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 DISCUSSION 
 

Soil is a dynamic, living matrix that is an essential part of the terrestrial 

ecosystem and it is considered a storehouse of microbial activity. Soil 

microorganisms play an important role in soil processes that determine plant 

productivity. Diverse microorganisms are essential to a sustainable biosphere. 

Role of rhizosphere microbial populations for maintenance of root health, 

nutrient uptake and tolerance of environmental stress is now recognized. For 

much of the last century, microbiologists have been aware that we know the 

nature and identity of only a tiny fraction of the inhabitants of the microscopic 

landscape. While most people are very familiar with the diversity of life in the 

plant and animal kingdoms, few actually realize the vast amounts of variability 

present in the microbial populations.The current inventory of the world‘s 

biodiversity is very incomplete and that of viruses, microorganisms and 

invertebrates is especially deficient. Scientists have identified about 1.7 million 

living species on our planet. Studies indicate that the 5,000 identified species of 

prokaryotes represent only 1 to 10% of all microbial species and therefore we 

have only a small idea of our true microbial diversity (Stanley, 2002). 

Soil microflora plays the most important role in the soil region of the 

higher plants. Microorganisms in soil are critical to the maintenance of soil 

function in both natural and managed agricultural soils because of their 

involvement in such key processes as soil structure formation; decomposition of 

organic matter; toxin removal; and the cycling of carbon, nitrogen, phosphorus, 

and sulphur. In addition, microorganisms play key roles in suppressing soil borne 

plant diseases, in promoting plant growth, and changes in vegetation. 

 In this connection Agriculturally Important Microorganisms (AIMs) are 

used in a variety of agro-ecosystems both under natural comditions and artifical 

inoculation for diverse application such as nutrient supply, biocontrol, 

bioremediation and rehabilitation of degraded lands (Vessey 2003). Soil bacteria 

and fungi play pivotal roles in various biochemical cycles (BGC) and are 

responsible for the cycling of organic compounds. Soil microorganisms also 

influence above-ground ecosystems by contributing to plant nutrition, plant 

health, soil structure and soil fertility. 
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The use of biological fertilizers in recent times, is receiving attention 

mainly on account of increased global preference for natural ―organic‖ products. 

Isolation of microorganisms, screening for desirable characters, selection of 

efficient strains, production of inoculum and preparation of carrier-based 

formulation are important steps in the use of this microbe based environment 

friendly and sustainable technology (Harish 2009).A microbial inoculant 

containing many kinds of naturally occurring beneficial microbes called 

‗Effective Microorganisms‘ has been used widely in nature and organic farming 

(Karthick et al, 2011).Biofertilizer and biopesticide containing efficient 

microorganisms, improve plant growth in many ways compared to synthetic 

fertilizers, insecticides and pesticides by way of enhancing crop growth and thus 

help in sustainability of environment and crop productivity (Bhattacharya and 

Jha, 2012). Thus the technique is environment friendly and ensures safe and 

healthy agricultural products. Microbial populations are instrumental to 

fundamental processes that drive stability and productivity of agro-ecosystems 

(Singh et al., 2011).  

 Keeping in view the recent developments made so far in the field of 

studying soil microflora for utilization in crop improvement in eco-friendly 

farming practices, the present study was undertaken to explore the microbial 

diversity (fungi and bacteria) of Darjeeling Hill region and to characterize them 

for agriculturally important traits and finally workout the possibility of utilizing 

them for improving crop health. The initial survey of different geographical 

regions which includes- forest, agricultural lands and riverine soil for microbial 

diversity analysis showed that they varied greatly from place to place and from 

one soil type to another. Forest and agricultural soils were generally acidic where 

the pH ranged from 4.0-5.5, whereas riverine soils showed slight increase in the 

pH which ranged from 5.6 to 6.6 and therefore both the fungal and bacterial 

populations in all the soil types varied accordingly. The average fungal 

population in the forest soil was 5.5 cfu x 10
4
/g and the average bacterial 

population was 4.5 cfu x 10
6
/g, the average fungal population in agricultural soil 

was 6.0 x 10
4
/g and average bacterial population was 5.5 cfu x 10

6
/g whereas the 

average fungal population in the riverine soil was found to be 4.0 cfu x 10
6
/g and 

the average bacterial population was 3.5 cfu x 10
6
/g. Differences in microbial 

populations is most probably due to the variation in biological and chemical 
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properties of soils of various regions. The physical, chemical and biological 

properties of any soil are the indicators of the quality of that soil as well as 

decides the nature of microbial populations it holds (Drinkwater et al., 2002). The 

fungal population on the other hand is thought to dominate over other microbial 

population in certain soil types due to their wide distribution and capability to 

adopt in all type of environments (Zervakis et al., 2002). Himalayan region 

represents a unique combination of plant and soil types that change drastically 

with altitude (Kumar et al., 2011), In our study we noted that there was a 

considerable amount of difference among the microbial populations of the areas 

located in lower altitudes and higher altitudes. Fungi which are aerobic 

microorganisms found more in the upper layers of the soils were also found to be 

dominant in places like Sandakphu, Maney Dara Forest and Rimbhik Forest 

where the altitude is above 2000 m amsl. Diversity in microbial population is 

thought to be due to the quality and quantity of organic matter present in the soil 

as well as by other factors like soil aeration, soil density, soil structure, salinity 

and also the water holding capacity of the soil (Venturella et al., 1997) 

 A total of 357 fungal isolates were obtained from soil samples collected 

from different forests, agricultural and riverrine soils of Darjeeling district of 

North Bengal. The cultural characteristics of these fungal isolates were studied. 

The dominant fungal isolates belonged to the genera Absidia, Acremonium, 

Alternaria, Aspergillus, Byasiochlamus, Colletotrichum, Drechslera, Emericella,  

Fusarium, Curvularia, Gonronella, Macrophomina,  Noesertoria,  Paecilomyces, 

Penicellium,  Pseudoeutatum, Rhizoctonia, Rhizopus, Sclerotianum,  

Sporotrichum, Syncephalastrum, Talaromyces, Thanetophorus and Trichoderma. 

In case of bacteria, a total of 135 bacterial isolates were obtained from various 

regions of Darjeeling hills. Bacterial identification was performed on the basis of 

morphological, physiological and biochemical tests. Result revealed that out of 

135 bacterial isolates, 109 were gram positive whereas 26 were gram negative. A 

total of 52 bacterial isolates showed phosphate solubilizing activity. Bacterial 

isolates were also found to produce HCN and IAA. Most of the isolates showed a 

positive result for catalase activity. The most common and abundant bacterial 

species were Bacillus sp., Micrococcus sp., Coryneform sp. Staphylococcus  sp. 

Serretiasp. Paenibacillus sp., Psedomonus sp., Enterobacter sp. well as 

Bukholderia sp. The bacterial population only represents the culturable 
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population. Soil microbial communities are often difficult to fully characterize, 

mainly because of their immense phenotypic and genotypic diversity, 

heterogeneity, and crypticity. Bacterial populations in soil top layers can go up to 

more than 109 cells per g soil and most of these cells are generally unculturable 

(Torsvik et al., 1996).  The fraction of the cells making up the soil microbial 

biomass that have been cultured and studied in any detail are negligible, often 

less than 5% (Torsvik et al., 1990).  

 The next phase of this study was to characterize both fungal and bacterial 

isolates for their agriculturally important properties.  With more and more 

emphasis on organic farming, efforts are on to isolate and identify beneficial 

microbes, and hence, plant growth promoting microorganisms (PGPMs) are 

finding increasing applications today as biofertilizers and bioprotectors (Vessey 

2003). Several mechanisms have been postulated to explain how the PGPM 

stimulates plant growth which may either be direct and/or indirect (Laslo et al., 

2012). Direct mechanisms include production of plant growth hormones that can 

enhance various stages of plant growth (Zahir et al., 2009), mineral phosphate 

solubilization (El-Tarabily et al., 2008), nitrogen fixation (Bashan and de-

Bashan, 2010) and stimulation of ion uptake (Mantelin et al., 2004). The fact that 

certain soil microbes are capable of dissolving relatively insoluble phosphatic 

compounds has opened the possibility of inducing microbial solubilization of 

phosphates in the soil (Bojinova and others 1997).The ability of rhizospheric 

microorganisms to promote growth by phosphate solubilization is also one of the 

most studied mechanisms involved in plant growth promotion (Misra and others 

2012).  

