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INTRODUCTION 

 

Forests represent largest and highly productive ecosystems on earth. They are 

spread over 40 million km
2
 and represent 30% of the total global land area (Keenan et 

al., 2015). They are both sinks (80% of carbon stored in land vegetation and 40% of 

carbon in soils) and sources (25% of GHG are released because of deforestation) of 

carbon. In India forest stored carbon is about 106 t ha
-1

 (FAO, 2010). Moreover, forest 

provides timber, food, fuel and bioproducts. They also play important role in ecological 

functions such as, nutrient cycling, water and air purification, providing wild life 

habitat, soil conservation and diverse floral species. Forest vegetation typically grows 

in multiple layers and all contribute to ecosystem processes.  

Dalbergia sissoo Roxb. common name shisham is a leguminous forest tree 

species within the genus Dalbergia, family Fabacae. It is found either as a pure crop or 

mixed forest with Acacia catechu (common name Khair). It is a native of Indian Sub-

continent and grows naturally in Afghanistan, Pakistan, Nepal, Bangladesh and India. 

In India, its forest is spread throughout sub-himalaya upto an altitude of 1000 m abmsl 

as well as in Central and Peninsular India. It has also been introduced in various 

countries throughout the world but is known as invasive species in Australia and 

Florida state of USA. It is a pioneer tree species that is drought resistant, highly light 

demander and frost tolerant. Its timber is highly valued and important for country’s 

economy. This tree species is preferred for roadside plantations and agroforestry 

systems. It is also used for fuel wood, fodder and shade. D. sissoo leaf extract is 

antipyretic, anti-inflammatory and analgesic (Hajare et al., 2000) and recommended 

for eye ailments (Hajare et al., 2001). Its bark has antioxidant properties (Kumari and 

Kakkar, 2008). The wood and bark are also used for anal disorders, dysentery, burning 

sensations, dyspepsia, blood diseases, leucoderma, and skin ailments. It is one of the 

principal nitrogen fixing tree (NFT) species recommended for plantation programmes 

in dry regions for soil and water conservation. Since, the profit from Dalbergia sissoo 

timber is higher than from other agricultural products farmers prefer the shisham 

plantations on their lands.  
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The isolated incidence of disease in natural and plantation forests of shisham 

have been reported since long (Bakshi, 1954). But from the last three- four decades 

sudden and systemic death of this tree species in the plantation as well as in natural 

forests has been observed (Naz, 2002). The shisham decline is the complex 

phenomenon. A few studies have highlighted abiotic environmental factors as one of 

primary cause of shisham decline (Manion, 1981 and Sah et al., 1999). However 

several others have identified pathogenic infections as a major cause of shisham 

mortality (Javaid, 2008). Amongst various diseases affecting Dalbergia sissoo tree, 

quick wilting and dieback are the most damaging (Bajwa et al., 2003). Fungi and 

bacteria both are known to be associated with diseased shisham trees. The fungi 

implicated in shisham disease and decline includes Fusarium solani (Bakshi, 1954), 

Ganoderma lucidum (Sharma et al., 2000), Phytophthora cinnamomi (Gill et al., 

2001), Botryodiplodia theobromae (Khan et al., 2004), Talaromyces pinophilus and 

Talaromyces verruculosus (Dasila et al., 2018). Bacterial strains within genera Bacillus 

and Pseudomonas have also been identified from the diseased shisham trees in 

Bangladesh (Tantau et al., 2005). All the shisham pathogens identified till date are 

soil-borne. Outbreak of soil borne phytopathogen is largely dependent on soil quality. 

Soil quality is governed by structure and composition of soil microbial communities.  

 Soil quality has been assessed through various enzyme activities. Soil enzyme 

activity is derived from soil microorganisms (Ladd, 1978). They are influenced by soil 

physico-chemical characters (Amador et al., 1997), vegetation (Waldrop et al., 2000; 

Sinsabaugh et al., 2002), disturbance (Bolton et al., 1993, Boerner et al., 2000), 

succession (Tscherko et al., 2003), environmental factors (Sparling, 1997) and 

microbial community structure (Waldrop et al., 2000; Kourtev et al., 2002). Further 

they can provide more comprehensive insight into processes linking microbial 

population with nutrient dynamics (Schimel and Weintraub, 2003). Hence, these play 

an essential role in formation of stable organic molecules that contribute to the soil 

ecosystem functioning and affect the tree health and survival. Although soil enzymes 

serve as an indicator for entire microbial community function (Bergstrom et al., 1998) 

they cannot predict the structure and composition of soil microbiota.  

 Rhizosphere microbiome affects any plant including trees the most. Rhizosphere 

is a hotspot of microbial activity. Population and activity of microorganisms in 
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rhizosphere may be 2–20 times higher than in bulk soil. Other microbial activities like 

respiration, growth, mineralisation potential, enzyme activities, RNA/DNA ratio are also 

much higher in rhizosphere (Baldrian et al., 2010). Although forests have mixed 

vegetation, it is the tree species that largely shape the forest microbiome. Tree diversity, 

identity and genotype significantly affects the total microbial activity (Augusto et al., 

2015) as well as the composition of the fungal, bacterial and protist communities 

(Tedersoo et al., 2016) in phyllosphere, litter and bulk soil. Trees allocate 33-50% of 

carbon fixed into soil through specific root exudates. Since root exudation pattern varies 

with tree genotype, it is the tree genotype that shapes its rhizospheric microbial 

community. Tree genotype and soil microbial composition as well as activity affect litter 

deposition and decomposition, nutrient uptake and root exudation pattern of trees. This in 

turn affects soil aggregation and nutrient availability. The tree genotype also determines 

temperature (the canopy effect), aeration (oxygen consumption), porosity (root 

development) and water capacity (root uptake) of soil (Augusto et al., 2002). Hence, all 

soil properties vary with tree species (i.e., the tree species effect) and the type of tree 

stand (i.e., pure vs mixed) (Augusto et al., 2015). These differences mainly affect soil 

biota including microbes (Korboulewsky et al., 2016). Soil microorganisms especially 

rhizobacteria are key drivers of nutrient cycling. They carryout functions necessary for 

soil build up of key nutrients in plant usable forms. They mobilize release of potassium, 

magnesium from rocks, soil minerals, and organic matter (Uroz et al., 2009). Hence, play 

significant role in tree nutrition. Bacteria-bacteria, plant –bacteria, plant- bacteria- 

pathogen interactions govern soil structure formation; decomposition of organic matter; 

toxin removal; and the cycling of various nutrients (Elsas et al., 1997). Tree is largely 

dependent on microbial symbionts for growth-limiting nutrients such as phosphorous and 

nitrogen. Arbuscular mycorrhizae along with nitrogen-fixing bacteria and actinomycetes 

are responsible for delivering upto 75% of all phosphorus and 80% of all nitrogen 

acquired by plants in temperate and boreal forests (van der Heijden et al., 2008). Since 

most of the forest soils are nutrient poor and amendments are not practical so 

mobilization and transfer of nutritive elements is particularly important. Thus are critical 

to the maintenance of soil health and function in both natural and managed agricultural or 

forest soils. In addition, they play key roles in suppressing soilborne plant diseases 

(Doran et al., 1996).  
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Forests are subject to multiple disturbances, such as insect outbreaks, fires or wind 

throws. They are also significantly threatened by a combination of anthropogenic factors 

such as climate change, environmental pollution and inappropriate management practices 

(Gauthier et al., 2015). Climatic change alters the relative abundance and function of soil 

microbial communities because biotic component differ in their physiology, temperature 

sensitivity, growth rates and their function (Thomson et al., 2015). Environmental events 

like soil erosion lead to rapid change in soil bacterial communities (Tilman et al., 2001). 

Soil physico-chemical parameters show seasonal variation. This can consequently modify 

the structure and composition of bacterial communities (Lopez-Mond_ejar et al., 2015). 

Hence, the composition of soil bacterial community fluctuates with seasonal variations 

(Collignon et al., 2011, Augusto et al., 2015). Soil pH was highlighted as another major 

factor influencing the structure of bacterial communities, followed by both the availability 

of organic (C, N, P) and inorganic (nutritive and toxic cations) nutrients (Thomson et al., 

2015). Indeed, bacterial communities inhabiting the most nutritive and weatherable 

minerals (e.g., apatite) exhibited less diversity and were enriched in specific taxa such as 

Betaproteobacteria compared to poorly weatherable minerals (Uroz et al., 2016). In 

conclusion all environmental factors affect forest soil biota and especially the forest 

microbiome (archaea, bacteria, fungi, protists) which further has an impact on functioning 

and homeostasis of forest ecosystems (Uroz et al., 2011). Hence, it is essential to 

understand the composition of bacterial, fungal and even archaeal communities.  

  The soil bacterial communities in forest ecosystems have been characterized 

using cultivation dependent and cultivation-independent approaches. Although analysis 

of bacterial community diversity and structure in soil through cultivation based 

techniques is useful, it gives limited information as there is nutrient bias and only about 

1% of the total bacteria are culturable in the laboratory (Torsvik et al., 2002). Therefore, 

culture- independent techniques have been used to understand bacterial soil diversity 

(Janssen, 2006). Culture-independent techniques are based on analysis of DNA, RNA, 

proteins and lipids. The molecular methods used globally for diversity assessment of 

different cropping systems include, phospholipid fatty acid (PLFA) analysis, terminal-

restriction fragment length polymorphism (T-RFLP), single-strand conformation 

polymorphism (SSCP), and denaturing/temperature gradient gel electrophoresis (DGGE/ 

TGGE). Using NGS, it is possible to resolve highly complex microbiota compositions 
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with greater accuracy, as well as to link microbial community diversity with niche 

function. Next generation sequencing strategies involve high throughput sequencing and, 

can effectively provide deep insights into complex microbial communities in ecological 

niches (Fakruddin and Mannan, 2012). Metagenomic approach based on 16S rRNA 

next-generation sequencing can provide insights of entire microbial community structure, 

composition and its dynamics in relation to soil functions in a given sample in a single 

run without any cultivation steps (Kim et al., 2013). The analysis of enormous 

metagenomic data generated by next generation sequencing platforms requires several 

bioinformatic tools. An accurate taxonomic assignment of each microbe is imminent to 

accurately evaluate the structure, diversity, richness, and function of resident community 

in a target environment (De Filippo et al., 2012).  

Several bioinformatic programmes are available for analysis of metagenome 

sequence data from targeted and shotgun sequencing methods (Navas-Molina et al., 

2013). One such programme is Meta Genome Rapid Annotation using Subsystem 

Technology (MG-RAST). It is a freely available (http:// metagenomics.nmpdr.org), 

fully automated system able to process metagenome sequence data by performing 

sequence alignment, functional annotation, phylogenetic assignment of operational 

taxonomic unit (OTU), and comparative metagenomics (Meyer et al., 2008). Similarly 

Quantitative Insights Into Microbial Ecology (QIIME) is an open-source software 

pipeline (http://qiime.sourceforge.net/) able to perform, sequence alignment, OTUs 

identification, taxon-based identification of diversity within and between samples and 

genetrate phylogenetic trees (Caporaso et al., 2010). Both tools have been successfully 

used to analyze a large number of metagenomic 16S ribosomal RNA datasets to assess 

their ability in the management of targeted and shotgun matagenomic data.  

There is need to cultivate microorganisms from soil habitats to better understand 

their role in soil processes, development of bioinoculants and biopesticides for improving 

soil health leading to enhanced productivity. The cultivation based and culture independent 

methods have their own advantages as well as disadvantages in assessing microbial 

diversity. Hence, culture-dependent and culture-independent methods must be combined to 

study complete soil microbial communities from any habitat or ecosystem. This will enable 

us to elucidate comprehensive structure, composition and function of specific microbial 

communities in relation to overall health and productivity of forests and plantations. 
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Microbes associated with plants are classified into three groups: beneficial, deleterious and 

neutral. Rhizobacteria are generally beneficial. They are free living soil bacteria that 

colonize the rhizosphere and improve the growth and plant yield when applied to seed or 

crops (Kumar et al., 2014). Important rhizobacterial genera are Pseudomonas, 

Enterobacter, Bacillus, Variovorax, Klebsiella, Burkholderia, Azospirillum, Serratia, and 

Azotobacter. In addition arbuscular mycorrhizal fungi are also plant beneficial. The plant 

growth promoting ability of rhizobacteria is linked with release of various metabolites/ 

hormones; (a) ability to synthesize phytohormones such as indole acetic acid (IAA), 

gibberellins and cytokinins (Marques et al., 2010); (b) enhancing asymbiotic nitrogen 

fixation (Khan, 2005); (c) solubilisation and mineralization of insoluble phosphate and 

other nutrients (Jeon et al., 2003; Hayat et al., 2010; Ahemad and Khan, 2012); (d) 

antagonism against plant pathogens through production of antibiotics, enzymes, 

siderophores etc.(e) competition with with pathogenic microbes (Lucy et al., 2004). 

Besides, micro-organisms play crucial role in soil nutrient recycling and are important for 

maintaining soil fertility (Glick, 2012). Additionally, rhizobacteria have been implicated in 

biological control of pests and fungal phytopathogens (Russo et al., 2008).  

Since Dalbergia sissoo is an NFT, phosphorous plays an important role in 

rhizobial nodulation and nitrogen fixation so in shisham growth and life cycle. 

