified spectrophotometrically and the quality
plants are usually form a very small proportion of the total analyzed in 0.8% agarose gel. For PCR amplification, DNA
phosphorus. Extracellular acid and alkaline phosphatases, was amplified by mixing the template DNA (50 ng) with
produced by many organisms release the phosphate the polymerase reaction buffer, dNTP mix, primers and
molecule from organic compounds and thus phosphate is Taq polymerase. Polymerase chain reaction was
cleaved and it becomes soluble and available to the performed in a total volume of 100 µl, containing 78 µl
plants. Several phosphate-solubilizing microorganisms are deionized water, 10 µl 10× Taq polymerase buffer, 1 µl of
now known to convert the insoluble form of phosphorus 1U Taq polymerase, 6 µl 2 mM dNTPs, 1.5 µl of 100 mM
to soluble form through the secretion of organic acids or reverse and forward primers and 3.5 µl of 50 ng template
protons and thus lowering the pH [11]. DNA. The amplification of 16S rRNA gene of Acti-3 was

The bacterium Pantoea agglomerans has been carried out by PCR using the forward
widely studied for its biological control properties [12], (FP5'AGAGTTTGATCCTGG CTC AG 3') and reverse
but very few researchers have reported its plant growth primer (RP 5' ACG CTT ACC TTG TTA CCG CTT 3'). The
promotion potentials [13, 14, 15]. So, the present PCR was programmed with an initial denaturing at 94°C for
investigation has been adopted for the purpose of 5 min,  followed by 30 cycles of denaturation at 94°C for
screening the plant growth promoting activities both in 30 sec, annealing at 61°C for 30 sec and extension at 70°C
vitro as well as in potted condition. for 2 min and with a final extension at 72°C for 7 min in a

MATERIALS AND METHODS products were resolved by electrophoresis in 0.8%

Isolation of Pantoea agglomerans Acti-3: Rhizospheric DNA was sequenced from Credora Life Sciences,
soil samples were collected from different jute fields of the
northern part of the West Bengal, India. The samples were
placed in plastic bags and stored at 4°C in the Laboratory,
Department of Botany, University of North Bengal for
further study. 

For isolation of bacteria, ten grams of soil from the
rhizosphere of healthy jute plants (C.olitorius) was used.
The soil suspension was prepared by dissolving the soil
sample in 100 ml of sterile distilled water using magnetic
stirrer for 1 h. Then the upper light brown colored layer
was pipetted out and serial dilutions were made.
Appropriate dilutions were spread over the nutrient agar
medium and incubated at 37°C for 24-48hrs. Colonies with
different morphological appearances were selected from
the countable plates and sub-cultured in nutrient agar
slant for their further use. For the long term use bacterial
strains were maintained in 50% glycerol at -20°C. A total
76 bacterial isolates were isolated and used in present
study.

16 S rDNA Sequencing and Phylogenetic Analyses:
Genomic DNA was extracted from 24-h-old culture
following the method of Stafford et al. [16]. DNA was
precipitated from the aqueous phase with chilled ethanol

Primus 96 advanced gradient Thermocycler. Amplified

agarose gel and PCR amplicons were purified. The purified

Bengaluru, India and the 16S rDNA sequence obtained
from PCR products were subjected to BLAST analyses.
The DNA sequences were deposited to NCBI GenBank
through BankIt procedure and approved as the sequence
after complete annotation and given accession numbers.
Evolutionary history was inferred by Neighbour-Joining
Method [17]. Phylogenetic analyses were conducted in
MEGA-4.0 software [18].

Plant Material: Two varieties of C. capsularis, JRC212,
JRC321 and two varieties of C. olitorius JRO 524 and JRO
8432 were used in present study. The seeds were obtained
from Central Research Institute of Jute and Allied Fibers
(CRIJAF), Barrackpore, West Bengal.

Screening For Multiple Plant Growth Promoting
Efficacy:
Phosphate Solubilizing Activity: The phosphate
solubilising test was done in the solid medium.
Pikovskaya’s medium was used for screening of
phosphate solubilization [19]. Agar plates were prepared
and  the bacterial strains were individually spot inoculated
at  the  center  of  the  plates  followed  by incubation for
5-6 days. The plates were observed for clear zone around
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the colony and the diameter of the clearing zone was water. The aqueous suspensions were diluted as
recorded. necessary to maintain the bacterial concentration at 1 x 10