 In this study in vitro screening of fungal isolates for phosphate 

solubilization was carried out and their phosphate solubilizing ability quantified. 

four isolates of Aspergillus niger (FS/L-04, RS/P-14, FS/L-40, FS/C-140), four 

isolates of  A. melleus (RHS/R 12, FS/L 13, FS/L 17, FS/L 18), three isolates of 

A. clavatus (RHS/P 38, RHS/P-114, RHS/T-99) and four isolates of Talaromuces 

flavus (RHS/P 50, RHS/P 51, RHS/P 54, RHS/P 120 were found to show 

maximum phosphate solubilization in solid medium. These isolates were also 

found to solubilize rock phosphate and tricalcium phosphate more efficiently than 

rest of the others when tested in liquid medium. Along with phosphate 

solubilization, a drop in the pH of the culture medium was also noted. There have 
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been earlier reports that Aspergillii and Penicellium are potential phosphate 

solubilizers and can enhance plant growth (Pradhan and Sukla, 2005; 

Chakraborty et al., 2008, 2010a). Several reports are available on the ability of 

soil fungi to solubilize inorganic phosphates (Whitelaw, 2000; Pingale et. al. 

2013). Among the bacterial isolates a total of 48 were found to solubilize 

phosphate when screened on solid medium. All these isolates were then subjected 

to three main PGPR tests conducted in liquid broth medium. For quantification of 

phosphate solubilization in liquid medium, all the isolates were grown in 

modified PKV broth medium supplemented with Rock phosphate and Tricalcium 

Phosphate. The results revealed that isolate Bacillus altitudinis BRHS/S-73 could 

solubilize maximum amount of rock and tricalcium phosphate followed by B. 

pumilus, BRHS/C-1, Enterobacter cloacae, BRHS/R-71, Paenibacillus polymyxa 

BRHS/R-72, B. methylotrophicus BRHS/P-91, Burkholderia symbiont BRHS/P-

92 and B. aerophilus BRHS/B-104. Bacterial phosphate solubilization was also 

associated with the lowering of the pH of the liquid medium. The results obtained 

in our present study is in accordance to the work conducted by Nenwani et al. 

(2010) where they have reported that soil fungi not only solubilized phosphate 

but also lowered the pH of the growth medium. In a previous study conducted on 

phosphate solubilization it was observed by Lugtenberg et al. (2002) that the 

principal mechanism for mineral phosphate solubilization is the production of 

organic acids, and acid phosphatases play a major role in the mineralization of 

organic phosphorus in soil. It is generally accepted that the major mechanism of 

mineral phosphate solubilization is the action of organic acids synthesized by soil 

microorganisms. Production of organic acids results in acidification of the 

microbial cell and its surroundings.  

 Many bacterial, fungal, yeast, and actinomycetes species capable of 

solubilizing sparingly soluble phosphorus in pure culture have been isolated and 

studied (Abd-Alla, 1994; Whitelaw, 2000). Among the bacterial genera 

Pseudomonas, Azospirillum, Bacillus, Rhizobium, Burkholderia, Arthrobacter, 

Alcaligenes, Serratia, Enterobacter, Acinetobacter, Flavobacterium and Erwinia 

are reported to be most efficient phosphate solubilizers. In this present study, 

Talaromyces flavus has been reported as a potential phosphate solubilizer for the 

first time (Chakraborty et al., 2012). This fungal isolate obtained from Paddy 

rhizosphere was also found to solubilize maximum amount of rock and tricalcium 
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phosphate than Aspergillus isolates. Among the bacterial isolates, though there 

have been many reports of potential PGPR like B. altitudinis, B. 

methylotrophicus, B. aerophilus and Burkholderia symbiont from other parts of 

the world, their occurrence in the Darjeeling hill soil has been reported for the 

first time.  

 The present study highlights the diversity of fungal and bacterial 

phosphate solubilizers present in Sub-Himalayan regions of Darjeeling Hills. 

Though this region is known world wide for its rich floral and faunal 

biodiversity, a very less work has been carried out in terms of microbial diversity 

has been carried out. However, Pandey et al., (2008) in their studies have 

reported that they were able to successfully characterize twenty one fungal 

species belonging to the genus Penicillum, from the Himalayan region, among 

them P. oxalicum showed maximum phosphate solubilization after day 21 of 

incubation. The increase in solubilization coincided with decrease in pH of the 

broth and that many of these species showed wide range of tolerance for 

temperature, pH and salt concentration. Similarly, potential bacterial isolates like 

Tetrathiobacter sp, Bacillus sp., as well as fluorescent pseudomonads isolated 

from Himalayan soils have been reported to solubilize phosphate efficiently in 

vitro (Gulati et al., 2012; Singh et al., 2013).  

 Another agriculturally important trait of fungal isolates which was studied 

was the chitinase and cellulase activities. In this study apart from the phosphate 

solubilizers, a large number of Trichoderma isolates were also obtained from 

various sources. A total of 26 isolates of T. harzianum, 10 of T. viride, 13 of T. 

asperellum and 6 of T. erinaceium were obtained from various sources and were 

tested for their ability to produce chitinase in vitro. The net exo and endo 

chtitinase activities of the isolates were determined specrtophotometrically. 

Among the T. harzianum isolates, two isolates designated as RHS/S-559 and 

RHS/S-560 obtained from the rhizosphere of Sechium edule showed maximum 

amount of both endo and exo chitinase activities; whereas among the T. viride 

isolates, isolate RHS/G 251 showed maximum activities. Similarly among the T. 

asperellum isolates, one isolate designated as RHS/S-561 showed maximum 

activities and among the T. erinaceium isolates, isolate RHS/Rd-551 showed 

maximum endo and exo chitinase activities. The microorganisms produce 

chitinases in higher amounts than animals and plants, generally as inducible 
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extracelullar that are of the two types, endochitinases and exochitinases. The 

microorganisms able to degrade chitin are widely distributed in nature. Due to its 

insolubility, size, molecular complexity and heterogeneous composition, chitin is 

not degraded inside the cell, but the microorganisms secrete enzymes with 

different specificity, to transform or hydrolyse chitin (Funkhouser and Aronson 

2007). Filamentous fungi have many different chitinases belonging to Glycoside 

hydrolases (GH) family 18 (Seidl 2008). The structural scaffold of the fungal cell 

is composed of chitin and β-(1,3) glucan (Latgé 2007). Fungal chitinases are 

therefore not only involved in exogenous chitin decomposition but also in fungal 

cell wall degradation and remodeling. The variability of fungal GH family 18 

proteins makes them ideal candidates for the development of enzymes acting on 

chitinous carbohydrates used in biotechnology. Besides chitinases, GH family 18 

in fungi also contains non-chitinolytic enzymes such as endo- β-N-

acetylglucosaminidases which can be used for protein deglycosylation (Stals et 

al., 2010). Most fungal chitinases that were characterized so far are involved in 

autolysis in various fungi (Aspergillus nidulans ChiB, A. fumigatus ChiB1, 

Penicillium chrysogenum PcChiB1, T. atroviride Ech42, T. harzianum Chit42 

and T. virens Cht42/Tv-Ech1). However, the contribution of these different 

chitinases to autolysis interestingly is strongly variable among the different fungi 

(Shin et al., 2009; Kamerewerd et al., 2011). T. atroviride Ech42 is involved in 

autolysis as well as in mycoparasitism (Gruber and Seidl-Seiboth 2011). These 

data suggest that the same chitinases can participate in self- and non-self cell wall 

degradation. It was suggested that the accessibility of chitin within the fungal cell 

wall could be a major determinant in these processes (Hartl et al., 2012). Among 

the fungi it is reported to be present in Trichoderma, Penicillium, Lecanicillium, 

Neurospora, Mucor, Beauveria, Lycoperdon, Aspergillus, Myrothecium, 

Conidiobolus, Metharhizium, Stachybotrys and Agaricus. (De la Cruz, 1992; St. 

Leger, 1998; Matsumoto et al., 2004). Further, mycoparasitic activity of many of 

the reported biocontrol agents is related with the production of cell wall 

degrading enzymes (CWDE), such as β-1,3-glucanases, proteases and chitinases 

(Narayanan et al., 2013). However, majority of known mycoparasite chitinase 

enzymes are from Trichoderma harzianum, Trichoderma atroviride, and 

Trichoderma virens and are commercially used as a source of these proteins. 

Additional interest in these enzymes is stimulated by the fact that chitinolytic 
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strains of Trichoderma are among the most effective agents of biological control 

of plant diseases (Harman et al., 1993; Vinale et al., 2009; Karlsson et al., 2010). 

 The antifungal activity of some compounds produced by fungi is due to 

their ability to affect function or the structure of the fungal cell of the pathogens. 