Phosphorous in soil consists of both organic and inorganic form. Soil organic matter 

accounts for 20-80% of phosphorous. But approximately 98% of soils have inadequate 

supply of available phosphorus. The major proportion of natural soil phosphorous is 

easily converted into insoluble complexes such as iron and aluminium hydro-oxides, 

crystalline and amorphorus aluminum silicate, and calcium carbonate and thus becomes 

unavailable for plant nutrition. These precipitated forms cannot be absorbed by 

plants.Several soil microbes are known to convert insoluble organic and inorganic 

phosphates to orthophosphates. The bacterial genera; Arthrobacter, Bacillus, 

Beijerinckia, Burkholderia, Enterobacter, Erwinia, Flavobacterium, Microbacterium 

Pseudomonas, Rhizobium, Rhodococcus and Serratia include phosphate solubilising 

bacteria (PSB) (Bhattacharya and Jha, 2012). The PSBs increase the availability of 

soluble phosphate and can enhance plant growth by increasing the efficiency of 

biological nitrogen fixation or enhancing the availability of other trace elements such as 

iron, zinc, etc. and by production of plant growth-promoting regulators (Ponmurugan 
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and Gopi, 2006). The main mechanism of mineral phosphate-solubilization by 

microbes is associated with the release of low molecular weight organic acids (Kim et 

al., 1997). The organic acids, via their hydroxyl and carboxyl groups, chelate the 

phosphate-bound cations thereby converting it into soluble forms (Vyas and Gulati, 

2009). The PSBs produce gluconic and 2-ketogluconic acids through direct oxidation 

glucose pathway (Krishnaraj and Goldstein, 2001). Conversion of glucose to 

gluconic acid is facilitated by pyrolloquinoline quinone-dependent glucose 

dehydrogenase (PQQ-GDH) and gluconic acid oxidation to 2-ketogluconic takes place 

via the FAD linked gluconate dehydrogenase (GADH) (Buch et al., 2008). Both 

enzymes are in the outer face of the cytoplasmic membrane, so acids are formed in the 

periplasmic space, with the resultant acidification of this region and, ultimately, the 

adjacent medium as well (Babu-Khan et al., 1995). 

PSB inoculation in plants improved solubilisation rate of fixed phosphorus in 

soil leading to increased production (Zaye and Mottal, 2005). Although enormous 

information is available on microbial community structure composition and diversity 

associated with several annual plants (Bashan, 1998). However, very limited 

information is available on rhizospheric bacterial diversity associated with the 

deciduous tree such as shisham. Moreover bacterial strains from trees (forests or 

plantations) have neither been isolated nor characterized for plant growth promoting 

(PGP) traits. Thus exploration of rhizospheric bacterial diversity of Dalbergia sissoo 

from different provenances was undertaken and, the present study “Rhizospheric 

bacterial diversity in different Dalbergia sissoo Roxb. provenances” is proposed 

with following specific objectives. 

i) Analysis of soil samples for physico-chemical properties and soil microbial 

enzyme activities. 

ii) Analysis of bacterial diversity in rhizospheric soil samples from different 

Dalbergia sissoo provenances using culture independent approach. 

iii) Isolation and screening of phosphate solubilizing bacteria from rhizospheric 

soil samples. 

iv) Functional and molecular characterization of potential phosphate solubilizing 

bacteria. 
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REVIEW OF LITERATURE  
 

2.1 Forest ecosystems 

Forests are an important source of energy and renewable raw material and help 

to maintain biological diversity, protect land and water resources, mitigate climate 

changes, provide recreation facilities, improve air quality and alleviate poverty. At the 

same time they are affected by different factors such as grazing, fire, pest and invasive 

species. The total forest cover of the country as per Status of Forest Report 2017 is 

7,08,273 km², which constitutes 21.54 percent of the geographic area of the country. 

Uttarakhand forest covers an area of 38,000 km
2
 which is 71.05% of its geographical 

area. One of the fast growing tree species in forest ecosystem with great economic 

importance is Dalbergia sissoo which is a multipurpose tree, eco-friendly, widely used 

for afforestation and of socio-economic importance (Troup, 1921). Khair-sissoo forests 

cover an area of 242.35 km
2
which contributes 0.98% to total area of Uttarakhand forest 

coverage (Status of forest report, 2017). A survey by the Forest Research Institute 

(FRI), Dehradun have found that the mortality of shisham has caused a loss of more 

than Rs 800 -1,000 crore in the Indian sub-continent. Nearly 8 to 10 lakh trees have 

wilted so far causing a huge loss in India, Bangladesh and Nepal (Business Standard, 

2008). These forests are an important source of high quality timber and other resources 

with great economic importance due to which problem of mortality faced by this tree 

species needs to be solved.  

2.2 Shisham tree system  

Dalbergia sissoo Roxb. belongs to family Fabaceae. It is also known as North 

Indian Rosewood. It is a fairly large deciduous, nitrogen fixing tree species, a native of 

Indian sub-continent and Iran. It is commonly known as sisu, shisham, tahli, tali and 

Irugudujava in India, shewa in Afghanistan and Jag in Iran. This species is generally 

distributed in the sub-Himalayan tract upto 1200 meters of altitude (Revathi et al., 

2013). It can tolerate temperature range of 4–45°C, pH in the range of 5-7.7; withstand 

average annual rainfall up to 2,000 mm and a dry spell of 3–4 months. D. sissoo is a 

pioneer species generally found as a pure patch along the banks of the rivers, stream 

Chapter 2 
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and loose alluvial grounds. However, growth is slow in poorly aerated sites, such as 

those with heavy clay soils. It has tap root system. Seedlings are intolerant of shade.  

Flowering in the D. sissoo starts profusely within 9 months. The small bisexual 

flowers are borne on small branches from the leaf axis. There is less information about 

its breeding and pollination biology. This species is either self or insect pollinated. Leaf 

flushing is followed by flowering. As mature leaves fall, young flower buds appear 

along with new leaves. There is pod formation at maturity. Mature pods remain 

attached to the tree for 7-8 months. The pods are dispersed by wind and water. The 

reproduction is by seeds, nodal segments (Datta and Datta, 1983) or axillary buds 

(Dwara et al., 1984). Of these micropropagation by nodal segments or axillary buds is 

preferred for generating planting material. It regenerates where sunlight and moisture 

are plentiful.  

2.3 Shisham mortality 

Dalbergia sissoo is best known internationally as a premier timber species. It is 

also a most planted trees species in India because of its highly valued timber. It is 

commonly used in rural medicine and preparation of agricultural implements 

(Bhattacharya et al., 2014). Since 1950s, the natural forests and plantations of 

shisham in almost all the countries where it is grown are facing large-scale mortality. 

Tree mortality can be initiated by two processes either endogenic (senescence and 

intraspecific competition) or exogenic (natural, abiotic and biotic). In recent years, the 

problem of shisham mortality has been reported from many parts of the country. 

Slowly this problem reached very dangerous dimensions and the problem spread over 

many states of India and even in other countries of Southeast Asia.  

2.4 CAUSES OF SHISHAM DECLINE 

2.4.1 Biotic and Abiotic Factors 

Amongst various factors, dieback disease is responsible for the mortality of about 

70% of shisham trees (Khan et al., 1999) in both natural forests and plantations. Biotic 

and abiotic factors both are involved in mortality of Dalbergia sissoo trees. Mycologists 

have reported 62 pathogenic species of fungi associated with mortality of shisham. Out of 

these sixty two species only few have been studied on their pathological aspects in detail. 

However, after the recent epidemic of shisham decline diseases, many pathologists 
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conducted studies to investigate for the cause of menace. Soil borne phytopathogens are 

reported as primary cause of dieback in shisham trees. The major pathogenic 

microorganisms are Fusarium, Ganoderma, Phellinus and Meloidogyne. The root system 

in fungi infected trees is completely destroyed. The leaves become yellow and later on 

turn brown. The, twigs start dying from tip progressing downwards. Under severe 

conditions, the branches start drying one after the other causing the death of the entire 

tree (Pathan et al., 2007). Tantau et al. (2005) identified bacterial isolates of genera 

Bacillus and Pseudomonas in die-back affected shisham trees in Bangladesh. Many 

abiotic stress factors are also known to be responsible for the initiation and severity of 

shisham decline diseases. Highest mortality percentage of 75–80% was reported along 

the canal banks due to high moisture contents causing waterlogging of soil (Bajwa et al., 

2003). The high soil moisture level increases the severity of this disease. Additionally, 

abiotic factors such as non-judicious irrigation schedules, imbalances in soil physical 

properties (soil, air, moisture, texture etc.) and nutrient deficiencies can also cause large-

scale mortality. The abiotic factors like EI Nino southern oscillation also favours spread 

of the disease (Collins et al., 2010).  

2.5 Soil Physicochemical Properties 

Foresters take into consideration chemical and physical properties of soils to 

assess the capacity of sites to support productive forests. Many soil chemical properties 

(e.g. via nutrient and carbon supply) directly influence microbiological processes and 

these processes, together with soil physical-chemical attributes determine (1) the capacity 

of soils to hold, supply, and cycle nutrients (including carbon), and (2) the movement and 

availability of water. Soil organic matter (SOM) or organic carbon (SOC) is considered 

an important attribute of soil health because of its relation to soil physical, chemical as 

well as biological properties (Reeves, 1997). It is commonly recognized as one of the key 

chemical parameters of soil quality. Through its role in aggregate stability, it influences 

soil porosity, and thus gas exchange reactions and water relations. Many chemical 

reactions that influence nutrient availability (e.g. chemical form, adsorption, 

precipitation) are affected by soil pH. Hence, soil pH provides little direct information as 

to which soil process is critically affected by it and in turn, critically affects the 

productive capacity of a soil. Another most significant soil property is soil texture which 

monitors water and nutrient retention, oxygen exchange and uptake. Electrical 
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conductivity is a measure of ion concentration and nutrient imbalances (Na dominance in 

sodic soils). In forest soils, it usually help identify, the sites where highly concentrated 

soil solutions are known or suspected to inhibit forest growth and productivity and 

subsequently in reclamation of such soils (Burger et al., 1994).  

2.6 Soil Enzyme Activity: An Indicator of Soil health 

Soil microorganisms are key drivers of nutrient cycling. They are involved in a 

wide range of biological processes including the transformation of insoluble soil 

nutrients (Babalola and Glick, 2012). Soil microbes are intimately associated with 

decomposition of organic matter within ecosystems and hence make nutrient available 

for plant uptake. Some are capable of solubilizing and mineralizing phosphate and fix 

nitrogen. Rhizospheric and bulk soil microbial communities are dynamic. The changes 

in microbial community structure are root exudate mediated (Nelson and Mele, 2007). 

Different forms of carbon inputs such as sugars, amino acids, and organic acids 

constitute rhizodeposits and act as substrates to soil microbial communities. Variation 

in rhizodeposition is considered to be an important driver of microbial community 

development which in turn determines soil enzyme activities. Soil enzyme activities 

can be used as an evaluation index of microbial activity and soil fertility (Monreal and 

Bergstrom, 2000). They are indicators of the presence of a particular type of microbial 

community in the soil. Levels of soil microbial enzymes are significantly related to 

total nitrogen, phosphorus and organic carbon in soils (Aon and Colaneri, 2001). 

Since microbial enzymes; phosphatase and urease play an important role in the cycling 

of phosphorus and nitrogen (Garcia et al., 2002), microbiological processes in soils 

(Caldwell, 2005), their activity can be used as an indicator of the soil health (Dick, 

1997). Among all enzymes, FDA, dehydrogenase, phosphatases and urease are the 

most frequently evaluated soil enzymes (Burns et al., 2013) as they are indicators of 

microbial population (FDA), microbial respiration (dehydrogenase), phosphorus cycle 

(phosphatases) and nitrogen cycle (urease) (Aon and Colaneri, 2001). Biological 

processes are necessary for maintaining the capacity of a soil to recycle different 

minerals nutrients (Schjønning et al., 2004). Recycling of nutrients is crucial for the 

continuation of photosynthesis and nutrient mineralization for plants and microbes. 

Thus, healthy soils have the capacity to keep all the biological processes working in a 

sustainable way. Microbial indicators are sensitive to changes in soil environment 

(Masto et al., 2009), and hence provide an early forecast of any change or disturbance.  
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Table 2.1: Soil enzymes that play significant role in maintaining soil health 

Sr.No. ENZYME ROLE IN SOIL HEALTH REFERENCE 

1. FDA    Hydrolyzed by a number of 

different enzymes, such as 

proteases, lipases, and 

esterases, (among the major 

decomposers, bacteria and 

fungi). Provides an 

estimation on the whole 

microbial activity in an 

environmental sample 

Schnuerer and Rosswall, 

1982 

2. Dehydrogenase Microbial respiration, 

integral part of intact cells 

but does not accumulate 

extracellularly in the soil 

Casida et al., 1964; 

Tabatabai, 1982;  

Trevors, 1984 

3. Phosphatase P cycles  Eivazi and Tabatabai, 

1977; Dick et al. 2000 

4. Urease Nitrogen cycle, released by 

microorganisms and plants, 

extracellular 

Rotini, 1935; Alef and 

Nannpieri, 1998 

 

2.6.1 Fluorescein diacetate hydrolysis 

Fluorescein diacetate is a substrate to three major enzymes (protease, esterase, 

and lipase) and hence its hydrolysis act as broad spectrum indicator of soil health. The 

amount of fluorescein released after the hydrolysis of fluorescein diacetate (FDA) was 

directly proportional to the microbial population (Swisher and Carroll, 1980; 

Schnurer and Rosswall, 1982). Fluorescein diacetate is a colorless compound 

hydrolyzed by, both free (exoenzymes) and membrane-bound enzymes (Stubberfield 

and Shaw, 1990) and releases, fluorescein, a colored product. 
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2.6.2 Dehydrogenase 

It is a broad spectrum enzyme (oxidoreductase), a constituent of live organisms 

and responsible for microbial respiration in soil (Trevors, 1984). Dehydrogenases 

participate in respiration and cause biological oxidation of soil organic matter by 

transferring protons and electrons from substrates to acceptors (Sebiomo et al., 2011). 