IAA Production: IAA production of the isolate was soil drench @ 200 ml plant  to the rhizosphere of the
determined following the methods of Gordon and Weber seedlings in potted conditions twice after 7 and 15 days
[20].  Luria  Bertani  broth  medium   supplemented  with of sowing.
0.1 mM tryptophan was inoculated with the isolated
bacteria. They were incubated for 24 h at 30°C on rotary Growth Promotion: Growth promotion was studied in
shaker and  the cultures were centrifuged at 10,000 g for terms of increase in shoot length, root length, area of
15 min. Production of IAA in culture supernatant was leaves, shoot and root dry mass in potted plants. Plants
assayed by Pillet-Chollet method as described by were grown under natural conditions of light and
Dobbelaere et al. [21]. For the reaction, 1 ml of reagent, temperature  (31±2°C).  Observations were recorded after
consisting of 12 g FeCl per liter in 7.9 M H SO was added 30 and 45 days of application. 10 replicates were taken for3 2 4

to 1 ml of sample supernatant, mixed well and kept in the each treatment and the average of the 10 replicate plants
dark condition for 30 min at room temperature. were analyzed.

Siderophore Production: The isolate was characterized Biochemical Analyses: Sampling for biochemical
for siderophore production following standard method analyses were done by collecting leaf samples after 45
[22] using  blue  indicator dye, chrome azurol S (CAS). days of bacterial application.
The bacterial strains (24h old cultures) were spotted
separately on CAS medium and incubated at 28±1°C for Sugar  Contents:  Extraction  of  total  and reducing
48–72h. Formation of orange to yellow halo around the sugars was done by following the method of Harborne
colonies confirmed the production of siderophore. [25] and the estimation of total and reducing sugars by

HCN Production: Hydrogen cyanide (HCN) production [26].
was evaluated by streaking the Acti-3 on Luria Bertani
agar medium amended with glycine. Whatman No.1 filter Soluble Protein Content: Soluble protein was extracted
paper soaked in picric acid (0.05% solution in 2% sodium from the leaves of bacteria treated and control plants
carbonate)  was  placed  in  the  lid  of  each Petri plate. following the method of Chakraborty et al. [27]. Plant
The plates were then sealed air-tight with Parafilm and tissues were ground in 0.05 M sodium phosphate buffer
incubated at 30°C for 48 h. A color change of the filter (pH 7.2) and centrifuged at 4°C for 20 min at 12000 rpm.
paper from deep yellow to reddish-brown color was The supernatant was used as crude protein extract and
considered as an indication of HCN production [23]. total soluble protein content was estimated following the

Production of Ammonia: The production of ammonia was
studied following the method of Cappuccino et al. [24]. Chlorophyll Contents: The chlorophyll was extracted
For the production of ammonia bacterial isolates were from leaves of the both treated and control plants
grown in 10 ml peptone water in each tube separately and following the method of Harborne [25] with modifications.
incubated for 48-72 h at 30 ± 2°C. Nessler's reagent (0.5 ml) Crushing of 1 g leaf tissue was done in a mortar and
was added in each tube. Development of brown to yellow pestles using 80% acetone in the dark. The extract was
color was a positive test for ammonia production. filtered through Whatmann No. 1 filter paper, adding

Inoculum Preparation and Application: To prepare the up 10 ml. For the estimation of chlorophyll, absorbance
inoculum, initially P. agglomerans was cultured in values  of  the  dilution  of the crude sample were
Nutrient Broth medium and was allowed to grow with measured directly at 645 and 663 nm in a
shaking at 30°C, 120 rpm for 48 h. At the end of the log spectrophotometer. The amount of total chlorophyll was
phase, bacterial culture was centrifuged at 10,000 rpm for calculated by the following formula:
15 min and the supernatant was discarded, selecting the
bacterial pellet. Pellet was scraped into sterile distilled Total chlorophyll = (20.2 A + 8.02A ) mg g  tissue

8

cfu/ml. The aqueous suspension was then applied as a
1

anthrone reagent following the method of Plummer (1978)

method of Lowry et al. [28].

sufficient amount of acetone and final volume was made

645 663
1
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Phenolic  Contents:  Phenols  were extracted and
estimated from leaf samples by the method of Mahadevan
and  Sridhar  [29].  Quantification   of   total   phenol  and
O-dihydroxy phenol was done by a standard of caffeic
acid.

Statistical  Analyses:  Results  were  analyzed
statistically  by  determining  standard  error  and
Student’s t-test.