Such compounds include enzymes, antibiotics and proteins. Cell wall- 

degradating enzymes such as chitinases, -1,3-glucanases, proteases and cellulases 

are involved in the antagonistic activity of biocontrol agents against 

phytopathogenic fungi (De Marco et al., 2000). Therefore in this study, apart 

from chitinase activities of Trichoderma isolates, net-exo-cellulase activities of 

the fungal isolates were tested. Among the tested fungal isolates,  isolates of A. 

niger (FS/L-04, FS/L-40, FS/C-140, RS/P/14, FS/Td-173 and RHS/T-198), A. 

melleus (FS/L-13, FS/L-17, FS/L-18, RHS/R-12 and RS/P-05), A. fumigates 

(FS/R-263), A. clavatus (RHS/P-38, RHS/T-99, and RHS/P-114), P. digitatum 

(RHS/T-455 and RHS/C-338), P. italicum (RHS/M-403 and RHS/P-414), P. 

crysogenum (RHS/T-269), T. flavus (RHS/P-54, RHS/P-51, RHS/P-50 and 

RHS/P-120), T. harzianum (RHS/S-559 and RHS/S-560), T. viride (RHS/B-245 

and RHS/G-251), T. asperellum (RHS/S-561, RHS/Cd-601 and FS/L-188) and T. 

erinacium (RHS/T-626 and FS/Td-166) showed comparatively higher exo and 

endo cellulose activities.  Reports on chitinases, glucanases, cellulase, ribosome-

inactivating proteins, permatins and protease and the relative importance of any 

of these systems in the antagonistic process as antifungal agents are well 

documented (Duo-Chuan et al., 2005; Veenekar et al., 2001). High levels of 

cellulase produced by Trichoderm harzianum  and Talaromyces flavus have been 

reported by Haggag et al., (2006), where they have found that protease produced 

by Trichoderma harzianum and Talaromyces flavus grown in the presence of 

casein was highly effective in controlling brown spot disease caused by Botrytis 

fabae on faba bean. They have also reported that T. flavus exhibited high levels 

of extracellular protease activity compared with T. harzianum. Results obtained 

in this study also show a higher exo cellulase activity T. flavus than other tested 

isolates. The fungus species of Talaromyces flavus has been described as a 

biological control agent against several fungal pathogens including Sclerotium 

rolfsii, and Verticillium dahliae (Madi et al., 1997) and the agents of anthracnose 

and powdery mildew (Nozawa et al., 2004), and the action of fungal hydrolytic 

enzymes has been considered as the main mechanism involved in the antagonistic 
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process (Madi et al., 1997, Duo-Chuan, et al., 2005). Talaromyces flavus, a 

microorganism remarkable for its secondary metabolites with unique biological 

activities, enzymes applicable in the synthesis of saccharides, preparation of 

chiral building blocks or biotransformations, and for its application in pest 

biocontrol will certainly be a subject of interest for biotechnology and fungal 

based technology (Proska., 2010).  

 B. pumilus, B. altitudinis, B. methylotrophicus, B. aerophilus, 

Enterobacter cloacae, Paenibacillus polymyxa and Burkholderia symbiont were 

found to produce considerable amount of ACC deaminase in vitro. PGPMs have 

also been shown to directly stimulate plant growth through the activity of 1-

aminocyclopropane-1-carboxylic acid (ACC) deaminase that limits the plant 

ethylene levels and enhances growth. The enzyme is known to hydrolyze an 

important intermediate biosynthetic precursor of ethylene, 1-aminocyclopropane-

1-carboxylic acid (ACC) to ammonia and α-ketobutyrate (Laslo and others 2012). 

Lowering of ethylene levels by ACC deaminase activity thus reduces the 

inhibitory effect of ethylene on root elongation and promotes plant growth (Glick 

and others 1998).  ACC deaminase has been widely reported in numerous 

microbial species of gram negative bacteria (Babalola et al., 2003) gram positive 

bacteria (Ghosh et al., 2003) rhizobia (Uchiumi et al., 2004), endophytes (Pandey 

et al., 2005) and fungi (Jia et al., 1999). There are several reports, which support 

the hypothesis that ACC deaminase rhizobacteria have antagonistic effects 

against microbial pathogens. Rasche et al., (2006) reported that ACC deaminase 

bacteria were also capable of antagonizing at least one of the two potato 

pathogens Ralstonia solanacearum and Rhizoctonia solani. It is also very likely 

that ACC deaminase bacteria, apart from directly antagonizing pathogens, 

support the plant‘s resistance against pathogen attack. 

 On the other hand in the present study, isolates like B. pumilus, B. 

altitudinis, B. methylotrophicus, B. aerophilus, Enterobacter cloacae, 

Paenibacillus polymyxa and Burkholderia symbiont were also found to produce 

higher amount of IAA when grown in Tryptophan amended nutrient broth 

medium. Among the direct mechanisms, production of phytohormones most 

importantly auxins (IAA), by soil microorganisms is considered as one of the best 

traits for plant growth promoting (PGP) activities which directly effects root 

elongation and growth (Spaepen and Vanderleyden, 2011) and microorganisms 
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closely associated with the rhizosphere or rhizoplane of the crop plants have been 

found to produce higher amount of IAA than those not associated with the host 

plants (Spaepen et al., 2007). IAA is responsible for the division, expansion and 

differentiation of plant cells and tissues and stimulates root elongation. The 

ability to synthesize IAA has been detected in many rhizobacteria as well as in 

pathogenic, symbiotic and free living bacterial species (Tsavkelova et al. 2006). 

At present, auxin synthesizing rhizobacteria are the most well-studied 

phytohormone producers (Spaepen and Vanderleyden, 2011). 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 (Ahmad et al., 2008), Bacillus (Swain  et al., 2007; 

Chakraborty et al. 2010c, 2013), Burkholderia (Halda-Alija, 2003), Enterobacter 

(Shoebitz et al., 2009), Pseudomonas (Hariprasad and Niranjana 2009), 

Rhizobium (Ghosh et al. 2008) and Cyanobacteria (Prasanna et al., 2010; 

Boopathi et al., 2013).  

 Out of a total of 135 bacterial isolates, obtained from various sources of 

Darjeeling hills, 48 isolates showed phosphate solubilizing abilities. Similarly all 

the phosphate solubilizing isolates were screened for Siderophore and HCN 

production. The results of this preliminary screening presented showed that out of 

these 48isolates, 27 isolates showed positive teats for siderophore production and 

nine isolates produced HCN. Finally eight bacterial isolates (BRHS/C-1; 

BRHS/P-22; BRHS/R-71; BRHS/R-72; BRHS/S-7; BRHS/P-91; BRHS/P-92 and 

BRHS/B-104) which showed positive results for the all the PGP characters like 

phosphate solubilization, siderophore and HCN production were selected for 

further evaluation.  Some rhizobacteria are capable of producing HCN 

(Rezzonico et al., 2007). HCN is a volatile, secondary metabolite that suppresses 

the development of microorganisms and that also affects negatively the growth 

and development of plants.  HCN is a powerful inhibitor of many metal enzymes, 

especially copper containing cytochrome C oxidases. HCN is formed from 

glycine through the action of HCN synthetase enzyme, which is associated with 

the plasma membrane of certain rhizobacteria (Blumer and 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; Kumar et al., 2012; Kadyan et 
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al. (2013). Various studies attribute a disease protective effect to HCN, e.g. in the 

suppression of ―root-knot‖ and black rot in tomato and tobacco root caused by the 

nematodes Meloidogyne javanica and Thielaviopsis basicota, respectively 

(Siddiqui et al., 2006). 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; Martínez-Viveros, 2010).  

 Siderophores are low molecular weight compounds that are produced and 

utilized by bacteria and fungi as iron (Fe) chelating agents. These compounds are 

produced by various types of bacteria in response to iron deficiency which 

normally occurs in neutral to alkaline pH soils, due to low iron solubility at 

elevated pH (Sharma and Johri 2003). Iron is essential for cellular growth and 

metabolism, such that Fe acquisition through siderophore production plays an 

essential role in determining the competitive fitness of bacteria to colonize plant 

roots and to compete for iron with other microorganisms in the rhizosphere 

(Crowley 2006). Siderophore producing PGPR can prevent the proliferation of 

pathogenic microorganisms by sequestering Fe
3+

 in the area around the root 

(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. Many plants can use various bacterial 

siderophores as iron sources, although the total concentrations are probably too 

low to contribute substantially to plant iron uptake. Plants also utilize their own 

mechanisms to acquire iron; dicots via a root membrane reductase protein that 

converts insoluble Fe
3+

 into the more soluble Fe
2+

 ion, or in the case of monocots 

by production of phytosiderophores (Crowley 2006). Various studies have 

isolated siderophore producing bacteria belonging to the Pseudomonas (Boopathi 

and Rao 1999), Serratia (Kuffner et al. 2008; Chakraborty et al. 2010c), 

Streptomyces (Kuffner et al. 2008)  Bacillus sp. (Chakraborty et al. 2006) and 

Ochrobactrum anthropi (Chakraborty et al. 2009)   which could promote growth 

of crop plants and suppress disease. Thus it is clear that all these direct 

mechanisms exhibited by different fungal and bacterial isolates in this study are 
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agriculturally important traits on the basis of which these microorganisms were 

selected for all other experiments.   