Hence, are very important for soil health.  

 

2.6.3 Phosphatases 

Phosphatases are a broad group of enzymes that are able of catalyzing the 

hydrolysis of esters and anhydrides of phosphoric acid. They are of two types; alkaline 

and acid phosphatases. In soil ecosystems, these enzymes play important roles in P 

cycles (Speir and Ross, 1978) act as good indicators of soil fertility (Eivazi and 

Tabatabai, 1977; Dick et al., 2000). In case of P deficiency in the soil, acid 

phosphatase is secreted from plant roots to enhance the solubilization and 

remobilization of phosphate, thus allowing the plant to cope with P-stressed conditions 

(Karthikeyan et al., 2002; Mudge et al., 2002; Versaw and Harrison, 2002). 

Alkaline phosphatases act by removing phosphate groups. The enzyme activities in soil 
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ecosystems regulate nutrient uptake and plant growth hence the studies of their 

dynamics are crucial and imminent. Legumes secrete more phosphatase enzymes than 

cereals (Yadav and Tarafdar, 2001). This may be due to a higher requirement of P by 

legumes in the symbiotic nitrogen fixation process as compared to cereals. Li and co-

workers (2004) reported that chickpea roots also secrete a greater amount of acid 

phosphatase than maize. The activity of acid and alkaline phosphatase could be 

correlated with organic matter of the soil (Aonan and Colaneri, 2001). Soil pH 

influences the rate of production, release, and stability of this enzyme.  

 

2.6.4 Urease 

Enzyme urease is responsible for the hydrolytic conversion of urea into carbon 

dioxide and ammonia. Owing to this property, it has an applied importance in the N-

economy of soil and is closely associated with the transformation, biological turnover 

and bioavailability of nitrogen (Liang et al., 2003). Urease activity is also an important 

factor for survival of ammonium oxidizing bacteria in forest and agricultural soils 

(Swensen and Bakken, 1998).  

 

2.7 Role of microorganisms in forest ecosystem 

Forest microorganisms play an important role as decomposers, symbionts, or 

pathogens, influencing the C turnover and retention and the availability of other 

nutrients (Trivedi et al., 2013). Microbial communities mediate biogeochemical cycles, 

and an understanding of their role in ecosystem processes is essential for the prediction 

of the forest response to future environmental conditions (Graham et al., 2016). The 

ability of fungi to produce a wide range of extracellular enzymes efficiently degrading 

dead plant biomass make them as essential decomposers in forest soils (Eichlerova et 

al., 2015). Moreover, mycorrhizal fungi play a pivotal role in nutrient acquisition and 

significant transport of carbon in forest soil (van der Heijden et al., 2015). Bacteria 
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represent another important, though less explored, integral part of the microbial 

community in forest soils. Forest soils are among the most diverse microbial habitats 

on Earth, with bacteria the most abundant group of microorganisms (Nacke et al., 

2012). The root exudation by trees or mycorrhizal hyphae enhances the carbon 

availability in the rhizosphere consequently affecting the microbial abundance and 

extracellular enzyme activity as compared to the bulk soils (Collignon et al., 

2011).Five major phyla, Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, 

and Firmicutes are reported to be abundant in most soils (Lauber et al., 2009). Bacteria 

are the major natural agents responsible for nitrogen fixation and other ecosystem 

processes such as mineral weathering leading to the release of various inorganic 

nutrients (Uroz et al., 2011). In addition to pH, several other factors such as organic 

matter content, biotic interactions (especially the effect of vegetation), climate 

conditions, and nutrient availability, seems to be most important driver of bacterial 

community composition in soils (Lauber et al., 2009). Spatial variation of these factors 

are mainly responsible for the presence of hot spots with increased abundance and 

activity around plant roots (Kuzyakov et al., 2015). Type of root exudates and 

composition of microbial communities vary with plant species (Nguyen, 2003), while 

coexistence of multiple plant species may result in complex of soil microbial 

communities due to increased heterogeneity of root exudates (Stephan et al., 2000). 

Knowledge of rhizosphere effects on nutrient cycling associated with different species 

is fundamental for characterizing nutrient acquisition of different tree species and for 

interpreting the influence of tree species on soil processes. It is well established that 

microbial abundance, composition and diversity can fundamentally alter soil processes 

that lead to changes in soil nutrient availability. Therefore, there is a strong need for 

more studies on rhizosphere soil microbial diversities and abundance. 

2.8 Culturable approach for microbial community analysis  

Microbial communities are a direct indicator of soil health (Torsvik and 

Øvreas, 2002; Islam et al., 2011). Till date studies on microbial communities are 

limited as the 99% of the microbes present in soil is uncultivable (Lakay et al., 2007). 

There are many traditional techniques available to trap this hidden treasure. The most 

traditional method for assessment of microbial diversity is total viable count on 

selective and differential media. The above methods are inexpensive and provide 

information about active and cultivable heterotrophic microbial population. However, 
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this has its own drawbacks viz., is time- consuming, has low sensitivity towards less 

abundant microorganisms and too selective for fastidious and slow growing organisms. 

Hence, these techniques are inefficient to draw a complete picture of microbial 

communities residing in an environment. These methods are biased towards fast 

growing bacteria and spore forming fungi (Dix and Webster, 1995). The major 

limitations of these methods comprise the difficulties in isolation of bacteria or spores 

from soil particles or biofilms, selecting specific growth media (Tabacchioni et al., 

2000), and specific growth conditions (pH, temperature, light). In conclusion, cultural 

methods cannot completely reflect the total diversity of a microbial community.  

2.8.1 Disadvantages of culturable approach  

2.8.1.1 Spatial Heterogenity 

One of the problem associated with microbial diversity studies is spatial 

distribution of the microorganisms (Trevors, 1998b). To overcome, sampling should 

be done using multiple spatial scales and sampling intervals ranging from 2.5 cm to 11 

m (Franklin and Mills, 2003). According to Grundmann and Gourbiere (1999) soil 

sampling must be done on a smaller scale and more number of samples collected for 

analyzing diversity of microorganisms within the microhabitats in soil. Another 

problem with this approach is that soil is not uniform and heterogeneous. Soil contains 

many hot spots or microhabitats where bacteria and fungi are highly aggregated in soil. 

For example rhizosphere region of soil shows two-fold increase in bacterial numbers 

over bulk part of soil (Curl and Truelove, 1986). Conventional approaches used 

currently are found to be inaccurate, and they hardly indicate comprehensive profile of 

microbial diversity in soil. 

2.9 Culture independent approach 

As only 0.1-1% microbe can be recovered and characterised using culture based 

techniques (Amann et al., 1995), Culture-independent techniques were employed for 

characterization and exploitation of microbes in an environment. Almost four decades 

ago, retrieval of 16S rRNA genes was pioneered (Olsen et al., 1986). Since then, the 

culture independent molecular techniques have been used to study bacterial 

communities (Huang et al., 2006). The polymerase chain reaction (PCR) fringerprinting 

techniques have revolutionized the characterization of microbial communities. 
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Molecular techniques enable the differentiation of microbial species and sub-species. 

Techniques like denaturing gradient gel electrophoresis (DGGE) and fatty acid 

signatures have brought advancement in our knowledge regarding diversity and 

composition of soil microbial communities (Helgason et al., 2010). Significant 

advances are now possible with DNA-sequencing analyses, with emphasis on 

metagenomics (Delmont et al., 2012). Metagenomic approaches also known as 

cultivation-independent environmental genomics (recovering genetic material directly 

from environmental sample) promise unprecedented access to community as a whole. 

These latest methodologies allow rapid and accurate access to microbial diversity and 

thus facilitate the discovery of new groups of microorganisms (Hugenholtz, 1998). The 

next-generation sequencing (NGS) platforms such as pyrosequencing and Illumina-

based sequencing can shed light into the complexities of microbial populations in real 

time (Bartram et al., 2011). Next-generation sequencing strategies are high throughput 

as they can effectively provide deep insights into the complex microbial communities 

of ecological niches (Fakruddin and Mannan, 2012). 

Various other techniques for fingerprinting analysis of microbial communities 

are temperature gradient gel electrophoresis (Fouratt et al., 2003), terminal-restriction 

fragment length polymorphism (RFLP) (Mintie et al., 2003), and single-strand 

conformation polymorphism (Bäckman et al., 2003). Various advantages and 

disadvantages associated with these techniques are mentioned in Table 2.2. 

Table 2.2: Advantages and disadvantages of some molecular-based methods to 

study soil microbial diversity (Kirk et al., 2004) 

Method Advantages Disadvantages 

Mol% Guanine plus 

Cytosine (G+C)  

Not influenced by 

Polymerase Chain Reaction 

(PCR) biases  

Includes all DNA extracted  

Quantitative  

Includes rare members of 

community  

Requires large quantities of 

DNA  

Dependent on lysing and 

extraction efficiency  

Coarse level of resolution  

Nucleic acid re-association 

and hybridization  

Total DNA extracted  

Not influenced by PCR 

biases  

Can study DNA or RNA  

Can be studied in situ  

Lack of sensitivity  

Sequences need to be in high 

copy number for detection  

Dependent on lysing and 

extraction efficiency  
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DNA microarrays and DNA 

hybridization  

Same as nucleic acid  

hybridization  

Thousands of genes can be 

analyzed  

If using genes or DNA 

fragments, increased 

specificity  

Only detect the most 

abundant species  

Need to culture organisms  

Only accurate in low 

diversity systems  

Denaturing and Temperature 

Gradient Gel  

Electrophoresis (DGGE  

and TGGE)  

Large number of samples 

can be analyzed 

simultaneously  

Reliable, reproducible and 

rapid  

PCR biases  

Dependent on lysing and 

extraction efficiency  

Way of sample handling can 

influence community, i.e. the 

community can change if 

stored too long before 

extraction  

One band can represent more 

than one species (co-

migration)  

Only detects dominant 

species  

Single Strand Conformation 

Polymorphism (SSCP)  

Same as DGGE/TGGE  

No GC clamp  

No gradient  

PCR biases  

Some ssDNA can form more 

than one stable conformation  

Restriction  

Fragment Length  

Polymorphism (RFLP)  

Detect structural changes in 

microbial community  

PCR biases  

Banding patterns often too 

complex  

Terminal Restriction 

Fragment Length 

Polymorphism  

(T-RFLP)  

Simpler banding patterns 

than RFLP  

Can be automated  

large number of samples  

Highly reproducible  

Ability to compare 

differences between 

microbial communities  

Dependent on extraction and 

lysing efficiency  

PCR biases  

Type of Taq can increase 

variability  

Choice of restriction 

enzymes will influence 

community fingerprint  

Ribosomal Intergenic Spacer 

Analysis (RISA)/Automated 

Ribosomal Intergenic Spacer 

Analysis (ARISA)/ 

Amplified Ribosomal DNA 

Restriction Analysis 

(ARDRA)  

Highly reproducible 

community profiles  

Requires large quantities of 

DNA (for RISA)  

PCR biases 
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2.9.1 Quantitative polymerase chain reaction 

Quantitative polymerase chain reaction (q-PCR) is a method by which the 

amount of the PCR product can be determined, in real-time, and is very useful for 

enumerating microorganisms, and investigating gene expression (Labrenz et al., 

2004). Often abbreviated to q-PCR, this method does not rely on any downstream 

analysis such as electrophoresis or densitometry and is extremely versatile, enabling 

multiple PCR targets to be assessed simultaneously.  

The increase in fluorescent signal during the exponential phase of reaction is 

directly proportional to the amount of PCR products generated. The intensity of the 

reporter dye emission is monitored and the cycle number at which fluorescence signals 

reach to the threshold is recorded and referred as threshold cycle (Ct). The plot of 

fluorescence against cycle number is then generated by the real-time PCR instrument. 

Two major types of quantification achieved through the q-PCR are absolute and 

relative quantification. Absolute quantification is achieved by establishing a standard 

curve based on known amounts of the target template, thus allowing the determination 

of the concentration of the unknown samples. The quantification of bacteria in real 

time is extensively used in the disease diagnosis to determine bacterial or viral load. It 

is also extensively used in the microbial ecology to determine the abundance of the 

desired group of microorganisms in the environmental samples.  

Several studies have used 16S rDNA q-PCR for determining the bacterial load 

in the soil ecosystems (Kleyer et al., 2017; De-Smets et al., 2016). Moreover, it has 

been also used for the quantification of target taxa. For example; Staphylococcus 

aureus, Bacillus anthracis (Makino and Cheun, 2003) and Legionella spp. 

(Wellinghausen et al., 2001) are quantified using genus-specific target genes.  

2.9.2 Metagenomics  

“Metagenomics” is defined as the functional and sequence-based analysis of the 

collective microbial genomes present in an environmental sample. It allows the study of 

micro-organisms in their natural environments, without isolation and lab cultivation of 

individual species (DeLong, 2002). This has enabled the study of uncultivable 

microorganisms; furthermore, it provides system-level insights into the composition, 

structure, and functioning of microbial communities in various environments 
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(Warnecke et al., 2007) including soil, fresh and marine aquatic habitats, faeces, oral 

cavity, rumen, glacier ice and cold deserts (Riesenfeld et al., 2004; Xu and Gunsolley, 

2014; Kodzius and Gojobori, 2015; Kolte et al., 2017). Thus metagenomics, has 

enormous potential in microbial diversity analysis.  