RESULTS AND DISCUSSION

The bacterial isolate Acti-3 obtained from the
rhizosphere of C. olitorius L. produced shiny round P. agglomerans 1.286 ±0.23

shaped colonies on nutrient agar. Microscopic
observation revealed that the isolate is a Gram negative
rod shaped bacterium. Molecular analysis based on 16S
rDNA gene homology identified the Acti-3 as Pantoea
agglomerans with 99% similarity with the respective
strains in NCBI GenBank database. The nucleotide
sequences were deposited in NCBI GenBank database
under accession number KT031388. The phylogenetic
analysis further confirmed that the strain is
phylogenetically related to the other respective ex-type
strains obtained from NCBI GenBank database (Fig. 1).

The isolate Pantoea agglomerans Acti-3 showed
significant amount of phosphate solubilization activity
along with IAA production (35µg/ml), siderophore
production and ammonia production. But the isolate did
not show positive result in HCN production test (Table 1).
These are most of the pivotal direct and indirect
mechanisms by which rhizobacteria are thought to
enhance the plant growth [30]. IAA production  in  higher

Table 1: In vitro PGPR characteristics of Pantoea agglomerans Acti-3
Characteristics Pantoea agglomerans
Phosphate solubilisation +
IAA production +
Siderophore production +
HCN production -
Ammonia production +
+ = Activity present, - = Activity absent.

Table 2: Effect of bacterial inoculation on total chlorophyll content of leaves
of jute varieties

Varieties Total Chlorophyll content (mg g  tissue)1

JRC 212 Control 1.246 ±0.09 a

P. agglomerans 1.351 ±0.02b

JRC321 Control 1.180 ±0.11 a

b

JRO524 Control 0.879 ±0.07 a

P. agglomerans 1.248 ±0.20c

JRO8432 Control 0.865 ±0.18 a

P. agglomerans 1.342 ±0.15c

Values are an average of three replications ± standard error, Differences
between control and treatment in each variety significant when superscript
different ( P=0.05; P=0.01), done by Student’s ‘t’ testa,b a,c

amount by the Pantoea spp. has been reported by earlier
researchers [15, 31]. Rhizosphere isolates are known to
enhance root growth and development of plants through
the synthesis of the plant auxin IAA (Indole Acetic Acid)
[32, 33].

This isolate, which showed good PGPR
characteristics  in  vitro  was  selected  for  studies on
plant growth promotion. Growth promotion was studied
in terms of percentage increase in shoot length, root
length, area of leaves, shoot and root mass in potted
conditions. It was observed that P. agglomerans could
significantly enhance shoot  length  of  all  four  varieties.

Fig. 1: Phylogenetic analysis of 16S rDNA sequences of Pantoea agglomerans Acti-3 (KT031388) with other ex-type
strains by neighbor-joining method
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Fig. 2: Increase in height of seedlings (A), root length (B) and leaf area (C) of Jute varieties after 30 and 45 days of
application of Pantoea agglomerans (C=Control; Pa =rhizosphere treated with Pantoea agglomerans. Different
letters above bars indicate significant difference in t-test at p=0.01 between C and 30 days and 45 days of
treatment of each variety

The   shoot   length   increased   up   to   292%   in  JRO This observation was supported by the observation of
524  whereas  the  highest   increment   in   root   length Quecine et al. [34]. They reported the increase in dry
was  observed   in  JRC   321(187  %)  (Fig.  2). The matter of sugarcane after the application of endophytic
elevation  of  growth  was  also   evident   in   terms   of strain of P. agglomerans 33.1. The growth promotion
shoot    mass    and    root   mass.  Increase  in  shoot observed due to the application may be related to the
mass  as  well  as  root  mass  was  observed  to be ability of P. agglomerans 33.1 to synthesize IAA and
highest  in  JRO  524  after  45  days  of growth (Fig. 3). solubilize phosphate.
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Fig. 3: Increase in shoot mass (A) and root mass (B) of Jute varieties after 30 and 45 days of application of Pantoea
agglomerans (C=Control; Pa =rhizosphere treated with Pantoea agglomerans. Different letters above bars
indicate significant difference in t-test at p=0.01 between C and 30 days and 45 days of treatment of each variety

The leaf area of the jute seedlings also increased due and total chlorophyll content, as well as phenol contents
to the application of the isolate. The leaf area increased after 45 days of inoculation. Total carbohydrate content
significantly  in  JRC  212  and JRC 321 after both 30 and showed significant increase after inoculation with the
45 days of application but the significant increase in leaf isolate in all four varieties. It was significantly different
area was observed only after 45 days of drench from  the untreated control at P=0.01 (Fig. 4). The reducing
application in both JRO 524 and JRO 8432 (Fig. 2). Jute is sugar also showed significant increase in jute varieties.
mainly cultivated for its fibre obtained from the shoot. Soluble protein content increased significantly in
Better development of shoot therefore would lead to comparison to control after the treatment with the isolate.
increase the productivity of finished product. In some Increase in total chlorophyll content in the leaves of jute
parts of India, especially West Bengal, leaves of jute are varieties  also  noticed  after  the  treatment  (Table 2).
also consumed as a leafy vegetable. Therefore, increase Total chlorophyll  content increased significantly at
in leaf area due to bacterial application is also noteworthy. P=0.01 level in JRO 524 and JRO 8432, whereas in JRC 212