 A total of twenty six T. harzianum isolates, ten T. viride isolates, thirteen 

T. asperellum isolates and five T. erinacium isolates were obtained from different 

sources of Darjeeling hills. All these isolates were initially tested for their 

antagonistic effects against the fungal plant pathogens (S. rolfsii and T. 

cucumeris) in vitro .A potential phosphate solubilizer, Talaromyces flavus 

obtained from the rhizosphere of paddy was also taken up for in vitro antifungal 

analysis. Isolates of T. harzianum (RHS/S-559 and RHS/S-560), T. asperellum 

(RHS/S-561), T. erinaceium (RHS/T-439) and T. viride (FS/L-186) showed 

maximum inhibitory activities. Interactions of the antagonists and fungal 

pathogens were also studied with the help of scanning electron microscopy. The 

SEM micrographs revealed that the Trichoderma mycelium profusely parasitizes 

the pathogen mycelium and inhibits is growth. At later stage of growth, the 

pathogen is completely overgrown by the antagonists. On the other hand, T. 

flavus could inhibit mycelial growth and development of S. rolfsii in dual culture. 

Sclerotial germination of S. rolfsii with cell free culture filtrates of T. flavus 

showed 90-95 % inhibition in comparison to control. Similarly among the 

bacterial isolates, Bacillus pumilus, Enterobacter cloacae, Paenibacillus 

polymyxa, B. altitudinis, B. methylotrophicus, Burkholderia symbiont and B. 

aerophilus that showed positive result for all the tested PGP characteristics were 

tested for their antifungal activities against the fungal pathogens Sclerotium 

rolfsii, Thanatophorous cucumeris, Rhizoctonia solani and Macrophomina 

phaseolina. All these bacterial isolates were found to inhibit the test pathogens 

where the average inhibition percentage renged from 60- 80%.  

 Species of the fungal genus Trichoderma are typically soil dwellers, 

existing as anamorphs belonging to the sub-division Deuteromycotina (fungi 

imperfecti) (Hawksworth, et al., 1983) and are fast growing fungi which are 

commonly found in a variety of soil types, such as, agricultural, prairie, forest, 

salt marsh and desert soils in all climatic zones (Domsch et al., 1980). 

Trichoderma species constituted up to 3% of the total fungal propagules in a wide 

range of forest soils (Brewer et al. 1971) and has been extensively studied as 

biological control agents against soil borne plant pathogenic fungi (Chet and 

Inbar, 1994). The genus Trichoderma has six important species; Trichoderma 
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harzianum, T. koningii, T. longibrachiatum, T. pseudokoningii, T. viren and T. 

viride. (Gajera et al., 2013). Apart from these, two other species, T. asperellum 

and T. citrinoviride have been proposed (Kuhls et al., 1999). 

 One of the most studied interaction between Trichoderma spp. and fungal 

pathogens is Mycoparasitism, it is a process of direct attack of one fungus on 

another. It is a very complex process that involves sequential events, including 

recognition, attack and subsequent penetration and killing of the host. 

Trichoderma sp. may exert direct bio-control by parasitizing a range of fungi, 

detecting other fungi and growing towards them. The remote sensing is partially 

due to the sequential expression of pathogenesis related proteins, mostly 

chitinases, glucanases and proteases (Harman et al., 2004). Mycoparasitism 

involves morphological changes, such as coiling and formation of appressorium 

like structures, which serve to penetrate the host and contain high concentrations 

of osmotic solutes such as glycerol (McIntyre et al., 2004). Trichoderma attaches 

to the pathogen with cell wall carbohydrates that bind to pathogen lectins. Once 

Trichoderma is attached, it coils around the pathogen and forms the appressoria. 

The following step consists of the production of pathogenesis related enzymes 

and peptaibols (Howell et al., 2003) which facilitate both the entry of 

Trichoderma hyphae into the lumen of the parasitized fungus and the assimilation 

of the cell wall content. These changes were evident in this study where SEM 

studies revealed that the pathogen cell walls were ruptured followed by extensive 

colonization by Trichoderma harzianum.  Inch and Gilbert,( 2011) studied the 

chronological events associated with the interaction between a strain of 

Trichoderma harzianum T472, with known biological control activity against 

perithecial production of Gibberella zeae, with scanning electron microscopy to 

investigate the mechanisms of control. They observed that the cells of the outer 

wall of these perithecia were abnormal in appearance and unevenly distributed 

across the surface grown on straw treated with Trichoderma. Immature perithecia 

were colonized by T. harzianum approximately 15 d after inoculation (dai) with 

the biocontrol agent and pathogen. Few perithecia were colonized at later stages. 

The affected perithecia collapsed 21 dai, compared to the perithecia in the control 

samples that began to collapse 28 dai. Abundant mycelium of T. harzianum was 

seen on the perithecia of treated samples.  
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 Talaromyces flavus (RHS/P-51, NAIMCC-F-01948) was found to inhibit 

a number of root pathogens in vitro. T. flavus is the most common species of its 

genus with a worldwide distribution and is commonly isolated from soil and 

organic substrates in warmer regions (Domsch et al., 1993). Several strains of T. 

flavus have been reported from soil and termite mounds in Trat, Sakon Nakhon, 

Bangkok and Mae Hong Son which were isolated using the heat and alcohol 

treatment methods (Manoch, 2004).  This fungus is sometimes reported as 

Penicillium vermiculatum, belongs to the family Trichocomaceae of the 

Ascomycota and is an anamorph of Penicillium dangeardii. Strains of T. flavus 

can produce novel bioactive compounds, such as actofunicone, deoxy- funicone 

and vermistatin, which reinforce the anti Candida albicans activity of miconazole 

(Arai et al., 2002). T. flavus has been reported as biological control agent against 

several plant pathogenic fungi, such as Verticillium dahliae, causing wilt of 

eggplant in Israel (Madi et al., 1997), Sclerotinia sclerotiorum, causing white 

mold of dry bean in Canada (McLaren et al., 1986) and Sclerotium rolfsii, 

causing stem rot of bean in Israel (Fravel, 1996) and Vigna radiata (Chakraborty 

et al., 2012).The mechanisms for biocontrol included mycoparasitism (McLaren 

et al., 1986; Fahima et al., 1992; Madi et al., 1997), antibiosis (Stosz et al., 1996) 

and competition (Marois et al.,1984,). 

Apart from fungal antagonists, bacterial isolates which showed positive results in 

all the tested PGP traits could also inhibit a large number of fungal pathogens in 

vitro. Some common examples of PGPR genera exhibiting plant growth 

promoting activity are: Pseudomonas, Azospirillum, Azotobacter, Bacillus, 

Burkholdaria, Enterobacter, Rhizobium, Erwinia, Mycobacterium, 

Mesorhizobium, Flavobacterium, etc. (Singh, 2013;Chakraborty et al., 2013; 

Bhattacharya and Jha, 2012). The potential PGPR isolates  obtained in this study 

are Bacillus spp, Paenibacillus polymyxa, Enterobacter cloacae as well as 

Burkholderia spp. PGPR belonging to the genus Bacillus is recognized as one of 

the most effective biological control agent because of their properties like 

pathogens inhibition (Schisler et al., 2004; Sid et al., 2003; Abbasi et al., 2011; 

Kadyan et al., 2013), production of antibiotics such as bacitracin, polymyxin, and 

gramicidin, (Li et al., 2009), competition to occupy an ecological niche and 

metabolize root exudates on pathogens affecting their growth (Doornbos et al., 

2012). Species of Bacillus and Paenibacillus is well documented and PGPR 
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members of the genus Bacillus can provide a solution to the formulation problem 

encountered during the development of BCAs to be used as commercial products, 

due to their ability to form heat and desiccation-resistant spores (Kloepper et al. 

2004; Pathak and Keharia, 2013). On the other hand, species of Enterobacter are 

generally reported as endosymbionts but are also found to occur freely (Dutta and 

Podile, 2010). Fatty acid methyl ester (FAME) profiling and BOX PCR analysis 

of the rhizosphere soil DNA of few cereal crops have revealed that the 

Enterobacteriaceae are the most diverse growth promoting population of Gram-

negative bacteria associated with rice seeds, among which Pantoea spp. and 

Enterobacter spp. are dominating populations (Cottyn et al., 2001). In 

accordance with their degree of association with the plant root cells, PGPR can 

be classified into extracellular plant growth promoting rhizobacteria (ePGPR) and 

intracellular plant growth promoting rhizobacteria (iPGPR) (Martinez-Viveros et 

al. 2010). The ePGPR may exist in the rhizosphere, on the rhizoplane or in the 

spaces between the cells of root cortex; on the other hand, iPGPRs locates 

generally inside the specialized nodular structures of root cells. The bacterial 

genera such as Agrobacterium, Arthrobacter, Azotobacter, Azospirillum, 

Bacillus, Burkholderia, Caulobacter, Chromobacterium Erwinia, 

Flavobacterium, Micrococcous, Pseudomonas and Serratia belongs to ePGPR 

(Gray and Smith 2005). The iPGPR includes the endophytes and Frankia species 

both of which can symbiotically fix atmospheric N2 with the higher plants 

(Verma et al., 2010).  

It is therefore apparent from all these reports that there is an existence of diverse 

group of beneficial microorganisms in the soil which has also been observed in 

this present study.   