Soil is one of the most challenging systems for microbiologists in term of 

microbial diversity and community size. The soil microbial communities might be an 

almost unlimited resource of new genes encoding useful products. Understanding the 

heterogeneity, temporal and spatial dynamics of complex soil microbial communities in 

soil system is still one of the major challenges in soil metagenomics. Prokaryotes are 

the most abundant component of the soil biomass. 

There are various NGS sequencing platforms each with their own advantages 

and disadvantages. They are Roche 454 sequencing, Ion Torrent, Pacific Biosciences, 

SOLiD and Illumina MiSeq. Although 454 (Roche) pyrosequencing had been widely 

utilized in soil microbial diversity but low sequencing cost and high depth coverage, 

Illumina sequencing technology is preferred now (Caporaso et al., 2011). Moreover, 

sample throughput is enhanced using bar coding which provide a pre-eminent view of 

microbial composition than in case with other sequencing technologies (Caporaso et 

al., 2012). High taxonomic resolution of Illumina platform helps in identifying rare 

microbes in different environmental habitats. Several soil bacterial diversity studies 

have been carried out through Illumina Miseq (Hong et al., 2015). Major steps used in 

the Illumina sequencing are library preparation, cluster generation, sequencing and data 

analysis. For bacterial community analysis 16S rDNA is amplified with the primers 

having the adapter at both 5’ and 3’ ends. Thereafter cluster formation is achieved 

through the bridge PCR. In sequencing reversible terminator based method is used 

which detects single bases as they are incorporated into DNA template strands. 

Thereafter data can be analysed through the different software packages based on the 

type of analysis required. This DNA-based analysis technique allows simultaneous 

screening of a large number of microbes in multiple environment samples. Many large-

scale metagenomics projects have been undertaken to investigate various aspects of the 

microbial composition, e.g. Human Microbiome Project (http://commonfund. 

nih.gov/hmp), International Census of Marine Microbes (http://icomm.mbl.edu), and 

Earth Microbiome Project (http://www.earthmicrobiome.org) for bacterial diversity 

analysis, thousands of 16S rRNA sequence datasets have been generated through these 
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community efforts as well as individual projects. An accurate taxonomic assignment of 

each microbe in a target environmental habitat is needed to evaluate the biodiversity, 

the structure, the richness, and the role of the residing community in a given 

environment (De Filippo et al., 2012).Therefore, there is a critical need to develop and 

evaluate efficient and accurate computational algorithms to analyze massive data 

collected from various biological and ecological environments. Two approaches are 

commonly used to characterize microbial communities through 16S rRNA sequences: 

taxonomy-dependent methods and OTU-based methods (Cai et al., 2011). The OTU-

based methods are especially useful in analyzing less characterized microbial 

communities 

Huge amount of high throughput metagenomic data produced is analyzed 

through application of bioinformatic tools. One such software is QIIME (Quantitative 

insights into microbial ecology) that is an open-source software pipe line for 

interpretation of raw sequence data (http://qiime.sourceforge. net/) and its visualization 

as network analysis, histograms of within- or between-sample diversity and analysis of 

whether ‘core’ sets of organisms are consistently represented in certain habitats 

(Knight et al., 2007). QIIME also performs various functions such as choosing 

operational taxonomic units (OTUs), sequence alignment, inferring phylogenetic trees 

and taxon-based analysis of diversity within and between samples.  

2.10 Plant Growth Promoting Rhizobacteria  

The rhizosphere, that is, the narrow zone surrounding and influenced by plant 

roots, is one of the most complex ecosystems on Earth (Raaijmakers et al., 2009). It is 

a hot spot for organism activity, population and diversity. Organisms found in the 

rhizosphere include bacteria, fungi, oomycetes, nematodes, protozoa, algae, viruses, 

archaea, and arthropods. Of these, micro-organisms are most abundant. They are 

beneficial as well as deleterious. The beneficial bacteria promote plant growth and 

health. They include nitrogen-fixing bacteria, mycorrhizal fungi, biocontrol 

microorganisms, mycoparasitic fungi, and protozoa. Different bacterial genera are vital 

components of soils. Among them crucial are the plant growth promotory rhizobacteria, 

which helps in plant growth enhancement through various mechanisms. These include 

potential to produce different plant growth regulators such as indole acetic acid (IAA), 

gibberellins and cytokinins (Marques et al., 2010), improving efficiency of asymbiotic 

nitrogen fixation (Khan, 2005), solubilization of inorganic phosphate and 
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mineralization of organic phosphate, and several other nutrients (Jeon et al., 2003), 

antagonistic activity against phytopathogens through siderophore production, antibiotic 

production, synthesis of enzymes and fungicidal compounds and competition with 

detrimental microorganisms (Lucy et al., 2004). The dominant bacterial isolates belong 

to genera Bacillus, Pseudomonas, Enterobacter, Acinetobacter, Burkholderia, 

Arthrobacter and Paenibacillus (Zhang et al., 2017). The rhizobacteria are more 

versatile in mobilizing, transforming, solubilizing the nutrients in comparison to those 

from bulk soils. Rhizobacteria are dominantly responsible for recycling the soil 

nutrients and thus are important for soil fertility (Glick, 2012). Therefore it is very 

essential to characterize Dalbergia sissoo rhizosphere micro-organisms. Rhizosphere 

micro-organisms are affected by climate change 

2.10.1 Phosphate solubilizers 

Soil is a dynamic system and an ecological niche of constant biological activity, 

influenced to a great extent by its chemical constituents. N, P and K are major 

macronutrients limiting the productivity of forest (Lodhiyal et al., 1994). Phosphorus 

(P) is an essential plant nutrient and plays a key role in plant growth and development 

Phosphorus has a specific role in plant cellular metabolism. Phosphorus is the 

constituent of nucleotides which is one of the building blocks of DNA, hence takes part 

in transfer of genetic features from one to another generation. It helps in energy storage 

and energy transfer, as it facilitates sugar breakdown and translocation of nutrient 

within the plant cell. Phosphorus is constituent of ATP. Therefore, it plays role in 

regulation of overall cellular metabolism (Theodorou and Panxton, 1993). Adequate 

P levels encourage vigorous root and shoot growth, promote early maturity, increase 

water use efficiency and grain yield. The lack of phosphorus limits plant growth by 

disrupting cell division, photosynthesis, nutrient transport, regulation of metabolic 

pathways within the plant, and the transfer of genetic characteristics from one 

generation to another (Armstrong, 1988). Microorganisms play a pivotal role in the 

phosphorus cycle. On average, soil contains 400–1000 mg kg
−1

 of total P, of which only 

1.00–2.50% is available for plant uptake (Chen et al., 2008). The insoluble P is present 

as an inorganic mineral such as apatite or as one of several organic forms including 

phytate, phosphotriesters and phosphomonesters (Bagyaraj et al., 2015). Plants absorb 

phosphorous only in two forms, the monobasic (H2PO4
-
) and the diabasic (HPO4

-2
) ions 

(Bagyaraj et al., 2015). Apart from chemical fertilization, microbial P-solubilization 
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and mineralization is the only possible way to increase plant available phosphorus. 

Mineral P in the soil may become unavailable through fixation or adsorption in clay 

soil (Halajnia et al., 2009). Mineral P may also become unavailable because of 

precipitation reactions with cations such as Ca-P and Mg-P in alkaline soil or Fe-P and 

Al-P in acidic soil (Bayer et al., 2001). As a result, the concentration of mineral P in 

the soil solution rarely exceeds 0.1 mg kg
−1

. Most of organic P (20 to 80%) is inert. 

Plant P uptake can be improved by enhancing P solubility or decreasing P fixation in 

soil. Most of the phosphate fertilizers applied in agricultural fields to combat the P 

deficiency are rapidly converted into insoluble complexes in the soil. Thus, constant 

and long term application of phosphate fertilizers is detrimental to environment and 

unaffordable to the farmers of developing nations.  

The availability of soil ‘P’ is influenced by a number of factors such as nature and 

content of clay, active ses-quioxides, lime, pH and organic matter (Selvi et al., 2011). In 

most tropical soils, phosphate is predominantly present in the inorganic form of ‘P’ 

which belongs to two groups-calcium compounds and iron-aluminium compounds. The 

calcium is predominant under neutral to alkaline soil condition, while iron and 

aluminium phosphates are predominant under acidic condition (Selvi et al., 2011).  

One of the most promising cost-effective and sustainable strategy to increase 

phosphorous absorption efficiency is the use of phosphorous solubilizing bacteria (PSB). 

These bacteria solubilize the complex phosphate compounds present in soil into the 

simpler readily absorbable form. Thus providing sustainable source of phosphorous to the 

crops. Hence, phosphrous fertilizer input is reduced. PSBs act as component of 

phosphorus cycle (Fig. 2.1), release phosphorus from insoluble sources by different 

mechanisms. PSB may act by decreasing the pH of the soil, producing organic (gluconic 

acid) and mineral acids (Chen et al., 2006), alkaline phosphatases (Rodriguez et al., 

1999), production of phytohormones and H
+
 protonation (Xiao et al., 2017), anion 

exchange, chelation and siderophores production which promote P solubilization in soil 

(Sugihara et al., 2010). The ability of PSBs to release soluble ortho-phosphate (Pi) from 

rock phosphate holds potential importance for the development of phosphate fertilizer 

technologies. The bacterial isolates belonging to genus Pseudomonas, Mycobacterium, 

Micrococcus, Bacillus, Flavobacterium, Rhizobium, Mesorhizobium and Sinorhizobium 

are effective P solubilizers (Sharma et al., 2013). Most significant phosphate 

solubilizing bacterial genera reported are Azotobacter, Bacillus, Beijerinckia, 
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Burkholderia, Enterobacter, Erwinia, Flavobacterium, Pseudomonas, Microbacterium, 

Serratia, Rhizobium, Bradyrhizobium, Salmonella, Alcaligens, Chromobacterium, 

Arthrobacter, Streptomyces, Thiobacillus and Escherichea etc. (Zhu et al., 2011). 

Exploitation of PSBs may reduce addition of inorganic P into soil causing substantial 

reduction in production cost and environmental damage (Rajan et al., 1996) and improve 

soil health.  

   There are reports of significant improvement in P availability for plants 

through PSB inoculation. The use of PSB also enhances seed germination, improves 

seedling emergence, increase seedling resistance to abiotic stress, prevent plants from 

disease (Lugtenberg et al., 2002). The PSB can also enhance the plant growth by 

increasing the efficiency of biological nitrogen fixation or enhancing the availability of 

other trace elements such as iron, zinc etc. (Ponmurugan and Gopi, 2006). 

Availability of phosphorus also regulates biological nitrogen fixation (Mills et al., 

2004). In agricultural ecosystems, biologically fixed N is due to symbiotic association 

of rhizobia in legume root nodules (Soltis et al., 1995) or to free living diazotrophic 

microbes (Bellenger et al., 2014). 

  

Fig. 2.1: Phosphorus cycle in soil (Hyland et al., 2005) 
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Mechanism of ‘P’ solubilization- 

(A)  Organic: 

Three enzyme groups are involved in liberation of P from organic compounds.:- 

1. Non-specific phosphatases:- This enzyme performs de-phosphorylation of 

phospho-ester or phospho- anhydride bonds in organic phosphatic compounds. 

2. Phytases:- It liberates P from phytic acid. 

3. Phosphonatases and C-P lyases enzymes:- causes cleavage of C-P bonds in 

organophosphate compounds.  

(B) Inorganic: 

Two theories have been proposed to describe the mechanism of inorganic 

phosphate solubilization. e.g.:- 

1. Acid production theory 

2. Proton and enzyme theory  

As per acid production theory, phosphate solubilization by PSM takes place by 

the synthesis of various organic acids such as malic, succinic, glyoxalic, fumaric, α- 

keto butyric, tartaric, citric, oxalic, 2-keto gluconic and gluconic acid. Release of 

organic acid leads to acidification of medium (Puente et al., 2004) and lowering of pH 

in culture filtrates (Singh et al., 2012; Rani et al., 2013). The amount and type of the 

organic acid produced varied with the microorganism. The organic acid released in 

culture filtrate reacts with the insoluble phosphate (Ahmed and Kibret, 2014).  

 According to proton and enzyme theory, esterase type enzymes are 

presumed to be involved in liberating phosphorus from organic phosphatic compounds. 

PSMs (phosphate solubilizing microorganisms) are also known to produce phosphatase 

enzyme along with acids leading to solubilization of P (Alghazali et al., 1986). 

  Factors affecting phosphate solubilization activity of PSMs include, carbon and 

nitrogen sources in growth medium, availability of free P and salinity. The buffering 

capacity of soils could limit dissolution of soil phosphates by microorganisms. The 

variations in growth enhancement are attributed to the differences in the composition 

and properties of soils, the nature and distribution of soil microflora, and the type of 

plant (Kucey et al., 1989). 
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 The highest solubilization of ‘P’ was observed in the medium amended with 

glucose and maltose, followed by sucrose, xylose and galactose. The ammonium as a 

nitrogen source was better than nitrate for solubilization of phosphorous (Asea, 1988).  