The effect of inoculation with P. agglomerans at and  JRC  321  it showed significant increase only at
biochemical level was determined in terms of changes, if P=0.05 level. It has been shown by several previous
any, in total and reducing sugar content, soluble protein workers    that,      improved phosphorous     nutrition
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Fig. 4: Soluble protein contents (A), Total sugar and reducing sugar content (B & C) of Jute varieties grown in
uninoculated or P. agglomerans inoculated soil. Different letters above bars indicate significant difference in
phosphate contents as determined in t-test at p=0.01 between control and treated in each variety



World J. Agric. Sci., 11 (6): 401-410, 2015

408

Fig. 5: Total phenol content (A) and ortho-hydroxy phenol content (B) of Jute  varieties   grown  in  uninoculated  or
P. agglomerans inoculated soil. Different letters above bars indicate significant difference in phosphate contents
as determined in t-test at p=0.01 between control and treated in each variety

influences  overall plant growth and root development There was an increase in phenolic contents of leaves of all
[15].  Feng et al.  [35] showed that rice endophyte the four varieties. Increase in phenolic content observed
Pantoea agglomerans YS19 promotes host plant growth by the application of PGPR by several workers [36, 37].
and affects allocations of host photosynthetic products. The  highest  increase  in  total  phenolic  contents against
They reported that transfer of the carbon source and the control was observed in JRC 212. The o-hydroxy
energy from rice to the endophyte and back to the host, phenol content has been recorded to be highest in JRO
the fixed N from YS19 to rice might be a significant 524 and the increase in content was observed in all the
mechanism for plant-microbe maintenance and plant four varieties (Fig. 5).
growth promotion. Thus, results of our studies clearly reveal the

Total phenolic contents were estimated from leaves potential of P. agglomerans to be used as a plant growth
of the different jute varieties following the application of promoter in the field since it has shown plant growth
P.  agglomerans  and  sampling as mentioned earlier. promoting traits both in vitro and in vivo.
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ABSTRACT 

 
 Plant growth promoting rhizobacteria are the group of bacteria, which actively colonize plant root and 

exert beneficial effects on plant. They promote plant growth either by solubilizing inorganic phosphate, 
producing IAA or by inhibiting pathogens by producing variety of extracellular enzymes. An antagonistic 
bacterial strain with potent protease producing capacity was isolated from the jute rhizosphere. The 
isolate was identified as Bacillus amyloliquefaciens by means of 16S rDNA sequencing. Optimization 
study revealed that the optimum protease activity was 270.2 U/ml/min after 36 hours. The optimum 
temperature was found to be 40°C and optimum pH 8.5. Experiments with different carbon and nitrogen 
sources revealed fructose and yeast extract as the most favoured carbon and nitrogen. The isolate 
showed potent antagonistic activity against phytopathogens: Macrophomina phaseolina (61.5%) 
Fusarium oxysporum (82.6%) F. Semitectum (85.4%), Alternaria alternata (85.2%). Thus the isolate 
showed quite promising activity to be exploited as source of industrial production of protease as well as 
biocontrol agent. 
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INTRODUCTION 

 

Proteases, generally obtained from microbial sources 
are a group of very important enzymes, having wide 
range of applications in detergents, pharmaceuticals, 
leather and food and agriculture industries.

1-2 
Among the 

microbial produces very few have been used 
successfully for industrial use. Bacillus species are the 
main producers of extracellular proteases.

3 
Plants are 

always subjected to biotic and abiotic stress. Biotic 
stress causes severe loss in productivity every year. 
The infection with fungal pathogens results in huge loss 
of yield as well as quality of yield. The use of harmful 
chemicals is a common practice to control 
phytopathogens. But, non-judicial use of chemical 
fertilizers for last few decades already caused severe 
problem to human health and existence of normal 
microflora of soil. Therefore, an alternative approach, 
biocontrol of pathogens with plant growth promoting 
bacteria (PGPR) is of great interest and drawn much 
interest of research community. 