 On the basis of preliminary studies, morphological and functional 

diversity among both fungal and bacterial isolates were observed. This diversity 

was unique for certain species and locations. However in order to study the 

diversity among the beneficial group of fungal and bacterial isolates at molecular 

level the most common DNA based technique- Random Amplified Polymorphic 

DNA (RAPD) was utilized. RAPD is a method developed by Williams et al., 

(1990)
 
involves simultaneous amplification of several anonymous loci in the 

genome using primers of arbitrary sequence has been used for genetic, taxonomic 

and ecological studies of several fungi.   Among the total collection of 
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phosphate solubilizers genetic relatedness among four isolates of Aspergillus 

niger (FS/L-04, RS/P-14, FS/L-40, FS/C-140), four isolates of A. melleus 

(RHS/R 12, FS/L 13, FS/L 17, FS/L 18), three isolates of  A. clavatus (RHS/P 38, 

RHS/P-114, RHS/T-99) and four isolates of Talaromuces flavus (RHS/P 50, 

RHS/P 51, RHS/P 54, RHS/P 120) was carried out using decamer primers. Out of 

the 30 loci scored only 12 (40 %) were polymorphic. However, the primers 

differed in their capacity to detect polymorphism. Highest level of polymorphism 

was recorded in primer OPD-5 (75.00 %) followed by OPB-2 (62.50 %), OPD-6 

(40.00 %) and AA-5 (26%). Though all these isolates were functionally similar, 

the degree of similarity between T. flavus and Aspergillus isolates ranged from 

14.00 % to 22 % (Moderate dissimilar values). PCA of the similarity coefficient 

values further revealed that each group of phosphate solubilizers were grouped in 

separate clades. Among the Biocontrol agents, isolates T. harzianum (RHS/S- 

559, RHS/S 560, RHS/M 501, RHS/M 511) and T. asperellum (RHS/S 561, 

RHS/M 512, RHS/M 517) were found to show maximum inhibitory effect 

against fungal pathogens in vitro. Analysis of genetic relatedness on the basis of 

RAPD analysis revealed that  out of the 17 loci scored only 10 (58.82 %) were 

polymorphic. However, the primers differed in their capacity to detect 

polymorphism. Highest level of polymorphism was recorded in primer AA-05 

(62.50 %) followed by AA-11 (55.55 %) and overall the degree of similarity 

between T. harzianum and T. asperellum isolates ranged from 28.00 % to 71.00 

% (Moderate dissimilar values). Since all the bacterial isolates were identical in 

their function and biochemical analysis, genetic relatedness among all the 135 

bacterial isolates were carried out using decamer primers. The average number of 

polymorphic bands produced by the primer OPD-05 was 7 and the highest degree 

of polymorphism recorded was 63.63 % followed by OPD-02 (57.10 %), AA-11 

(40.00%), OPD-06 (37.50 %), AA-05 (33.33%), OPA-04 (28.57 %). Similarly, 

Similarity co-efficient reveals that most of the bacterial isolates belonging to the 

same genera and species showed highest degree of similarity. Overall all the 

bacterial isolates were separated into four major cluster irrespective of their 

origin and biochemical similarities. PCA analysisof the similarity coefficient 

values revealed that all the bacterial isolates exhibited a wide degree of genetic 

diversity which has been represented with a number of dispersed points 

distributed in the plot area.  
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Random amplification of genomic DNA for analysis of genetic diversity across a 

wide group of organisms is a useful and rapid technique to understand the genetic 

relatedness among the organisms which will be further helpful for more complex 

analysis (Muthumeenakshi, 1994). Latha et al. (2002), and Venkateswarlu (2008) 

who studied genetic variability among the isolates of Trichoderma by RAPD 

using random primers were able to detect considerable amount of genetic 

variation even among isolates of same locations and RAPD primers belonging to 

different operon series further generated more polymorphisms among the 

isolates. However, the present study may be useful in linking a specific amplified 

RAPD fragment to its antagonistic activity, and would help in developing 

Sequence Characterized Amplified Region (SCAR) marker linked to a potential 

isolates.  Chakraborty et al., 2010, 2011a and 2011b have successfully shown that 

RAPD markers can be successfully used to study variation among fungal isolates 

across several groups and regions. Various phenotypic and genotypic 

methodologies are being used to identify and characterize bacteria. Although 

phenotypic methods play a significant role in identification but the molecular 

methods are more reliable and authenticated for identification and to study 

genetic diversity of bacterial isolates. Major molecular techniques include PCR 

(Polymerase chain reaction), RAPD (randomly amplified polymorphic DNA), 

RFLP (restriction fragment length polymorphism), AFLP (amplified fragment 

length polymorphism), SSR (single sequence repeats) and 16S-rRNA gene 

sequencing. RAPD is the most reliable, rapid and practical method (Mehmood et 

al., 2008) and is used in studying genetic variations among many organisms 

(Madhavan et al., 2010). Shweta et al., 2013 have demonstrated that Aspergillus 

isolates which were functionally different were also identical in their genetic 

makeup when analyzed with the help of RAPD markers.  

RAPD analysis was successfully used in developing genotype fingerprints of 

nineteen Trichoderma isolates namely T. harzianum (five strains), T. 

pseudokoningii, (one strain), T. koningii, (one strain) and the other unidentified 

species (Magdy et al.,2012).  

 A second level of study was conducted to analyze a specific gene 

sequence of selected and closely related group of microorganisms to draw 

variations in their genetic makeup. This was achieved with sequence data from 

the ITS 1 region of the ribosomal gene complex. In general, sequence data from 
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the ITS 1 region of the selected isolates were tested which was distinguished by 

Denature Gradient Gel Electrophoresis (DGGE).  In the 1980s, denaturing 

gradient gel electrophoresis (DGGE) was developed by Fischer and Lerman, and 

this technology was used as a method of detecting mutations in the microbial 

DNA (Fischer and Lerman, 1983). Muyzer et al., (1993) used DGGE to study the 

structure of the microbial community and proved its advantages in probing the 

genetic diversity of the natural microbial community and community difference. 

Ten years later, DGGE was widely used in various fields of microbial molecular 

ecology (Sanchez et al., 2007; Yu et al., 2010). DGGE has also been used as a 

powerful technique for the identification of dominant microbial species in various 

environmental samples (Zhao et al., 2006; Mavragani et al., 2011). By the 

analysis of the bands migrating separately on the DGGE gels, polymerase chain 

reaction denaturing gradient gel electrophoresis (PCR-DGGE) has succeeded in 

obtaining phylogenetic information about the microorganisms. Liu et al. (2008) 

suggested that the combination of soil dilution plating, DGGE and DNA 

sequence analysis are effective approaches to facilitate extensive examinations of 

the propagule numbers of Trichoderma, to reliably identify Trichoderma species 

in soils with different management practices. Vendan et al., 2012, while 

conducting their studies on the shifts in the PCR-DGGE profiles of bacterial 

communities associated with the rhizosphere soil of ginseng at varying age levels 

have suggested that DGGE profiles can be used to detect low levels of similarity 

values even among the members of the same genus. In a similar study, Rytkonen 

et al., (2011) have demonstrated that PCR-DGGE method can be used to detect 

multiple species of Phytopthora directly in infected plant tissues by using 

Phytopthora specific primers and have suggested that very closely related species 

can be detected using this technique.  On the other hand Sun et al., (2013) have 

suggested that PCR-DGGE technique is not only helpful in knowing un-cultured 

communities but also helps to track the populations of known organisms with the 

help of reference sequences. They further suggested that microbial communities 

of ecological samples other than soils can also be effectively monitored. All these 

studies support the findings of this study where PCR-DGGE was successfully 

used to distinguish between different groups of functionally similar 

microorganisms. The technique which depends on slight variation of the similar 
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gene sequences was useful enough to determine genetic diversity of even closely 

related fungal and bacterial isolates.  

 The next phase of investigation was the analysis of rDNA sequences of 

selected, pathogen, PSF, BCA and PGPR isolates for identification and 

phylogenetic placements. For in vitro antagonistic studies and for in vivo disease 

suppression studies, one very notorious fungal pathogen, Thanatephorus 

cucumeris was isolated from naturally infected Vigna radiata seedlings. The 

pathogenicity of the obtained fungal pathogen was confirmed through Koch‘s 

postulate and used for further studies; the pathogen was coded as RHS/V-566. 