2.10.2 PSBs as biofertilizer 

The interaction between MPS microbes and plants is expected to be of 

synergistic nature. The MPS microbes direct the release of Pi (inorganic phosphorus) 

for plant uptake (Perez et al., 2007). The phosphate solubilizing microbes also 

facilitate growth through various other mechanisms (Fig. 2.2) (Bardin et al., 1996; 

Wani et al., 2007; Mittal et al., 2008; Yandigeri et al., 2011). The MPS microbes are 

useful either singly or in consortia as bioinoculants for promoting plant growth whilst 

keeping the soil health intact. Beneficial effects of the inoculation with PSM to many 

crop plants have been described by numerous authors (Tomar et al., 1996; Antoun et 

al., 1998; Pal, 1998; Peix et al., 2001). Dry matter production, P uptake and P content 

were augmented significantly by the application of PSMs in many legume plants even 

under temperate conditions (Singh et al., 2005; Chand and Singh, 2006). 12-15 per 

cent yield increase and replacement of 25-28 per cent of phosphate fertilizers was 

observed in cereals, legumes, potatoes and other field crops on the addition of rock 

phosphate and inoculation with PSMs (Arun, 2007). Use of PSMs can increase crop 

yields up to 70 per cent (Verma et al., 2013). Combined inoculation of arbuscular 

mycorrhiza and PSB gave better uptake of both native and phosphatic P (Goenadi et 

al., 2000; Cabello et al., 2005). Microorganisms with phosphate solubilizing potential 

enhanced the plant growth by improving biological nitrogen fixation (Ponmurugan 

and Gopi, 2006), seedling length of Cicer arietinum (Sharma et al., 2007), nodule 

number, dry weight of nodules, yield components, grain yield, nutrient availability and 

uptake in soybean crop (Yazdani et al., 2009). Application of PSBs alongwith 

mycorrhizae (Mehrvarz et al., 2008) and P fertilizers (Afzal and Bano, 2008) resulted 

in increased biological yield as compared to the sole inoculation of bacteria. 

Inoculation of Mycorrhiza along with Pseudomonas putida increased leaf chlorophyll 

content in barley (Bartholdy et al., 2001), and Bacillus megaterium along with 

potential N2-fixer Azotobacter sp. induced resistance/tolerance against harmful effects 

of salinity (ranging from 3000-9000 µg/ml) besides significantly improving growth and 

yield in wheat. For example, increased growth and yield was observed, apple (Aslantas 
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et al., 2007), walnut (Xuan et al., 2011), soybean (Fernandez et al., 2007), sugar beet 

(Sahin et al., 2004), maize (Hameeda et al.,2008), chickpea (Verma et al., 2013), 

Wheat (Shah et al., 2001), peanut (Taurian et al., 2010), rice, and tomato (Walpola 

and Yoon,2013).  

 

Fig. 2.2:  Role of phosphate solubilizing bacteria in plant growth and development 

(Krishnaraj and Dahale, 2014) 

 

2.10.3 Regulation of P solubilization at genetic level 

Phosphate solubilizing microorganisms secrete various organic acids specially 

gluconic acid. Gluconic acid is synthesized by a mechanism involving direct oxidation of 

glucose through two key proteins, namely membrane-bound quinoprotein and glucose 

dehydrogenase (GDH) (Kim et al., 1997; Patel et al., 2008) (Fig. 2.3). GDH encoded by 

gdh gene requires pyrroloquinoline quinone (PQQ) as a cofactor. The PQQ production is 

regulated by a pqq operon that comprises six genes (pqqA, B, C, D, E, and F) in 

Klebsiella pneumonia, Enterobacter intermedium 60-2G and Rahnella aquatilis (Kim et 

al., 1998; 2003). PQQ is essential for the formation of holo enzyme which leads to the 

production of gluconic acid from glucose. Enterobacter intermedium 60- 2G strains in 

which pqq genes are inactivated were unable to produce 2-ketogluconic acid (from 

oxidation of gluconic acid by GDH enzyme) and hence, solubilize hydroxyl-apatite  
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(Han et al., 2008). Similarly MPS in S. marcescens CTM 50650 strain (Farhat et al., 

2009) is via activation of the direct oxidation pathway of glucose. PQQ serves as a 

cofactor for several bacterial dehydrogenase enzymes, for example, methanol 

dehydrogenase and glucose dehydrogenase (Matushita and Adachi, 1993). It is derived 

from two amino acids, tyrosine and glutamate, (Puehringer et al., 2008). Genes involved 

in PQQ biosynthesis have been identified in many microorganisms, where they exist as 

part of the pqq operon. The number of pqq genes and the operon structure varies with the 

microorganism (Gliese et al., 2010). The PQQ biosynthetic genes in K. pneumoniae are 

clustered in the operon pqqABCDEF (Meulenberg et al., 1992), while in M. extorquens 

AM1, in the pqqABC/DE operon, where the two pqq genes, pqqC and pqqD, are fused, 

and the pqqF and pqqG genes form a separate operon with three other genes (Zhangand 

Lidstrom, 2003). In P. aeruginosa, there are six pqq genes constituted as pqqABCDE 

operon, and pqqF is located distal to the operon (Gliese et al., 2010). Interestingly, the 

organization of the pqqA, pqqB, pqqC, pqqD, pqqE genes in the operon is highly 

conserved among these bacteria, while the pqqF and other potential pqq genes vary a lot 

(Choi et al., 2008). The functions of some proteins involved in PQQ biosynthesis have 

been characterized in a few bacteria, though the details of the complete PQQ biosynthetic 

pathway have not yet been resolved (Andreeva et al., 2011). The 24-amino acid, 

ribosomally produced, peptide PqqA serves as the precursor of the PQQ molecule 

(Goosen et al., 1989). PqqB is not directly necessary for PQQ biosynthesis. Its role in K. 

pneumoniae is suggested to be a carrier that facilitates the secretion of PQQ across the 

plasma membrane into the periplasm (Velterop et al., 1995). PqqC is reported to catalyze 

the last step in PQQ biosynthesis and its structure and mechanism has been well-

characterized in K. pneumoniae (Magnusson et al., 2004). PqqD is proposed to associate 

with PqqE, however, its function is still unknown. PqqE and PqqF encodes for a radical 

SAM (S-adenosylmethionine) enzyme with 2 Fe-S clusters, and a putative peptidase 

respectively (Velterop et al., 1995). The functions of PqqE and PqqF are unknown as 

yet. Although function of pqq genes and Pqq proteins are well known, little is known 

about the mechanisms by which their expression is regulated (Klinman and Bonnot, 

2014). The pqqC gene from Pseudomonas putida KT2440, which is highly conserved in 

the pqq operon among pseudomonads, is preferentially activated in the pine rhizosphere 

with low phosphate availability (Fernandez, et al., 2013). Babu- Khan et al. (1995) 
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reported 396-base gabY open reading frame from P. cepacia and checked its expression 

in E. coli K-12 derivatives which synthesize apo- GDH but not its co-factor PQQ. He 

reported that in the presence of 1 mM exogenous PQQ, E.coli K-12 derivatives, JM109 

(pSLY4) and JM109 (pGAB1) synthesizes 10 fold gluconic acid.The PQQ synthase gene 

from Erwinia herbicola was transferred to Burkholderia cepacia IS-16 and Pseudomonas 

sp. through broad host range vector pKT230 and plasmid pMCG898 (Rodriguez et 

al.,2001). Clones with recombinant plasmid produced higher insoluble phosphate as 

distinctive source. Kim et al. (1997) cloned 7 kb fragment from Rhanella aquatilis in E. 

coli HB101 and and observed solubilization of hydroxyapatite via GA production. 

Although E. coli¸ is unable to synthesize PQQ due to the lack of corresponding genes 

(Matsushita et al., 1997). However, the heterologous expression of the pqq genes from 

other species in E. coli confer them phosphate-solubilizing activity, suggesting PQQ is an 

important phosphate-solubilizing factor. 

 

Fig. 2.3: Direct oxidation pathway involved in gluconic and 2-keto gluconic acid 

production during P solubilization by PSB (Krishnaraj and Dahale, 

2014) 
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In addition to its known function as a cofactor of the GDH enzyme, PQQ is also 

considered as a vitamin for supporting cell growth and stress tolerance in bacteria and 

plants (Si et al., 2016). Recent studies also reveal its function as a biocontrol agent for 

plant fungal pathogens (Choi et al., 2008). Therefore, the growing demands of PQQ in 

agricultural, medical and industrial areas require a continued exploration of highly 

efficient PQQ producing bacteria. Although PQQ is present in many plants, animals 

and microorganisms, but, can be synthesized by bacteria alone (Goodwin and 

Anthony, 1998). The several bacterial strains in genera, Acinetobacter, Ancylobacter, 

Gluconobacter, Hyphomicrobium, Klebsiella, Paracoccus, Polyporus, Pseudomonas, 

Methylobacillus, Methylophilus, Methylovorus, Methylobacterium, Mycobacterium, 

Thiobacillus, and Xanthobacter have been identified as high PQQ-producers (Xiong et 

al., 2011). Interestingly, many high PQQ-producing bacteria are promising inorganic 

phosphate-solubilizers and have been inoculated alongwith inorganic phosphate 

fertilizers (Si et al., 2016). Though the production of PQQ has been determined in 

many phosphate-solubilizing bacteria, the correlation between the PQQ producing 

capacity and their phosphate-solubilizing activity is still unclear and requires further 

investigation (Goosen et al., 1989; Li et al., 2015). 
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and 

Methods 
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This chapter includes the description of materials used, experimental procedure 

and techniques used during the period of experimentation. 

3.1 Glass-wares, plastic-wares and Instruments used 

 All the glass-wares and plastic-wares used during course of study were 

purchased from Schott Duran, Borosil, Tarsons and Axygen. Various instruments used 

in this study have been listed in.  

3.2 Chemicals and Kits 

All chemicals and solvents used in the study were of molecular grade and 

purchased from standard manufactures viz; SRL Pvt. Ltd., Mumbai (India), HiMedia 

Laboratories Ltd., Mumbai (India), Merck India Ltd., Mumbai (India) and Sigma 

(USA) etc. Soil DNA isolation kit (Himedia, India) were used for the isolation of soil 

DNA, HiPurA™ PCR Product Purification Kit was used for the cleaning of the PCR 

product. 

Media Used 

(1)  Nutrient Agar Medium 

(2)  Nutrient Broth 

(3)   King’s B Broth 

(4)  NBRIP Media (Nautiyal, 1999) 

(5)  Pikovskaya’s Medium (Pikovskaya, 1948; Kumar et al., 2017) 

(6)   Angle’s medium (Angle et al., 1991) 

Compositions of these media are shown in Appendix I. All the media used in 

this study were made in single distilled water and sterilized through autoclaving at 

specific period as described by the manufacturer (Himedia Laboratories Ltd., 

Mumbai, India).  
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3.3 Collection of Soil Samples 

Rhizospheric soil samples were collected from natural shisham forests located 

at Pantnagar; (29° 3’ 0’’ N latitude & 79° 31’ 0’’ E longitude) , Lachhiwala ; (30.2099° 

N latitude, 78.1342° E longitude) and Tanakpur ;(29.0722° N latitude, 80.1066° E 

longitude) in Uttarakhand during Dec, 2016. Five quadrants of 10×10m
2
 were laid 

down randomly at all the locations to find out the percent mortality. Further, three trees 

of each forest location were selected within a distance of 1 to 10 m from each other. 

For each individual tree, the rhizosphere soil were sampled vertically along the base of 

the plant. Finally, samples of each tree in triplicate were mixed to homogeneity to 

generate a representative composite sample for further analysis. The homogenized 

rhizosphere soil samples were kept in sterile plastic bags, maintained in an ice box, 

transported to the laboratory and stored at -20°C for further analysis. The soil samples 

were sieved (2mm mesh), homogenised and divided into three parts each dedicated to 

physicochemical, enzymatic and molecular analysis. 

3.4 Physicochemical characteristics of shisham rhizospheric soil 

The following soil properties were determined. Soil pH was determined by the 

slurry method (1:5, soil:distilled deionized water) and measured with an glass electrode 

of micro processor based pH meter, century CP 931 (Miller and Donochue, 1992). 

Soil electrical conductivity (EC) (1:25, soil:water) at 25
◦
C with digital microprocessor 

based conductivity meter (Systronic Model 306).Total organic carbon (OC) was 

determined by wet oxidation method using K2Cr2O7 and concentrated H2SO4 

(Westerman et al., 1990). Total nitrogen (TN) was determined by the Kjeldahl 

digestion method (TKN). Available phosphorous (AP) content was measured by 

colorimetery after extraction with 0.5 mol l
-1

 NaHCO3 (pH 8.5) for 30 minute (Olsen et 

al., 1954). Available potassium (AK) content was measured with a flame photometer 

after extraction with 1moll
-1 

NH4Ac (pH 7.0) for 30 minute (Yuan et al., 1983). Minor 

trace elements like iron and zinc were measured using an atomic absorption 

spectrometry (Yao et al., 2003). The correlation between soil factors within three 

Dalbergia sissoo forests was analysed statistically by two-way ANOVA (p < 0.05). 

3.5 Soil Enzymatic Assays 

To compare the functional potential of the soil microbial communities 

inhabiting the shisham rhizosphere, we used a combination of enzymatic bioassays. 



 

The soil health was monitored by estimating activities of five enzymes; alkaline 

phosphatase, acid phosphatase, fluorescein diacetate hydrolysis, dehydrogenase and 

urease in rhizospheric soil from different provenances. The hydrolysed product of each 

enzyme was analysed spectrophotometrically and actual activity determined from a 

standard curve. All assays were conducted in triplicates. 

3.5.1 Fluorescein diacetate (FDA) hydrolysis (Inbar et al., 1991)  

I. Reagent 

(i) Potassium phosphate buffer (60mM, pH 7.6) 

Stock solution: - 60 mM, KH2PO4 (0.72g in 100ml) 

60 mM, K2HPO4 (0.852g in 100ml) 

Both the solutions were mixed in equal amount and pH was adjusted to 7.6. 