4 
Several genera have 

been reported as PGPR since the term was coined by 
Kloepper et al 

5
, among them Bacillus and 

Pseudomonas are the most prevalent. The genus 
Bacillus has been used predominantly as they can 
persist in the soil due to production of endospore. The 
mechanisms by which PGPR promote plant growth can 
be categorised in two types, direct and indirect. The 
indirect mechanisms involve production of different 
extracellular enzymes, which can hydrolysis fungal cell 
wall. Solanki et al

6 
characterized mycolytic enzymes like 

chitinase, β-1, 3-glucanase and protease from four 
Bacillus strains, which produced these enzymes in 
different range with the presence of Rhizoctonia solani 
cell wall as a carbon source. Protease mediated 
inhibition of devastating plant pathogen Macrophomina 
phaseolina was demonstrated by Illakkiam et al.

7 
Lytic 

enzymes produced by PGPR are capable of lysis and 
dissolution fungal cell wall by digesting chitin, β-1, 3-
glucan and protein components present in cell wall. 
Bacterial isolates with capacity to produce extracellular 
hydrolytic enzymes have been used to inhibit 
deleterious plant pathogens and thereby increasing the 
growth of crop plants. Though production of protease by 
PGPR is a common phenomenon but very less work 
has been done on the optimization of extracellular 
protease, produced by plant growth promoting 
rhizobacteria. Hence, this study was conducted to 
optimize the protease production by plant growth 
promoting rhizobacteria Bacillus amyloliquefaciens Acti-
6, which was isolated from jute rhizosphere.

8 

 

MATERIALS AND METHODS 

 
Isolation, characterization and identification 
The strain used in this study was previously isolated the 
rhizosphere of healthy jute plant (Corchorus olitorius) 
and sub-cultured in nutrient agar slant for their further 
use. For the long term use bacterial strains were 
maintained in 50% glycerol at -20º C.

8 

 
Scanning electron microscopic studies 
To understand the morphology of the isolate scanning 
electron microscopy was performed. For this, isolates 
were grown in Luria Bertani broth for 48 hours and 

collected by centrifugation at 6000 r.p.m. for 15 minutes. 
The pellet was collected and washed with 0.1 M 
phosphate buffer saline. Then the samples were 
prefixed with 2.5% glutaraldehyde in 0.1 M phosphate 
buffer pH 6.8 followed by dehydration of the samples 
with different gradation of ethanol starting from 30%, 
50%, 70%, 80%, 90% and 100% for 10 minutes in each. 
After serial dehydration samples were subjected under 
critical drying in CO2 then mounted on sample stab, 
coated with gold palladium alloy in a mini sputter coater 
and examined under a JEOL JSM-6610LV Scanning 
Electron Microscope. 
 
Molecular and biochemical characterization 
The isolate was characterized by Gram staining, motility 
test, methyl red, Voges Proskauer, citrate oxidase test, 
catalase test, H2S production and starch hydrolysis as 
per the standard methods.

9 

 
16 S rdna Sequencing  
Extraction of genomic DNA of the isolate was done from 
24-h-old culture following the method of Stafford et al.

10
 

For PCR amplification, DNA was amplified by mixing the 
template DNA (50 ng) with the polymerase reaction 
buffer, dNTP mix, primers and Taq polymerase. 
Polymerase chain reaction was performed in a total 
volume of 100 µl, containing 78 µl deionized water, 10 µl 
10× Taq polymerase buffer, 1 µl of 1U Taq polymerase, 
6 µl 2 mM dNTPs, 1.5 µl of 100 mM reverse and forward 
primers and 3.5 µl of 50 ng template DNA. The 
amplification  of  16S  rRNA  gene  of  Acti-6  was  
carried out  by  PCR using the universal forward 
(ACT16S FP 5ʹ AGA GTT TGA TCC TGG CTC AG 3ʹ) 
and reverse primer (ACT 16S RP 5ʹ ACG CTT ACC 
TTG TTA CCG CTT 3ʹ). The purified DNA was 
sequenced from Credora Life Sciences, Bengaluru, 
India, and the 16S rDNA sequence obtained from PCR 
product was subjected to BLAST analyses. The DNA 
sequence was deposited to NCBI GenBank through  
BankIt  procedure  and  approved  as  the  sequence  
after  complete  annotation and given accession 
numbers. 
 
Qualitative assay 
The qualitative assay for protease production was 
performed on sterile skim milk agar (SMA) plates (Panc. 
Digest of caseine 5.0, Yeast extracts 2.5, Glucose 1.0, 
Agar 15.0, Distilled water 1000 ml, Skim milk 7% was 
added as inducer). Isolates were spot inoculated and 
followed by incubation at 30

0
 C and zone of clearance 

around the colony indicating the enzymatic degradation 
of protease.