The identity of this pathogen was confirmed with the help of 18S rDNA 

sequences obtained by ITS-PCR amplification of genomic DNA with the help of 

Universal primers. After direct sequencing of the ITS-PCR amplicons, the 

sequences were queried against the ex-type sequences of NCBI-GEnbank 

database through BLAST algorithm.  The analysis revealed isolate RHS/V-566/ 

NAIMCC-F-02903 to have 99% homology with Thanatephorus cucumeris. The 

sequences were approved as 18S rRNA gene sequence by NCBI after complete 

annotation (base pair after annotation= 1,400). The accession number for isolate 

T. cucumeris provided by NCBI is JN248540. Multiple sequence alignment of the 

sequences showing maximum identity score (96-99 %) along with the sequence 

of R. solani was conducted to determine sequence homology using CLUSTAL-W 

software. Similarly, among all the phosphate solubilizing fungal isolates, isolate 

RHS-P-51/NAIMCC-F-01948, which was initially identified on the basis of 

morphological characters as Talaromyces flavus, was found to be the most 

potential PSF and its identity was also confirmed on the basis of 18S rDNA 

sequences. The obtained sequence (8000 bp) was further used to query against 

NCBI Genbank sequences through BLAST. The analysis revealed isolate RHS/P-

51 to have 100% homology with Talaromyces flavus. The sequences were 

approved as 18S rRNA gene sequence by NCBI after complete annotation (base 

pair after annotation= 1,230). The accession number for isolate T. flavus provided 

by NCBI is GU324073. Multiple sequence alignments and phylogenetic analysis 

of T. flavus was conducted based on the 18S rDNA sequences of some commonly 

occurring phosphate solubilizers (A. niger, A. melleus and A. clavatus) obtained 

from NCBI Genbank database. The phylogenetic tree shows that T. flavus is 

closely related to A. niger group whereas distantly related to A. clavatus group. In 
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case of Trichoderma isolates, isolates, FS/L-20, SF/S-474, FS/S-475, FS/S-478, 

RHS/T-460, RHS/S-559, RHS/S-560 and RHS/S-561 showed highest amount of 

antagonistic activities against the fungal pathogens. The identity of all these BCA 

isolate were also confirmed with help of 18S rDNA sequences amplified with the 

help of Trichoderma specific universal primers. The BLAST analysis of the 

individual gene sequences confirmed the identities of these isolates as, 

Trichoderma erinaceum (FS/L-20 (NAIMCC-01949), FS/S-474 (NAIMCC-F-

01960), FS/S-475 (NAIMCC-F-01953), FS/S-478(NAIMCC-F-01954) 

Trichoderma harzianum (RHS/S-559 (NAIMCC-F-01968), RHS/S-

560(NAIMCC-F-01966) and Trichoderma asperellum (RHS/S-561(NAIMCC-F-

01967). The accession number for all these isolates, provided by NCBI are 

HM107419, GU187915, GU191829, HM117841, HQ334995, HQ334997, 

HQ334995 and HQ334996 for T. erinaceum, T. harzianum and T. asperellum 

isolates respectively. The 18S DNA sequence based phylogenetic analysis of T. 

harzianum, T. asperellum and T.erinaceum isolate was conducted with other ex-

type strains btained from NCBI-Genbank database which showed maximum 

homology (98-100 %) with the respective query sequences. The phylogenetic tree 

showed that there is a geographical variation among the isolates. The isolates 

belonging to the same geographical zone were clustered in the same clade. Over 

all 18S rDNA sequences show that isolates of T. harzianum (Telomorph-

Hypocrea lixii) is closely related to                        T. erinaceum which is 

indicated by their position in the phylogenetic tree, whereas                T. 

asperellum isolates showed comparatively lesser affinity with T. harzianum 

isolates. Though T. viride was used as an out group for this analysis they 

remained dispersed showing more or less affinities with all the three groups of 

Trichoderma spp. Among the PGPR isolates, from the total collection of 135 

bacteria, at least 48 isolates were found to solubilize phosphate however only 

eight bacterial isolates viz BRHS/C-1, BRHS/P-22, BRHS/R-71, BRHS/R-72, 

BRHS/S-73, BRHS/P-91, BRHS/P-92 and BRHS/B-104 were found to be the 

best PGPR with promising PGP traits in vitro. In case of bacterial isolates, 16S 

rDNA specific primers were used. The ITS region of the bacterial isolates were 

amplified with the help of universal primer pair. After direct sequencing of the 

PCR product 16S rRNA gene sequence of approximately 800 to 1,400 base pairs 

were obtained. The obtained sequence was further used to query against NCBI 
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Genbank sequences through BLAST. The analysis revealed isolate BRHS/C-1 

had 99 % similarity with Bacillus pumilus, BRHS/P-22 showed 98% with 

Bacillus altitudinis, BRHS/R-71 showed 98 % similarity with Enterobacter 

cloacae, BRHS/R-72 had 99 % similarity with Paenibacillus polymyxa, BRHS/S-

73 had 99% homology with Bacillus altitudinis,BRHS/P-91 had 99 % similarity 

with Bacillus methylotrophicus, BRHS/P-92 had 99 % similarity with 

Burkholderia sp. and BRHS/B-104 had 99 % similarity with Bacillus aerophylus. 

The sequences were approved as 16S rRNA gene sequence by NCBI after 

complete annotation. The NCBI Accession numbers for each isolate is JF836847, 

HQ849482, KC703974, KC703775, JF899300, JQ765577, JQ765578 and 

KC603894 respectively.  

 Methods commonly used in taxonomy can be utilized to differentiate 

between organisms from such communities, but they require cultivation of 

purified isolates from environmental samples (Mahaffee and Kloepper, 1997). 

Therefore, approaches detecting the diversity of directly extracted signature 

molecules of microorganisms, such as fatty acids (Frostegård, etal., 1996) or 

DNA (Zhou et al., 1997), have been developed. DNA-based characterization 

techniques have the advantage that specific genes can be amplified from a 

community mixture or pure culture by PCR and that products of such 

amplifications can be further characterized, e.g., by subcloning and DNA 

sequencing.   Such data can be directly compared to DNA sequence databases 

and thus provide information about similarity to already-known genes (Ueda et 

al., 1995). Molecular methods have recently been introduced into fungal 

taxonomy for distinction between teleomorphs (Samuels et al., 2002). These 

techniques have been proven to be valuable tools in fungal taxonomy and their 

application has led to the reconsideration of several genera (Sherriff et al., 2007). 

Taylor, et al., (1999), demonstrated that molecular techniques indicating 

interrelations among species combined with phenotypic characters, can lead to a 

reliable taxonomy that is reflective of phylogenetic relationships. Internal 

transcribed spacer sequences of ribosomal DNA (rDNA) analysis and universally 

primed polymerase chain reaction have been used to categorize the isolates of 

biocontrol agents (Rameshkumar et al., 2012). Jeewon et al., 2013, in their 

studies related to the identification and phylogenetic characterization of 

endophytic and saprobic fungi from a medicinal plant- Antidesma 
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madagascariense have reportedthe presence of Aspergillus, Guignardia, 

Fusarium, Penicillium, Pestalotiopsis, and Trichoderma for the first time in the 

leaves of Antidesma madagascariense, the identities of the fungal isolates were 

confirmed with the help of 18S rDNA sequences. Phylogenetic analyses revealed 

that fungi recovered belong to 5 different fungal lineages (Hypocreaceae, 

Trichocomaceae, Nectriaceae, Xylariaceae, and Botryosphaeriaceae). DNA data 

from the ITS regions were reliable in classification of all recovered isolates up to 

genus level. They were able to successfully show the reliability of ITS sequence 

data for possible identification and discovering of evolutionary scenarios among 

isolates that do not sporulate under cultural conditions.  

 rDNA sequences were further analyzed to compare nucleotide 

frequencies, DNA molecular weights, and number of open reading frames (ORF) 

of individual sequences. Number of ORFs varied in different groups and 

individual organisms. The nucleotide combinations like-G, A, T, C, GG, GA, GT, 

GC, AG, AA, AT, AC, TG, TA, TT, TC, CG, CA, CT, CC [G,C] and [A,T] of all 

the individual PSF, BCA and PGPR isolates were determined. Chakraborty et al., 

2011a, have demonstrated that the analysis of aligned rDNA sequences is a 

reliable clustering strategy for identification purposes in a variety of taxonomic 

groups and systemic levels. While this approach was previously applied in 

analyzing complete genome data, the present study shows that it is also 

applicable in analyzing much shorter DNA sequences from a single gene, which 

is going to be the fundamental block in the massive rDNA database. This analysis 

could have other applications in DNA barcoding besides cluster analysis. The 

determination of frequencies of DNA strings would enable easy identification of 

taxon-specific strings that can be used as taxon specific probes in DNA chip for 

species identification. 