(ii) Fluorescein diacetate 

FDA (2 mg) was dissolved in 1 ml acetone and stored at 4
o
C  

(iii) Stock solution of fluorescein (mg ml
-1

) 

Fluorescein (1 mg) was dissolved in 1ml acetone.  

 (iv) Working solution of fluorescein - 100µg ml
-1

 

II. Preparation of fluorescein standard curve 

Different concentration of fluorescein (0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 

100 µg/ml) were prepared from working solution of fluorescein (100µg ml
-1

) in 50ml 

flasks. Volume was made upto 50 ml with sodium phosphate buffer (pH-7.6) to which 

acetone (2.5ml) was added and incubated at room temperature. After 20 min 

absorbance of samples were read at 490 nm. 

III. Procedure 

Fluorescein diacetate hydrolysis was determined according to the method of 

(Inbar et al., 1991). 1 gm of moist field soil taken in Erlenmeyer flask was drenched 

with 1 ml of FDA solution and 15 ml of buffer. The flasks were shaken for 20 min on a 

rotary shaker at 25 ºC. The samples were extracted in 10 ml acetone. The extracted 

samples were filtered and absorbance measured at 490 nm.  
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3.5.2 Dehydrogenase Activity (Thalmann, 1968) 

I. Reagents 

(i) Tris buffer (0.1M): 0.1M Tris buffer (1.2 g in 100 ml) of pH 7.6 

(ii) TTC stock solution (1% w/v): 1g of 2,3,5- triphenyltetrazolium chloride (TTC) 

was dissolved in Tris buffer and volume was made upto 100 ml. TTC solution was 

stored for one day at 4
o
C in dark. 

(iii) Standard solution of triphenylformazan (100 mg ml
-1

): 1 mg triphenylformazan 

(TPF) was dissolved in 1ml acetone. 

(iv) Working solution of TPF: 10 mg ml
-1

 

II. Preparation of TPF standard curve 

Different concentration of aliquots were prepared from the working solution of 

TPF (10 mg ml
-1

) i.e.0, 50, 100, 150, 200, 250, 300, 350 and 400 µg ml
-1

 in 50 ml 

flasks. Absorbance of the resultant solution was taken at 546 nm using 

spectrophotometer. 

 III. Procedure 

  5 gm field moist soil was placed in Erlenmeyer flask and 5 ml TTC-TRIS buffer 

was added followed by 24 h incubation at 30ºC in the dark. Thereafter, the sample was 

extracted with 25 ml acetone. The resulting solution was shaken for 2 h in the dark and 

filtered. The absorbance of the triphenyl-formazen formed was measured immediately 

at 546 nm on Perkin Elmer Lambda 35 spectrophotometer. 

3.5.3 Alkaline and Acid Phosphatase Activity (Tabatabai and Bremner, 1969) 

I. Reagents  

(i)  Modified Universal Buffer (MUB): 100 mM, pH11 (pH 6 is maintained for acid 

phosphatase) 

(ii)  Calcium chloride (CaCl2, 0.5M): 73.5 g CaCl2 was dissolved in 1000 ml of 

distilled water. 

(iii)  Paranitrophenyl phosphate (pNPP, 0.115 M): 1.927 g pNPP was dissolved in 

50ml of MUB buffer. 
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(iv)  Stock solution of Paranitrophenol (pNP, 1mg/ml): 1mg pNP was dissolved in 

1ml MUB buffer. 

(v)  Working solution of paranitrophenol: 200 µg/ml  

II. Preparation of standard curve of pNP 

Different concentration of pNP (0, 10, 20, 30, 40, 50, 60,70, 80, 90 and 100 

µg/ml) was prepared from the working solution of pNP (200 µg/ml) in the test tube. 

Absorbance was taken at 400nm. 

III. Procedure 

One gm of moist soil was placed in a 50-ml Erlenmeyer flask, 4 ml of Modified 

Universal Buffer (MUB), 0.25 ml of toluene; 1 ml of p-nitrophenyl phosphate (PNPP) 

solution was added and swirled for a few seconds to mix the contents. The flasks were 

incubated at 37º C. After 1 h, 1 ml of 0.5M calcium chloride and 4 ml of 0.5M sodium 

hydroxide was added. Thoroughly mixed soil suspension was filtered. The absorbance 

of filterate was read at 400 nm through Lambda 35 UV visible spectrophotometer from 

Perkin Elmer.  

3.5.4 Urease activity (Kandeler and Gerber, 1988) 

I. Reagents 

(i)  Substrate (Urea) (79.9mM): 2.4 g of urea is dissolved in 500 ml distilled water. 

The solution was prepared fresh. 

(ii)  KCl solution (2 M): 74.6 g of potassium chloride was dissolved in distilled water 

and volume was made upto 1000 ml.  

(iii)  NaOH solution (0.3M): 12 g sodium hydroxide was dissolved in 1000 ml 

distilled water. 

(iv)  Sodium salicylate solution (1.06 M): 17 g of sodium salicylate and 120mg 

sodium nitruprusside was added and diluted upto 100 ml with distilled water. The 

solution was prepared immediately before use. 

(v)  Reagent A- mix 100 ml of 0.3 M NaOH solution and 100 ml sodium salicylate 

solution and volume was made upto 1000 ml. The solution was prepared 

immediately before use. 
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(vi)  Sodium dichloro iso cyanurate (39.1Mm) - 0.1g of sodium dichloro iso 

cyanurate was dissolved in 100 ml distilled water. 

II. Preparation of ammonia standard curve 

Standard stock solution- 1 mg NH4
+
-N.ml

-1
 dissolved 38.207 gm of ammonium 

chloride in distilled water and dilute the volume to 1000 ml with distilled water. Store 

the solution at 4
◦
C 

Working stock solution- 1000 µg NH4
+
-N.ml

-1
 

Aliquots of different concentrations were prepared from the working solution of 

ammonium chloride (1000 µgml
-1

) i.e. 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 µgml
-1

 in 

50 ml flask. Absorbance of the resultant solution was taken at 690 nm using 

spectrophotometer. 

 III. Procedure 

Five grams of field moist soil was placed in 50-ml Erlenmeyer flasks. It was 

drenched with 2.5 ml 0.08 M urea solution and incubated at 37 °C. After 2 h incubation 

50 ml of 1N KC1 was added and kept on rotary shaker for 30 min. The resulting 

suspensions were filtered. One ml of filtrate was diluted to 10 ml with DW followed by 

addition of 5ml Sodium salicylate and 2ml 0.1% sodium dichlorisocyanurate. The 

samples were incubated at 28±1ºC for 30 min and absorbance read at 690 nm.  

The variation in all enzymatic activities of soil based on different origin was 

determined statistically by analysis of variance (one factor ANOVA). 

3.6 Extraction, visualization and quantification of total soil DNA 

Total soil DNA was extracted from 0.25 gm of soil samples using the Soil DNA 

kit (Himedia, India), according to the manufacturer’s instructions. The purity and 

homogeneity of DNA samples was checked on 0.8% agarose by agarose gel 

electrophoresis. 0.8gm agarose (Himedia, India) was prepared in 100 ml of 1X TAE 

buffer containing 0.5 μg/ml ethidium bromide. Electrophoresis was carried out up to 

2/3
rd

 field of run at 80 volts (5 volts cm
-1

 being optimum) and subsequently visualized 

using GelDocMega (Biosystematica). The reagents used for agarose gel electrophoresis 

are given in Appendix II. DNA was quantified spectrophotometrically at 260 nm and 

stored in TE buffer (10 mMTris, 1 mM EDTA, pH 8.0) at −20 °C till further use.  
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3.6.1 Real Time Quantification of 16SrDNA in Soil samples 

For the enumeration of the total bacteria present in soil samples, quantification 

of 16SrDNA copy numbers in soil was performed through the real time PCR with 

following protocol. 

 3.6.1.1 Extraction of Genomic DNA from Pseudomonas koreensis strain AS15 

Pseudomonas koreensis AS15 strain was provided by departmental culture 

collection at G.B. Pant University of Agri. & Tech. Pantnagar. This culture was grown 

in King’s B broth and genomic DNA form this culture was isolated through alkaline 

lysis method (Bazzicalupo and Fani, 1995). 

3.6.1.2 Amplification of 16S rDNA from the genomic DNA of Pseudomonas 

koreensis AS15 

Genomic DNA of Pseudomonas koreensis AS15 was subjected to conventional 

PCR in a volume of 25μl using universal primer set EUB-341F and EUB 534R (341F- 

5 CCTACGGGAGGCAGCAG 3 and EUB 534R- 5’ ATTACCGCGGCTGCTGG 3’) 

(Muyzer et al., 1993). Amplification was performed according to the following 

reagents and PCR program. 

PCR Reagents: 

Reagent  Working concentration 

10X Buffer  1X  

dNTPs (10mM) 200µM 

Primer EUB-341F (10µM) 0.1 mM 

Primer EUB 534R (10µM) 0.1 mM 

Taq DNA Polymerase (3U/µl) 1U 

Template DNA 50 ng 
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PCR program 

Steps Cycles Temperature Time (min) 

Initial 

Denaturation 

1 95
0
C 10 

Denaturation  

35 

94
0
C 1 

Annealing  58
0
C 1 

Extension 72
0
C 1 

Final extension 1 72
0
C 10 

 

3.6.1.3 Standard curve preparation 

Standard curve was prepared using 16S rDNA amplicons of the Pseudomonas 

koreensis AS15. Amplified product was first purified through the HiPurA™ PCR 

Product Purification Kit, to remove the unused primers and nucleotides. Thereafter, 

concentration of the purified amplicons was quantified through the spectrophotometer 

reading by absorbance values at 260 nm. Ten fold serial dilutions was performed 

(starting from 30 ng to 0.003 ng) and used as an external standard for quantification by 

real time PCR. With the help of standard curve (Ct vs concentration in ng) the amount 

of 16S rDNA in unknown soil DNA samples was quantified by calculating sample Ct 

value on the standard curve (Appendix III). The copy number was estimated with the 

following formula:  

Number of copies = (amount x 6.022x10
23

 / (length x10
9
 x 650), assuming one 

copy of ribosomal gene per genome (Kabir et al., 2003). 

 3.6.1.4 qPCR analysis 

The qPCR was performed in iCycler iQ
TM

 Multicolor (Bio-Rad Lab, Hercules, 

CA, USA) instrument using SYBR green chemistry. A set of previously reported 

universal primers (EUB 341F- 5 CCTACGGGAGGCAGCAG 3 and EUB 534R- 5’ 

ATTACCGCGGCTGCTGG 3’) were used to perform the real time PCR quantification 

of 16S rDNA in isolated soil DNA (Muyzer et al., 1993). Amplification was 

performed according to the following reagents and PCR program. 
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Real Time PCR Reagents for 25 μl reaction 

Reagent    Sample Rxn Standard Rxn 

SYBR green supermix 

 (Bio-Rad Lab, USA)  

12.5 μl  12.5 μl   

Primer- EUB 341F 0.5 μl (0.1μM) 0.5 μl (0.1μM) 

Primer- EUB 534 R 0.5 μl (0.1μM) 0.5 μl (0.1μM) 

Soil DNA 1 μl (10ng) - 

16S rDNA amplicons - 1 μl (30ng serially diluted) 

Triple Distilled Water 10.5 μl  10.5 μl  

 

qPCR program 

Steps Cycles Temperature Time 

Initial 

Denaturation 

1 95
0
C 3 min 

Denaturation  

35 

94
0
C 1 min 

Annealing  58
0
C 1min 

Extension  72
0
C 1min 

 

3.6.2. Real Time Quantification of pqq C gene in Soil samples 

3.6.2.1. Extraction of genomic DNA of Pseudomonas striata P-27 

The culture of Pseudomonas striata P-27 was provided by departmental culture 

collection at G.B. Pant University of Agri. & Tech. Pantnagar. Cells were harvested 

from 100 ml grown culture of Pseudomonas striata P-27. Genomic DNA was isolated 

using Alkaline lysis method (Bazzicalupo and Fani, 1995). 

3.6.2.2. Amplification of pqq C gene from Pseudomonas striata P-27 

  Genomic DNA of Pseudomonas striata P-27 was subjected to conventional               

PCR in a volume of 25μl using previously reported primers set (pqqC-F-5 

ATTACCCTGCAGCACTACAC 3 and pqqC-R-5 CCAGAGGATATCCAGCTTGAAC 

3) according to their described protocol (An and Luke, 2016). Amplification was performed 

according to the following reagents and PCR program. 
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PCR Reagents: 

Reagent  Working concentration 

10X Buffer  

MgCl2 (25 mM) 

1X 

0.5 mM 

dNTPs (10 mM) 200 µM 

Primer pqqC-F (10 µM) 0.2 µM 

Primer pqqC-R (10 µM) 0.2 µM 

Taq DNA Polymerase (3U/µl) 1U 

Template DNA 50ng 

 

PCR program 

Steps Cycles Temperature Time (min) 

Initial 

Denaturation 

1 95
0
C 3 

Denaturation  

30 

94
0
C 1 

Annealing  55
0
C 1 

Extension 72
0
C 2 

Final extension 1 72
0
C 10 

 

3.6.2.3. Standard curve preparation 

Standard curve was prepared using DNA from Pseudomonas striata P-27. Ten 

fold serial dilution series (starting from 50ng) was used as an external standard for 

quantification by real time PCR. With the help of standard curve the amount of DNA 

was quantified by software provided by the manufacturer (Appendix III) (Bio-Rad 

Lab, Hercules, USA). The copy number estimation was done with the formula: Number 

of copies = (amount x 6.022 x 10
23

 / (length x10
9
 x 650), assuming one copy of 

ribosomal gene per genome (Kabir et al., 2003). 