11 

 

Enzyme activity assay 
The protease activity was assayed by adding 5 ml of 
0.65% casein as substrate (prepared in 50mM 
potassium phosphate buffer pH 7.5), which was 
incubated at 37ºC. Then 1ml   crude enzyme was added 
and mixed thoroughly and was incubated for 10 minutes 
at 37ºC. After incubation, 5ml of 110 mM trichloroacetic 
acid (TCA) was added and mixed thoroughly to 
terminate the enzyme reaction and incubated for 30 
minutes at 37ºC. Then the solution was centrifuged at 
5000 r.p.m. for 10 minutes. Next the solution was 
filtered, then 2 ml of filtrate solution was taken, after that 
5ml 500mM Na2CO3 solution and 15% Folin ciocalteau 
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reagent was added mixed thoroughly and incubated at 
37ºC for 30 minutes. After incubation the OD was taken 
at 660 nm. Simultaneous controls containing enzyme, 
heat-killed enzyme and substrate were maintained. One 
unit of protease activity was defined as the amount of 
enzyme required to liberate 1 µmol of tyrosine min

-1
 ml

-

1
.The protein content of the culture filtrate was estimated 

by following the method of Bradford.
12 

All enzyme assay 
experiments were carried out in triplicate, and the mean 
values were recorded. The enzyme activity was 
calculated by the following formula. Units/ml= (µmol 
tyrosine equivalent liberated X total volume of assay) / 
volume of enzyme used in assay X length of assay X 
volume used in colorimetric determination.

3 

 
Optimization of protease production 
Optimization of extracellular protease from the isolate 
was done to study the effect of different parameters on 
enzyme production. Six parameters were tested for 
optimizing the protease enzyme production. 
 
Incubation period   
To study the effect of incubation period on protease 
production, the isolate was grown in skim milk broth at 
37ºC temperature at 150 rpm. Enzyme assay was 
carried out at 12 hours intervals ranging from 12-96 
hours. 
 
Temperature   
Effect of temperature on protease production was 
studied by growing the isolate in the skim milk broth for 
protease production at different temperature ranging 
from 30ºC-60ºC at 5ºC intervals. pH The effect of pH 
protease production in relation to initial medium pH was 
studied by inoculating the bacteria in skim milk broth, by 
adjusting the pH ranging from 5.0 to 10. 
 
Carbon source  
To investigate the influence of different carbon sources 

on protease production by the selected strain, the 
production medium was substituted with other carbon 
sources, including 1% (w/v) glucose, fructose, mannitol, 
sucrose. 
 
Nitrogen sources   
The effect of nitrogen sources on protease production of 
the organisms were determined by using different 
organic and inorganic nitrogen sources (0.5%). Nitrogen 
compounds are very important for growth and enzyme 
production. The nitrogen source of the skim milk broth is 
substituted with –beef extract, yeast extract, peptone, 
urea. 
 
Metal ions   
To study the effect of metal ions on protease production, 
media was substituted with different metal ions-calcium 
chloride, magnesium chloride, manganese chloride, zinc 
chloride at a concentration of 5 mM. 
 
Antagonistic activity 
Antagonistic activity of the isolate was evaluated against 
fungal pathogens, Macrophomina phaseolina, Fusarium 
oxysporum, Fusarium semitectum, Alternaria alternata. 
For this the bacterial isolates were streaked at a 
distance of 3.5 cm from rim of individual Petri plate 
containing PDA medium. 6mm mycelial disc from a 
7days old PDA culture o fungal pathogens were then 
placed on the other side of the Petri dish and the plates 
were incubated ay 28

0
 C for 7 days. Simultaneously, 

one control plate only with fungal disc was also 
maintained. Antagonistic activity was estimated from the 
inhibition of mycelial growth of fungus in the direction of 
actively growing bacteria. The level of inhibition was 
calculated by subtracting the distance (mm) of fungal 
growth in the direction of an antagonist from the fungal 
radius. The percent inhibition was calculated using the 
formula

13
:

 

 
 
All the experiments were carried out in triplicate, and the 
standard deviation for each test was calculated using 
SPSS 1.0. The standard deviations (n = 3) are indicated 
as error bars. Data were analyzed using One-way 
analysis of variance (ANOVA) and Duncan multiple 
range test (DMRT).

 

 

RESULTS 

 

Morphological and biochemical characterization 
The isolate, previously isolated from jute rhizosphere 
was characterized morphologically, biochemically. Gram 
staining revealed that the isolate was a Gram positive 
rod shaped bacterium. The shape of the bacterium was 

further confirmed by scanning electron micrographs, 
which reveals that it was a large rod shaped bacterium 
with a length of 2.29 µm (Fig 1).  
 