 Series of in vivo experiments were carried out next with the selected 

phosphate solubilizing fungi, Biocontrol agents and PGPR isolates to determine 

their plant growth promoting activity in the field and potted conditions. On the 

basis of initial screening of fungal isolates for phosphate solubilization, A. niger 

FS/L-04, A. melleus FS/L-17, A. clavatus RHS/P-38 and T. flavus RHS/P-51 

were found to be most efficient phosphate solubilizers. Evaluation of these 

isolates for enhancement of growth of six different crop plants viz. Phaseolus 

vulgaris, Glycine max, Cicer arietinum, Vigna radiata, Pisum sativum and Oryza 
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sativa in green house condition was carried out. These PFS isolates were applied 

separately to the soils after multiplying them in farm yard manure. Seeds were 

then sown in PSF amended soils which resulted in significant increase in growth, 

measured in terms of height, leaf number and dry biomass over similar increase 

in control. Effect of T. flavus amendment was found to be significantly higher in 

all the tested crops in comparison to the other Aspergillus isolates. Enhancement 

of growth by these phosphate solubilizing fungal isolates was directly associated 

with the soil phosphate mobilization. All the PSF isolates could solubilize 

phosphate in vitro as evident by the appearance of halo zone around the colony in 

PVK medium. The potential of these isolates were further tested in the pot 

conditions where they were amended in the soil. The total residual phosphate in 

un-inoculated soil was found to be much higher than the soil amended with PSF 

isolates while root and leaf phosphate contents significantly increased in plants 

grown in PSF amended soil comparison to control. The total soil phosphate 

content was reduced by almost 50% by   T. flavus compared to other PSF isolates. 

Similarly, the total phosphate content of the roots and leaves was also higher in 

all the crops treated with T. flavus. Among the test crops, soil phosphate content 

of Glycine max was reduced to a greater extent, however root and leaf phosphate 

content was found to be maximum in case of Pisum sativum. In all the cases the 

difference between the treated and control was found to be significant at the level 

P=0.5 when tested with students‗t‘ test.  As phosphate solubilization is a prime 

process for plant growth, the importance of phosphate solubilizing 

microorganisms is well recognized (Velazquez and Rodriguez-Barrueco 2007).  

Earlier studies with other isolates have shown them to possess plant growth 

promoting and or biocontrol activities. Though records of phosphate solubilizing 

isolates from the Indian Himalayan soil are very few, the available literatures in 

recent times have suggested that Aspergillus and Penicillium in particular, 

survive and dominate in acidic and low-temperature areas of the Indian 

Himalayan region (Pandey et al., 2008). Rinu and Pandey (2010) in their study 

have isolated pH and cold tolerant species of Aspergillus from the Himalayan soil 

and have studied their growth requirements and tricalcium phosphate 

solubilization at different temperatures and have found that Aspergillii from 

different locations could efficiently solubilize phosphate at different 

temperatures. The results obtained in our present study is in accordance to the 
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work conducted by Nenwani et al., (2010) where they have reported that soil 

fungi not only solubilized phosphate but also enhanced phosphate uptake in 

plants grown in nursery condition.There have been earlier reports that Aspergillii 

are potential phosphate solubilizers and can enhance plant growth (Chakraborty 

et al., 2008). Apart from Aspergillus and Penicillium isolates which are the most 

common phosphate solubilizers in the soil, Talaromyces flavus has also been 

reported as a potential phosphate solubilizer by (Chakraborty et al., 2012) for the 

first time.  Talaromyces flavus (Klocker) Stolk and Samson is one of the most 

important species of antagonistic fungi. This ascomycete is frequently isolated 

from soil, although it may also occur on organic materials undergoing 

decomposition (Domsch et al., 1980). The organic soluble metabolites of this 

fungus include D-glucono-1,4-lacton; 5-hydroxymethylfurfural; 4,6-dihydroxy-5-

methylphthalimide; methyl 4-carboxy-5-hydroxyphethalal dehydrate; hexaketide; 

7- hydroxy-2,5-dimethylchromone; 3-hydroxymethyl-6,8-dimethoxycoumarin; 

altenusin, desmethyldehydroaltenusin, talaroflavone, deoxytalaroflavone, 2-

methylsorbic acid, sorbic acid, bromomethylsorbic acid, and bromosorbic acid 

(Ayer and Racok 1990; Wakelin and others 2004). Some of above-mentioned 

metabolites (2-methylsorbic acid, sorbic acid, bromomethylsorbic acid, and 

bromosorbic acid) play a fundamental role in the biogeochemical cycling of 

phosphorus (P) in natural and agricultural ecosystems (Wakelin et al., 2004). 

Pandya and Saraf (2010) have found that T. flavus after inoculation to the soil in 

the cotton and potato fields of Iran could mobilize nutrients, help mineralization 

and facilitated nutrientsand water. Naraghi et al, (2012) have shown that 

antagonistic fungus Talaromyces flavus enhances growth of cotton and potato 

when a combined method of seed treatment and direct application to the soil was 

followed in their split-plot trial experiments. Measured parameters were root 

length, crown length, plant height, plant fresh weight, and plant dry weight. The 

type of growth promotion may be similar to that produced by the addition of 

Trichoderma spp. which has been found to enhance the growth of various plants 

(Contreras- Cornejo et al., 2009; Hajieghrari et al., 2010; Masunaka et al., 2011). 

There is overwhelming evidence in the literature indicating that plant growth-

promoting fungi (PGPF) can be a true success story in sustainable agriculture 

(Sudha et al., 2011). In fact, through their numerous direct and indirect modes of 
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action, PGPF can allow a significant reduction in the use of pesticides and 

chemical fertilizers.  

 Among the several isolates of PGPR obtained from different regions of 

Darjeeling hills, seven PGPR isolates, Bacillus pumilus BRHS/C-1, Enterobacter 

cloacae BRHS/R-71, Paenibacillus polymyxa BRHS/R-72, B. altitudinis 

BRHS/S-73, B. methylotrophicus BRHS/P-91, Burkholderia symbiont BRHS/P-

92 and B. aerophilus BRHS/B-104 were selected for in vivo evaluation of their 

effects on growth differsnt crop plants. In the first set of field trials, effect of 

PGPR on growth of Vigna radiata, Cicer arietinum, Glycine max and Triticum 

aestivum was evaluated. All the crops were grown at different intervals according 

to their growing season in complete randomized block design. Evaluation of their 

effect on overall growth and development of the test crops were computed in 

terms of shoot length, root length and shoot and root fresh weight. Results 

revealed that seed bacterization followed by application of the bacterial isolates 

as soil drench to the natural environment could enhance growth of all the tested 

crop plants. However, B. altitudinis BRHS/S-73 followed by B. pumilus 

BRHS/C-1 could enhance growth of all the tested crops more efficiently. In the 

second set of trials, B. altitudinis BRHS/S-71 and B. pumilus BRHS/C-1 were 

further tested for their effect in enhancing the growth of four different varieties of 

tea seedling (TV-9, TV-20, TV-25 and TV-26) in nursery conditions where they 

were applied to the rhizosphere of six month old tea plants in nursery conditions 

at a regular interval of 15 days for one month. Growth promotion of different 

varieties by individual bacterium was noted as compared to untreated control in 

terms of increase in height, leaf fresh and dry mass. Results revealed an increase 

in all the parameters by single as well as dual application of bacteria. The overall 

result reveals that the growth of tea seedlings grown under same environmental 

and physical conditions was enhanced to a greater extent when both the bacterial 

isolates were applied jointly. In both the cases the growth promotion was found 

to be correlated with total phosphate content and phosphatase activities of the 

soil.  Different strains of Bacillus have been reported to be potential PGPR. The  

recognition of plant growth-promoting rhizobacteria (PGPR) as potentially useful 

for stimulating plant growth and increasing crop yields has evolved over the past 

several years to where today researchers are able to repeatedly use them 

successfully in field experiments (Saharan and Nehra, 2011).  Enhancement of 
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plant growth by root-colonizing species of Bacillus and Paenibacillus is well 

documented and PGPR members of the genus Bacillus can provide a solution to 

the formulation problem encountered during the development of BCAs to be used 

as commercial products, due to their ability to form heat and desiccation-resistant 

spores (Kloepper et al., 2004). 

 B. altitudinis was first isolated by Shivaji and his co-workers while 

analyzing air samples for microbial populations from high altitude (Shivaji et al., 

2006) PGPR activity of B. altitudinis has been recently reported by other authors 

where the bacterium not only enhanced growth but also suppressed root 

pathogens(Gopalakrishnan et al., 2010; Jin et al., 2012) Reports of bacterial 

inoculants being able to increase plant growth, speed up seed germination, 

improve seedling emergence, responses to external stress factors, protect plants 

from disease and root growth pattern have also been reported in earlier studies by 

Rinu and Pandey (2009). Plant growth promotion in tea, Camellia sinensis by 

Bacillus megaterium, B. pumilus, Ochrobactrum anthropi and Serratia 

marcescens has been reported by Chakraborty et al. (2004, 2006, 2009, 2013).  

Ranjan et al., (2013) in their study conducted to isolate potential PSB from Indian 

soil have reported Pseudomonas aeruginosa, Micrococcus sp., Enterobater sp. 

and Bacillus pumilus to be most efficient phosphate solubilizers. These isolates 

proved to be successful inoculum in promoting growth of different rice cultivars 

grown in water stress conditions. Similarly, Souza et al., (2013) have 

demonstrated that inoculation with isolates AC32  Herbaspirillum sp.), AG15 

(Burkholderia sp.), CA21 (Pseudacidovorax sp.), and UR51 (Azospirillum sp.) 

alone without ant fertilization could achieve similar growth of rice crops achieved 

by full fertilization and these strains were used for formulation new 

bioinoculants.  