3.6.2.4. qPCR analysis 

The above primers set were also used to perform the Real Time PCR 

quantification of pqq C gene from soil DNA. 
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Real Time PCR Reagents for 25 μl reaction 

Reagent    Sample Rxn Standard Rxn 

SYBR green supermix 

(Bio-Rad Lab, USA)  

12.5 μl  12.5 μl   

Primer- pqqC F 1 μl (0.5μM) 1 μl (0.1μM) 

Primer- pqqC R 1 μl (0.5μM) 1 μl (0.1μM) 

Soil DNA 1 μl (undiluted) - 

DNA amplicons  

 (Pseudomonas striata P-27) 

- 1 μl ( serially diluted) 

Triple Distilled Water 9.5 μl   9.5 μl  

 

qPCR program 

Steps Cycles Temperature Time (min) 

Initial 

Denaturation 

1 95
0
C 3 

Denaturation  

30 

94
0
C 1 

Annealing  55
0
C 1 

Extension  72
0
C 1 

 

3.7. Metagenomic sequencing 

 The soil microbiota was analysed based on 16S rRNA (V3-V4) gene using 

Illumina Miseq sequencing platform which generated 250 bp paired-end reads. The V3-V4 

region of 16S rRNA genes was amplified using primers V3: 341 F: 5’ 

CCTACGGGAGGCAGCAG 3’ and V4: 806 R: 5' GGACTACHVGGGTWTCTAAT 3’. 

3.7.1. Sequence quality checking 

Raw sequences were processed and checked for different quality parameters. 

Following quality checks were performed for each sample.  

 Base quality score distributions 

 Average base content per read 

 GC distribution in the reads 
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3.7.2. Base quality score distribution 

Base quality of each cycle for all samples was performed. The quality of left 

and right end of the paired-end read sequences of the sample was analyzed and the 

Phred score distribution was calculated. Phred score is a quantitative measure of 

correctness of any sequence. 

3.7.3. Base composition distribution 

The composition of nucleotides in the sequence read for each sample and graph 

was plotted where x-axis represents sequencing cycle and y-axis represents nucleotide 

percentage. The base composition of left and right end of the paired-end read sequences 

were calculated.  

3.7.4. GC distribution 

The average GC content distribution of the sequenced read of the samples was 

calculated and graph plotted where x-axis represents average GC content in the 

sequence and y-axis represents percentage of sequences.  

3.7.5. Identification of V3-V4 region from paired-end reads 

Following steps were performed to extract V3-V4 region from Illumina paired-

end sequences. 

a) Trimming of spacer and conserved region 

b) Building consensus V3-V4 region from trimmed paired-end reads 

c) Filters to identify high quality V3-V4 region sequences 

Paired-end reads were assigned to samples on the basis of unique barcodes and 

truncated by cutting off barcode and primer sequence. Usually a paired-end sequence 

from V3-V4 metagenomics contains some portion of conserved region and V3-V4 

region. As a first step the conserved region from paired-end reads were removed. After 

trimming the unwanted sequences from original paired-end data, sequences were 

merged using FLASH program (v.1.2.7) to generate consensus V3-V4 region sequence. 

Multiple filters such as conserved region, spacer and mismatch filters were applied to 

generate high quality V3-V4 region sequences. While making consensus V3-V4 

sequence, all consensus reads were formed with 0 mismatches with an average contig 

length of ~350 to ~450bp.  
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3.7.6. Chimera filter and singleton removal 

The UCHIME algorithm was used to detect chimera and remove chimera 

sequences. 

3.7.7. OTUs, Taxonomy classification and relative abundance 

The entire downstream analysis was done using QIIME (Version 1.9.1) 

program (Caporaso et al., 2010). Pre-processed reads from all the samples were 

pooled and clustered into Operational Taxonomic Units (OTUs) using Uclust 

program at 97% similarity. The representative sequences for each OTU were selected 

by aligning the sequences against Green gene data set using PyNAST program 

(DeSantis et al., 2006a, b). Sequences that did not have 97% identity to any of the 

reference sequences in the Green genes database were not assigned to OTUs and thus 

not considered for further analyses. The taxonomic classification of each 

representative OTU was performed using RDP classifier against SILVA 16S RNA 

genes database. The phylum and genus distribution for each sample based on OTU 

and reads were categorized. Further pie-charts were generated using QIIME program. 

3.7.8. Statistical analysis 

The alpha diversity and beta diversity analysis were subsequently performed 

using the normalized data. Alpha diversity was applied to analyze species diversity in a 

sample through three indices: Shannon, Chao1 and observed-species. All of these 

indices were calculated with QIIME (Version 1.9.1). Community richness was 

identified using the Shannon and Chao1 estimators. Community diversity was 

determined using the Shannon indices. The observed species metric indicated count of 

unique OTUs identified in the sample.  

Beta diversity analysis was used to evaluate differences in species complexity 

among the samples. Beta diversities based on weighted Unifrac approach were 

calculated by QIIME software (Version 1.9.1). Weighted Unifrac Method was 

performed to interpret the distance matrix using average linkage by comparing 

microbial communities between samples. A jackknife test was performed to construct a 

consensus UPGMA (Unweighted Pair Group Method with Arithmetic Mean) tree for all 

samples in this set.  
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3.7.9. Venn diagram and Hierarchial clustering 

Venn diagram shows the common and unique OTUs and phylum distributed 

among sample. Venn diagram was prepared using R-package v.3.4.3. The heatmap 

with hierarchical clustering tree (HCL) shows the relative read abundance of top 20 

Genus among samples. The hierarchical clustering score was calculated by Multi 

Experiment Viewer based on metric calculation using Pearson correlation method. The 

node and edges are connected by means of distance score between genus and between 

samples.  

3.8. Enumeration of bacteria in soil samples 

The soil samples were analysed for aerobic mesophilic count on Angles’s and 

Pikovaskya medium by serial dilution pour plating method. A 100 gm soil was 

suspended in 1000 ml suspended water/ normal saline and serially diluted up to 10
-6

 

dilution. Three dilutions (10
-2

, 10
-4

, 10
-6

) were selected and analysed for population by 

pour plating on both medium. The plates were incubated at 30°C for 24 hrs and 

observed for the development of colonies. Further population of bacteria per gram of 

soil was calculated by formula as following.  

                                                     No. of colonies × amount of sample used for plating 

cfu g
-1 

soil sample=  --------------------------------------------------------------------------------------------------  

Amount of sample used for preparing initial dilution × dilution factor taken for dilution 

 

Comparisons of cfu’s of three different regions were analyzed statistically, 

using one-way Analysis of Variance (ANOVA). 

 3.9. Isolation of phosphate solubilising bacteria  

 Presence of pqq C gene was observed in all the soil samples. All three soils 

were subjected to serial dilution in normal saline (0.85% NaCl in DW). All 6 dilutions 

from 10
-1

 up to 10
-6

 were spread on sterile pikovaskya agar plates (Himedia 

laboratories Pvt. Ltd.) and incubated at 30
◦
C for 24 hours. The plates were observed 

for colonies with halozones around them. The colonies exhibiting clear halo zones were 

selected and purified. In all eighteen bacterial colonies were isolated on pikovaskya 

medium plates from Lachhiwala, Tanakpur and Pantnagar soil. 
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3.9.1. Morphological Characterization 

3.9.1.1. Gram’s Reaction 

A loopful culture was smeared on a clear slide and stained through Gram’s 

staining procedure as per Bergey’s Manual of Determinative Bacteriology (Bergey et al., 

1994). The slide was observed under oil immersion objective lens (100 X magnification) 

of compound microscope and observed for Gram’s reaction, shape and arrangement of 

the cells. The reagents used for Gram’s staining are given in Appendix IV. 

3.9.2. Maintenance and preservation of purified cultures 

All the bacterial cultures were maintained on nutrient agar medium plates and 

slants and stored at 4
°
C. For long-term preservation, bacterial cultures were stored in 

the glycerol stocks prepared in nutrient broth and kept at -20
°
C. 

3.10. P Solubilization 

3.10.1. Qualitative P solubilization 

 Log phase bacterial isolates was spot inoculated on Pikovskaya’s agar plates 

containing tricalcium phosphate and were incubated at 30± 1°C for 3-4 days. The plates 

were observed for formation of clear zone around the bacterial growth. Comparative 

solubilization index was determined by the following formula (Pikovskaya, 1948; Edi-

Premono et al., 1996).  

                          
                                  

               
 

3.10.2. Quantitative estimation of phosphorous 

 Phosphorous solubilized by bacterial isolates were quantified by Fiske and 

Subbarow (1925) method. The method is based on the principle that soluble 

phosphorous reacts with ammonium molybdate to form phosphomolybdic acid, which 

is reduced by α-aminonaphtholsulphonic acid. The resulting product is blue coloured in 

presence of sulfite. The intensity of blue colour is directly proportional to the amount of 

phosphorous present in the solution and is estimated by spectrophotometer at 640nm.  

Reagents used: 

i.  10 N H2SO4 

ii.  Molybdate solution: 2.5% ammonium molybdate in 5 N H2SO4 
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iii. Colour reagent:  10 ml of 5% sodium bisulphite 

  20% sodium sulphite 

 25g 1-amino-2-naphthol-4-sulphonic acid 

iv. 60% Per chloric acid (PCA) 

v. Stock of phosphorous (KH2PO4): 10 mM 

Procedure: 

a) Preparation of standard curve 

(i) A standard curve of phosphorus was prepared by using 10 mM stock 

solution of KH2PO4 from which different concentrations (100µM, 200µM, 

500µM, 800µM, 1mM, 2 mM, 5 mM and 10 mM) were taken in series of 

test tubes and volume made up to 1 ml with distilled water.  

(ii) Then 0.4 ml of 60% PCA, 0.4 ml molybdate solution, 0.2 ml of colour 

reagent and 4 ml TDW was added sequentially and mixed thoroughly.  

(iii) Test tubes are kept at room temperature for 5 min for colour development.  

(iv) The resulting blue colour solution was read at 640 nm.  

(v) Standard graph was prepared with concentration of phosphorous on x-axis 

and OD on y-axis (Appendix V). 

b) Phosphorous estimation 

(i) Bacterial isolates were grown in 25 ml NBRIP medium for 72 h at 28±1°C, 

120 rpm. Cultures were centrifuged at 5000 rpm for 15 min. 

(ii)  One ml of culture supernatant was taken in a tube, 0.4 ml of 60% PCA, 0.4 

ml molybdate solution, 0.2 ml of colour reagent and 4 ml TDW was added 

sequentially into culture supernatant. The tubes were left at room 

temperature for 30 min.  

(iii) The absorbance of blue colour solution was measured at 640 nm and 

amount of phosphorous is estimated from standard graph 
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3.10.3. Statistical analysis 

The experimental data (qualitative and quantitative) were statistically processed 

using t- test (cochran s approx t-test). All results were expressed as mean ± SEM. F 

values for which p < 0.05 were considered significant (Fernandez et al., 2007).  

3.11. Biochemical characterization 

3.11.1. Starch hydrolysis 

Amylase activity was assessed by growing the bacteria on Glucose Yeast 

Extract Peptone Agar (GYP) medium with 0.2% soluble starch pH 6.0 (Kasana et al., 

2008). After incubation at 30
◦
 C for 2 days, the plates were flooded with 1% iodine in 

2% potassium iodide. 

3.11.2. Urea Hydrolysis 

  Bacterial culture were spotted on nutrient agar plates supplemented with phenol 

red and 2% urea (w/v). The plates were incubated at 30
◦
 C for 2 days. The formation of 

pink colored zone were indicates positive test (Cappuccino and Sherman, 2002). 

3.11.3. Presence of Nitrate reductase  

Nitrate reductase test was performed by inoculating 0.5 ml of culture 

suspension into 10 ml of the nutrient broth containing 1% KNO3 and incubated for 5 

days at room temperature. After incubation at 28±1
◦
 C for 2 days, few drops of 

sulphanilic acid and α- Napthylamine (5g/1 in 5M acetic acid) was added to the test 

tubes. Development of red color within minutes was considered as positive and absence 

of color indicates negative test. 

3.11.4. Lipase production 

      The bacterial colonies were inoculated in nutrient agar plates supplemented 

with 1% (w/v) Tween 80. The isolates that produced lipase were identified by clear/ 

precipitate formed around the colony.  

3.11.5. Xylanase activity 

        Xylanolytic activity was determined by growing the bacteria in xylanase 

activity indicator medium (0.5% (w/v) xylan and 1.5% agar (w/v)) (Farkas et al., 

1985). After the incubation at 28±1
◦
 C for 3-4 days period, the plates were flooded with 
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1% iodine in 2% potassium iodide. A clear zone around the bacterial colony indicated 

positive test. 

3.11.6. Protease production 

       For examining protease activity log phase bacterial isolates were spotted on 

Skim milk agar plates and incubated at 28
0
C for two days .The isolates that produced 

protease were identified by clear zone around bacterial colony (Shaheen et al., 2008). 

3.11.7. Pectinolytic Activity 

       Pectinolytic activity was determined by growing the bacteria in Pectin Agar 

medium. After the incubation period, the plates were flooded with 1% iodine in 2% 

potassium iodide (Hankin and Anagnostakis, 1975). A clear zone formed around the 

bacterial colony indicated pectinolytic activity. 

3.11.8. Presence of Catalase  

       This test was performed to study the presence of catalase enzyme in different 

isolates. A smear of culture was made on a clean and dry glass slide. A drop of H2O2 

was added and mixed with smear on slide. The production of gas bubbles and 

effervescence constituted a positive test (Aneja, 2006). 