Identification 
The protease producing strain was identified on the 
basis of 16S rDNA sequencing. BLAST analysis 
identified the isolate Acti-6 as Bacillus amyloliquefaciens 
with 100% similarity with the respective strains in NCBI 
GenBank database. This nucleotide sequence 
submitted to GenBank was provided an accession 
number KT192627.The isolate was characterized 
biochemically. Results of biochemical tests are 
summarized in Table 1. 
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Table 1 
Morphological and biochemical characteristics 

 of Bacillus amyloliquefaciens. 
 

Tests Bacillus amyloliquefaciens (Acti-6) 

Gram nature + 

Endospore + 

Catalase Test + 

Oxidase + 

Gelatin liquefaction + 

Urease - 

Nitrate reduction + 

MR-VP reaction MR - 

VP + 

Casein hydrolysis + 

Starch hydrolysis + 

Indole production - 

 

 
  

 Figure 1 
Light microscopic view and scanning electron micrographs of B. amyloliquefaciens: pure culture  

(A), Acti-6 under light microscope (B), Scanning electron micrographs (C & D). 
 

The isolate was preliminary screened for its protease production on SMA for protease production. The isolate 
produced a clearing zone of 18 mm, which prompted for further optimization of protease production ( Fig 2). 
 

 
 

Figure 2 
Protease production by B. amyloliquefaciens on skim milk agar plate 
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Optimization of protease production 
Protease production by the isolate B. amyloliquefaciens 
was quantified and optimized against different 
parameters, such as temperature, initial pH, carbon 
source, nitrogen source and metal ions. 
 
Effect of incubation period 
To understand the effect of incubation period on 
protease production, culture filtrate was pulled off at 
different time intervals and assayed. The study revealed 
that the isolate B. amyloliquoefaciens showed highest 

protease production after 36 hours of incubation 
(p=0.05). After that, a gradual decrease of protease 
production was recorded (Fig.  3A).  
 
Effect of incubation temperature 
Effect of temperature of protease production was 
evaluated by growing the isolate at different temperature 
at a range between 30°C to 60°C, with a difference of 
5°C. It was found that the isolate showed optimum 
protease production was at 40°C (Fig. 3B). 

 

 
 

   

Figure 3 
Effect of incubation period (A) and incubation temperature 

 (B) on protease production by B. amyloliquefaciens 
Data represent mean ± SD (n=3) 

 
Effect of initial pH of  Medium 
The pH of skim milk broth was adjusted from pH 5.0 to 
pH 10.0, and protease activity was recorded after 36 
hours. It was observed that the production of protease 
was maximum in  the range of pH 8 to 9  (Fig. 4A). 

Though apparently highest protease activity was 
quantified at pH 8.5 but statistical analysis revealed that 
there is no significant difference between the enzyme 
activity at pH 8, 8.5 and 9. 

 

 

   
Figure 4 

Effect of pH (A) and carbon source (B) on protease production by B. amyloliquefaciens.  
Data represent mean ± SD (n=3). Different letters above the bars indicate significant difference in DMRT 

(p=0.05). 
 

Effect of carbon source 
The influence of different carbon sources, including 
glucose fructose sucrose mannitol, on protease 
production was investigated. The results indicated that 
different carbon sources have a different impact on the 
production of extracellular protease by B. 

amyloliquefaciens. All tested carbon sources supported 
the growth of the isolate. However, among the various 
carbon sources, fructose was found to support 
maximum protease production (256.6 U/ml), whereas 
lowest production was observed in presence of sucrose 
(Fig. 4B). 
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Effect of nitrogen source 
The influence of various nitrogen sources on protease 
production was evaluated using the production medium 
containing fructose as the sole carbon source. The 

results indicated that among the nitrogen sources, the 
protease production was recorded highest in yeast 
extract and the protease production is lowest in urea 
(Fig. 5A). 

 

 
     

Figure 5 
Effect of nitrogen source (A) and metal ions 

 (B) on protease production by B. amyloliquefaciens. 
Data represent mean ± SD (n=3). Different letters above the bars indicate significant difference in DMRT 

(p=0.05). 

 
Effect of metal ions 
The effect of various metal ions on protease production 
was evaluated .The results indicated that most of the 
metal ions positively influenced protease production, 
except zinc (Fig. 5B). 
 