 Interestingly, the total phosphate content of the PSF and PSB treated soils 

were significantly reduced while root and leaf phosphate contents of all the test 

crops showed an increase in comparison to control untreated plots. The results are 

in conformity with those of other workers who have reported the ability of 

rhizospheric microorganisms to promote growth and have suggested phosphate 

solubilization to be one of the mechanisms envolved in plant growth promotion 

(Misra et al., 2012). Some PGPR biofertilizers also influence the availability of 

phosphate by secreting phosphatases for mineralization of organic phosphates 
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(Bünemann, 2008). Phosphate is often the limiting nutrient for microbial and 

plant growth in soil, phosphatases remove the phosphate from organic 

compounds and convert it in soluble form available to the plants. Increase in both 

acid and alkaline phosphatase activities in bacterial treated rhizosphere soil in our 

study indicated that microbial phosphatases were involved in solubilization of 

insoluble phosphate in the soil. To this end the results clearly confirms that all the 

fungal and bacterial isolates tested in this study have the ability of efficiently 

mobilize phosphate in the soil. 

 Apart from phosphate solubilizers, a large number of Biocontrol agents 

(BCA) were also obtained from various sources which included Trichoderma 

harzianum, T. asperellum and T. erinaceum. Another phosphate soluibilizing 

fungus T, flavus was also found to inhibit a number of phytopathogens in vitro. In 

the present investigation, T. harzianum, T. asperellum were found to efficiently 

reduce scletorial blight incidence of Vigna radiata caused by Sclerotium rolfsii 

and root rot disease of Cicer arietinum caused by T. cucumeris when applied in 

the soil either singly or in combination with another efficient biocontrol fungus T. 

flavus. Reduction of disease incidence was found to be correlated with the 

enhancement of defense enzyme activities tested after application of biocontrol 

agents and pathogen challenge. The direct effects of Trichoderma spp. on plants 

are remarkable and are found to be efficient inducers of systemic and localized 

resistance in plants Woo et al., 2006. Another mechanism proposed to explain 

biocontrol activity by Trichoderma species is that of induction of resistance in the 

host plant. This concept is supported by the work of Yedidia et al. (1999), who 

demonstrated that inoculating roots of 7-day-old cucumber seedlings in an aseptic 

hydroponic system with T. harzianum (T-203) spores initiated plant defense 

responses in both the roots and leaves of treated plants. Increased enzyme 

activities were observed in both roots and leaves. Later, Harman (2006) showed 

that inoculation of plants with T. harzianum induced an array of pathogenesis-

related proteins, including a number of hydrolytic enzymes. Successful bio-

control agents like Trichoderma use several of them mechanisms for disease 

control. Both indirect and direct mechanisms may act coordinately and their 

importance in the bio-control process depends on the Trichoderma strain, the 

antagonized fungus, the crop plant, and the environmental conditions including 

nutrient availability, pH, temperature and iron concentration. Activation of each 
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mechanism implies the production of specific compounds and metabolites such 

as plant growth factors, pathogenesis related lytic enzymes, siderophores, 

antibiotics, and carbon and nitrogen permeases. These metabolites can be either 

overproduced or combined with appropriate bio-control strains in order to obtain 

new formulations for use in more efficient control of plant diseases (Gajera et al., 

2013). On the other hand Talaromyces flavus is one of the most important species 

of antagonistic fungi. This ascomycete is frequently isolated from soil, although it 

may also occur on organic materials undergoing decomposition (Domsch et al., 

1980). T. flavus is a biological control agent that has been used in biological 

control of important soil-borne pathogens such as Verticillium dahliae, V. albo-

atrum, Rhizoctonia solani, and Sclerotinia sclerotiorum (Marois et al., 1984; 

Naraghi et al., 2010, 2012). In our earlier investigation we have shown that T. 

flavus, apart from efficiently solubilizing phosphate could successfully reduce 

sclerotial blight incidence of Mung bean seedlings. (Chakraborty et al., 2012). 

However, utilization of T. flavus and T. harzianum jointly in reduction of disease 

has been demonstrated for the first time.  

 Similarly, the PGPR under investigation was also effective in suppressing 

sclerotial blight of Glycine max caused by S. rolfsii grown in pot conditions. Its 

efficiency was also found to be correlated with the enhancement of key defence 

enzymes- chitinase (CHT), β-1, 3-glucanase (GLU), Phenyl alanine ammonia 

lyase (PAL) and Peroxidase (POX) which increased significantly specially in the 

presence of the pathogen.  Increase in these key defense enzymes during plant 

growth promotion and disease suppression of tea was reported in the earlier 

studies by Chakraborty et al. (2004 a, b, 2006, 2009, 2013) where PGPR like 

Bacillus megaterium, B. pumilus, Ochrobactrum anthropi and Serratia 

marcescens were successfully utilized to overcome several root diseases of tea. 

Our results are in agreement with the earlier reports where enhancement of 

defense enzymes like has been shown to be key mechanisms in suppressing root 

diseases and induction of resistance by bacterial isolates (Chen et al., 2010; Liang 

et al., 2011; Attia et al., 2011; George et al.2013). Induction of systemic 

resistance by both BCA and PGPR is suggestive of the fact that the plant 

becomes more resistant to a future pathogen attack. This long lasting, broad 

spectrum resistance, called induced systemic resistance (ISR) (Van Peer et al., 

1991), is phenotypically similar to SAR, but molecular events leading to its 
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induction are different. ISR has been shown to operate by activating gene 

encoding defense enzymes -peroxidase, chitinase, phenylalanine ammonia-lyase, 

β-1,3-glucanase and others, involved in synthesis of phytoalexin (M‘Piga et al., 

1997).  

 

 The overall result of the present study has shown that there is there is a 

huge microbial diversity in the soils of sub Himalayan soils of Darjeeling Hills. 

The occurrence of functionally diverse groups of phosphate solubilizers, chitin 

degraders, biocontrol agents, plant growth promoting rhizobacteria in all the 

tested soil types suggests presence abundant Benefecial Microrganisms in the 

region. RAPD and DGGE based genetic relatedness analysis of these beneficial 

microorganisms suggested that they were not only functionally diverse but also 

showed significant variation in their genetic make up. ITS sequences employed in 

identification of important and selected microorganisms proved to be a reliable 

tool and can be utilized in future for identifying closely related organisms. 

Multiple sequence alignment of the conserved sequences was useful for drawing 

strain specific differences which is helpful for designing strain or group specific 

primers. In vivo applications of specific fungi like T. flavus, A. niger, A. melleus 

and A. clavatus to enhance plant growth have shown good potential to develop 

efficient bioinoculants. Potential PGPR like B. pumilus, Enterobacter cloacae, P. 

polymyxa, B. altitudinis, B. methylotrophicus, Burkholderis spp. and B. 

aerophilus were found to be efficient plant growth promoters in field as well as in 

nursery seedlings. Both the PSF and PSB were found to efficiently mobilize sol 

phosphate when applied to soil. The enhanced soil phosphatase activities of 

treated soils further suggested that microbial phosphatases were involved in 

solubilizing insoluble phosphatase in the soil. Apart from this, potential 

biocontrol agents like Trichoderma harzianum, T. asperellum, and Talaromyces 

flavus showed high degree of biocontrol efficacy in controlling root diseases of 

potted legumes. Their effect was found to be enhanced when applied jointly. 

Similarly potential PHPR as listed could also suppress root diseases of a wide 

range of vegetable crops, cereals, legumes as well as plantation crops in pot and 

nursery conditions. Biopriming of the seeds and seedlings prior to sowing and 

after germination proved to be effective in growth enhancement and to induce 

resistance against fungal root pathogens. Reduction of root diseases by both BCA 
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and PGPR was associated with all the elements commonly known to be involved 

in the induced systemic resistance which were found to have been enhanced. 

Regarding the mechanism of action of the beneficial microorganisms, it seems 

probable that these organisms act through a combination of methods. Though it is 

difficult to predict the actual happening in the soil environment, it is assumed that 

on one hand these microorganisms secrete metabolites into the soil which in turn 

elicit responses in the host which was evident by differential expression of 

enzymes both in the roots and leaves of treated plants and on the other hand 

suppress pathogen population by antibiotics, HCN and Siderophore secretion. 

Among the PSF isolates Talaromyces flavus RHS/P-51 has been shown to 

possess dual attributes of phosphate solubilization and biocontrol efficacy for the 

first time in this study. Although PGPRs like B. altitudinis, B. aerophilus, 

Enterobacter cloacae, B. methylotrophicus and Burkholderia spp. hae been 

repored from other parts of India and abroad, in this study they have been 

reported for the first time to be isolated from high altitude regions of Darjeeling 

Hills. Beneficial microorganisms investigated in this study could be used in 

suitable formulations commercially which would enhance the use of biological 

products to replace or supplement chemical use is the need of the hour.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 