Antagonistic activity 
In dual culture method, after 7 days of incubation the 
isolate B. amyloliquefaciens inhibited the pathogens to 
varying degree. Growth reduction of M. phaseolina, F. 

oxysporum, F. semitectum, A. alternata was observed 
when dual cultured on PDA medium. The percentage of 
inhibition (PI) was calculated by the equation R= (R-r) x 
100 /R. The results revealed that B. amyloliquefaciens 
inhibited the growth of all test pathogens used in study. 
The percentage of inhibition varies between 61.5-86.8% 
(Table 2; Fig. 6, A-F). The highest percent of inhibition 
was observed against F. semitectum, followed by A. 
alternata, F. Oxysporum and M. phaseolina. 

 
 

Table 2 
In vitro antagonistic tests of B. amyloliquefaciens against Phytopathogens 

 
Phytopathogens Solid medium 

Radial growth in control plate 
R 

Radial growth in treated plate 
r 

Percent inhibition 
(PI) 

M. phaseolina 9.1±0.12 3.5±0.01 61.5% 

F. oxysporum 8.6±0.5 1.5±0.04 82.6% 

F. semitectum 8.2±0.21 1.2±0.08 85.4% 

A. alternat
a 

6.1±0.09 0.9±0.01 85.2% 

Data represented as mean ±SD, n=3 
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Figure 6 

A-F: In vitro antagonistic activity of B. amyloliquefaciens against test pathogens B. amyloliquefaciens 
paired with Macrophomina phaseolina (B),  

Fusarium semitectum (D) and F. oxysporum (F) with A, C & E being respective control 

DISCUSSION 

 

The isolate (Acti-6) obtained from jute rhizosphere 
showed several PGPR activities in vitro and was used in 
this study to evaluate its capacity for protease 
production. The ability of this bacterium to produce 
protease was confirmed through the production of halo 
zone. Biochemical characterization and molecular 
studies confirmed the identity of Acti-6 as Bacillus 
amyloliquefaciens. Protease production by the members 
of Bacillus group was reported by several authors. 
Moreover, members of Bacillus group are the most 
common soil bacteria with plant growth promoting 
activities. In their study Mandal et al

14
 isolated six 

isolates belonging to the genus Bacillus showed 
protease activity on skim milk agar plates. Protease 
production by Bacillus amyloliquefaciens was reported 
by Nassar et al. 

15 
When optimization study was carried 

out, the isolate B. amyloliquefaciens showed optimum 
protease production after 36 hours of incubation, after 
that production of protease showed continuous 
decrease. Similar type of decrease of protease 
production after 36 hours was observed by Pant et al.

3
 

The isolate showed optimum protease production at 
40°C, after that with increase in incubation temperature 
protease production decreased also which indicates 
thermolabile nature of the enzyme. B. amyloliquefaciens 
showed capacity to grow in a wide range of pH form 5 to 
10. The optimum pH of medium for protease production 
was found to be in the range between 8 t0 9, which 

indicates its alkaline nature. Haddar et al 
16

 showed 
optimum protease production by Bacillus mojavensis 
around pH 9. Other experiments conducted by previous 
workers showed that an incubation temperature of 37

◦
C 

and pH 9.0 was the optimum requirement for protease 
production. 

17, 18 
The most suitable substrate for 

production of protease from B. amyloliquefaciens strain 
was Fructose as carbon source and yeast extract as 
nitrogen source. Sangeetha et al

19 
reported similar type 

of observations in Bacillus pumilus SG 2. The optimum 
protease production was observed in presence of 
fructose as carbon and yeast extract and casein as 
nitrogen sources. Bacillus cereus strain 146 was 
reported to use fructose for maximum amount of alkaline 
protease production.

20 
Fructose is easily available and 

cost effective. In presence of metal ions used in this 
study, production of protease was influenced 
differentially. In presence of calcium and manganese 
chloride the production of protease increased. 
Stimulatory effects of Mn

2+
 ions on microbial proteases 

also have been reported by other authors.
21-22

 Decrease 
in protease activity was observed in case of Zn

+2
.When 

antagonistic potentiality of the isolate was evaluated by 
dual culture assay, it showed quite a promising activity 
against all the phytopathogens used in this study. Many 
antagonistic bacteria secrete mycolytic enzymes among 
which proteases, in particular, play an important role in 
the cell lysis process. Proteases bind to the outer 
mannoprotein layer of fungal cell wall and expose inner 
glucan and chitin layer.

23-24 
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CONCLUSION  

 

From the above study it can be concluded that, the 
isolated Bacillus amyloliquefaciens showed capacity of 
protease production at pH 8.5 and after 36 hours of 
incubation. The isolate also showed antagonistic activity 
against a number of pathogens. Further study is needed 
to establish the exact role of protease in control of 

phytopathogens by B. amyloliquefaciens. Thus the 
isolate shows quite promising activity to be exploited as 
biocontrol agent. 
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