3.12. Functional characterization of Isolates  

3.12.1. Zinc solubilisation 

The log phase bacterial cultures were spot inoculated on nutrient agar medium 

supplemented with ZnO and ZnCO3 (0.1 %). The plates were incubated at 28±1
0
 C for 

5 days. The plates were observed for zone of clearance around the bacterial colonies. 

The zone and zone size was correlated to the zinc solubilisation ability of isolates 

(Saravanan et al., 2003). 

3.12.2. Siderophore production 

       The bacterial cultures were screened for siderophore production on Chrome 

azurol S (CAS) agar plates (Schwyn and Neilands, 1987). CAS dye (60.5 mg) was 

dissolved in 50 ml deionised water, and then mixed with 10 ml of a Fe (III) solution       

(1 mM
-1 

of FeCl3.6H2O in 10 mM
-1

 HCl). This mixture was added to 72.9 mg of Hexa-

decyl-Trimethyl-Ammonium Bromide (HDTMA) dissolved in 40 ml water. The 
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resulting mixture was autoclaved, cooled to 50- 60°C and mixed with 300mL nutrient 

agar media. The CAS agar plates were inoculated with log phase cultures of all 22 

bacterial isolates and incubated at 28±1
0
Cfor 5-6 days. The plates were observed for 

appearance of orange to yellow halo zones around bacterial colony. 

3.12.3. Indole acetic acid (IAA) production 

Bacterial isolates were grown in nutrient broth supplemented with 0.01% 

tryptophan and incubated at 28±2°C for 3 days. The broth was centrifuged at 10,000 

rpm for 20 min at 4°C to collect the supernatant. The amount of IAA was qualitatively 

determined by adding 4 ml of Salkowasky’s reagent (1 ml of 0.05 M FeCl3 in 50 ml of 

35% HClO4) to 2ml of culture supernatant. Uninoculated broth with Salkowski reagent 

served as reference. Development of red color indicates positive result (Patten and 

Glick, 2002). 

3.12.4. HCN production  

Cyanide production was detected according to method of (Bakker and 

Schippers, 1987). The log phase culture were streaked on plates containing nutrient 

agar supplemented with 4.4g of glycine per litre. Filter paper dipped in 0.5% picric acid 

and 2% sodium carbonate solution was placed on the lid of each petriplate. Petriplates 

were incubated at 28±2°C for 3-7 days. The change of filter paper colour from yellow 

to orange brown indicated cyanide production. The plates without bacterial inoculums 

were considered as control plates. 

 3.12.5. Ammonia Production 

       Actively growing bacterial isolates were inoculated in 10 ml Peptone water and 

incubated for 72 h at 27± 2
0 

C in a rotatory shaker at 100 rpm. Production of ammonia 

was tested by adding Nessler
’
s reagent (1ml) to the bacterial culture after 4 days of 

incubation (Cappuccino and Sherman, 1992). Presence of yellow to brown color 

indicates production of ammonia. 

3.13. Determination of antibiotic sensitivity and resistance pattern  

Antibiotic sensitivity and resistance of eighteen strains were assayed by the disc 

diffusion method (Yao, 2002). A culture inoculum was prepared by growing cells in 

nutrient broth for 24 hours at 30°C. One milliliter of actively growing bacterial cultures 
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was pour plated on nutrient agar plates. Octo disc of different antibiotics at the 

following concentrations: ampicillin (10mcg), cephalothin (30mcg), chloramphenicol 

(30mcg), clindamycin (2mcg), erythromycin (15mcg), gentamicin (10mcg), oxacillin 

(1mcg) and vancomycin (30mcg) were placed on the surface of the medium and left for 

30 minutes at room temperature for diffusion of the antibiotics. All antibiotics were 

purchased from Himedia Laboratories Pvt. Ltd. The plates were incubated for 

48 hours at 30°C. After incubation, the bacteria were classified as sensitive or resistant 

to an antibiotic according to the diameter of inhibition zone. 

3.14. Molecular characterization 

3.14.1. Extraction of genomic DNA of the strains 

Genomic DNA of all isolates was extracted by a modified method of 

(Bazzicalupo and Fani, 1995). 

 Nutrient broth inoculated with single bacterial colony was incubated at 28
0
 C 

and 140 rpm till log phase growth was attained. 

 Log phase culture of all 22 isolates was pelleted at 10,000 rpm for 5min.  

 The pellet was washed with Tris Cl (pH =6.8) at 10,000 rpm for 5 min to 

remove polysaacharides.  

 The supernatant was discarded and 567μl of Tris EDTA was added. The pellet 

was homogenized on vortex mixer. 

 30 μl SDS and 5 μl Proteinase K was added.  

 After gentle inversion, solution was incubated at 37
0
C for 1 hour.  

 100 μl of 5M NaCl and 80 μl of 10% CTAB was added and the solution was 

mixed by gentle inversion and incubated at 65
0
C for 15-20 min. 

 The equal volume of Chloroform: Isoamyl alcohol (24:1) was added and mixed 

by vigorous inversion and centrifuged at 12,000 rpm for 10 minutes.  

 Upper aqueous phase was collected and equal volume of Phenol: Chloroform: 

Isoamylalcohol was added to it. 

 It was mixed by vigorous inversion and centrifuged at 14,000 rpm for 10 

minutes. 
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 Upper aqueous phase was collected and 3 μl of RNase was added to it and 

incubated at 37
0
C for 30 minutes. 

 Double volume of chilled absolute ethanol was added and kept at -20
0
C 

overnight.  

 The above mixture was centrifuged at 12,000 rpm for 20 minutes and 

supernatant was discarded. 

 DNA pellet was air dried and dissolved in 50 μl Tris – EDTA (pH 8). 

 The DNA was electrophoresed in 0.8% Agarose gel at 100V for 45 minutes. 

 The gel was visualized under U.V light on gel documentation system (Gel Doc 

Mega- Biosystematica). 

3.14.1.1. Quantification of genomic DNA 

DNA sample (10 μl) and 490 μl TE buffer were mixed by inverting the tube. The 

absorbance was taken at 260 nm and 280 nm through UV/Vis spectrophotometer Lambda 

35, Perkin Elmer. The TE buffer acted as blank. The ratio of Abs260nm/Abs280 nm 

provides an estimate of purity of nucleic acid. Pure preparation of DNA has Abs260/Abs280 

ratio of 1.8 to 2.0.  

 DNA concentration was calculated by using following formula:                                 

1000

50 factor Dilution  Abs
g/ml)(ion concentratDNA 260 

  

where,                            

stock fromDNA taken   theof Volume

cuevettein  sample of  volumeTotal
 factor Dilution   

3.14.2. 16S rDNA amplification  

Amplification of 16SrDNA was done using template DNA of all 22 bacterial 

isolates recovered from soil of three Dalbergia sissoo provenances. The 1492 bp 16S 

rDNA region was amplified using Primers GM3f (5’ TACCTTGTTGTTACGACTT3’) 

and GM4r (5’TACCTTGTTACGACTT3’) (Muyzer et al., 1995).  

      The reaction mixture contained: 5 μl template DNA was taken and to it 45 μl of 

reaction mixture was added which consisted buffer (100mM Tris –HCL with 15mM 
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MgCl2), 1μM of each dNTPs and one unit of Taq DNA polymerase. The reaction 

condition include an initial denaturation of min at 95
0
C, followed by 35 cycles of 1 min 

at 94°C, 1 min at 52°C and 1 min at 72°C with the final extension of 5 min at 72°C. 

The amplification was carried out in thermal cycler, Gen Amp PCR System 9700 

(Applied Biosystems) Amplified DNA was electrophoresed in 1.0% agarose gel at 80 

mA for1 hour alongwith λDNA/EcoRI/HindIII Double Digest ladder and visualized 

under UV gel documentation system (Gel Doc Mega, Biosystematica). 

3.14.3. Restriction Analysis of 16S rDNA 

   The 16S rDNA amplicon of all 18 isolates was digested with three tetracutter 

restriction endonucleases; MspI, AluI, and BsuRI. The digestion reaction was set in 

reaction mixture of 25 µl, which included 20 µl amplicon and reaction mixture included 

1X assay buffer for enzyme, 1U/reaction of each restriction endonuclease MspI, ,AluI, 

and Fast digest BsuRI. For digestion with MspI and AluI reaction mixture was kept at 

37°C for 2h and BsuRI fast digest for 5 min. Enzymes were then inactivated by adding 

loading dye and kept at -20°C. The product of restriction digestion was analysed on 

2.5% agarose gel electrophoresed at 60V and visualized under UV Gel documentation 

system. 

The recognition sites of the enzyme are as follows: 

  BsuRI G G↓CC     AluI AG↓CT    MspI C↓CGG 

CC↑GG  TC↑GA  GGC↑C 

3.14.4. In silico analysis of sequence data
 

      On the basis of ARDRA profiles and morphological characters, isolates were 

selected and taxonomically identified. The 16S rDNA region of all 18 isolates were 

sequenced on 3730 DNA sequencer using ABI big dye terminator technology(Central 

Instrumental facility, Biotech Centre UDSC, New Delhi) using same set of primers that 

were used in 16SrRNA gene amplification. The gene sequences were subjected to a 

similarity search using Basic Local Alignment Search (BLASTn) algorithm (Altschul 

et al., 1990) at EzBioCloud's database (https://www.ezbiocloud.net/identify) (Yoon et 

al., 2017).  
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3.14.4.1. Nucleotide sequence accession number 

 The 16S rRNA gene sequences of all 22 bacterial isolates from this study           

have been deposited at NCBI under accession numbers MG966339-MG966355 

(Appendix VI). 

3.15. Amplification of pqq C and pqq A Gene from Bacterial Isolates 

3.15.1 Extraction of Genomic DNA from bacterial isolates 

Genomic DNA was isolated from all the isolates using alkaline lysis method 

(Bazzicalupo and Fani, 1995) described in previous section. 

Agarose gel electrophoresis 

 Agarose gel electrophoresis was done to evaluate the purity of isolated DNA 

samples. as per the method mentioned in previous section. 

 3.15.2 Amplification of PQQ gene from bacterial isolates 

The best-characterized mechanism for microbial phosphate solubilization is 

through secretion of gluconic acid (Goldstein, 1995). The gluconic acid is produced from 

glucose through the activity of a glucose dehydrogenase (GDH) enzyme that requires the 

redox cofactor pyrroloquinoline quinone (PQQ). The PQQ coenzyme is synthesized 

exclusively in microbes, its precise mechanism is not yet completely understood (Klinman 

and Bonnot, 2014). The genes required for its synthesis comprise a combination of the 

following: pqqA, pqqB, pqqC, pqqD, pqqE, pqqF, and pqqG. In general, the pqqA, pqqB, 

pqqC, pqqD, and pqqE genes are conserved and arranged in that particular order in what is 

typically referred to as the pqq operon (pqqABCDE) (Shen et al., 2012). Other commonly 

found genes include pqqF and pqqG, which can be located either proximal or distal to the 

pqq operon (Yang et al., 2010). Previous studies have proved the requirement of PQQ for 

the mineral phosphate solubilization ability. The bacterial genomic DNA of selected 

isolates was subjected to amplification at, Gen Amp PCR System 9700 (Applied 

Biosystems) in a 20μl volume using PQQ primers set. PQQ primer set (pqqA-F: 

5’ATGTGGACCAAACCTGCATAC 3’ pqqA-R:5’GCGGTTAGCGAAGTACATG 

GT3’) and (pqqC-F: 5’ATTACCCTGCAGCACTACAC3’ pqqC-R: 5’ 

CCAGAGGATATCCAGCTTGAAC 3’) were used. 
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Fig. 3.1 Comparison of the pqq gene clusters of different microbes. Positions and 

orientations of the pqq genes are indicated by white and colored arrows. 

The same color represent homologous encoded proteins. 

 

Reagents: 

10X Assay Buffer    1X (New England Biolab, MA, USA) 

MgCl2                                    0.5 mM  

dNTPs     200µM (New England Biolab,MA, USA) 

Taq DNA Polymerase   1U (New England Biolab, MA, USA) 

Forward Primer   0.3 μM    

Reverse primer   0.3 μM 

Template DNA   50 ng 

Volume was maintained with autoclaved triple distilled water. Amplification 

was done using following programme. 

 PCR program 

Steps Cycles Temperature Time 

Initial Denaturation 1 94
0
C 5 min 

Denaturation 

30 

94
0
C 30 sec 

Annealing  50
0
C 30 sec 

Extension 72
0
C 1 min 

Final extension 1 72
0
C 10min 
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The amplicons along with 50bp DNA ladder, were loaded on 2.0 % (
w
/v) 

Agarose gel which was prepared in 1X TAE buffer (pH 8.0) electrophoretically.  

3.16. Phylogenetic analysis 

The full 16S rRNA gene sequences corresponding to all eighteen phosphate 

solubilizing bacteria (PSB) were compared with those available in the National Centre 

for Biotechnology Information (NCBI) Gen Bank database. Homology studies were 

carried out with the NCBI Gen Bank BLAST programme (Altschul et al., 1990). 

Multiple sequence alignment and comparison was performed by ClustalW algorithm 

(Thompson et al., 1997) with the selected reference sequences. The phylogenetic tree 

was constructed using neibhour-joining (NJ) method (Saitou and Nei, 1987) with the 

help of molecular evolutionary genetic analysis (MEGA) version 7.0 software. 

Bootstrap analysis of 1000 replicates (Felsentiein, 1985) was performed using MEGA 

version 7.0 (Kumar et al., 2016). Percent identity, divergence and conserved sequence 

alignment all were performed through MEGA alignment. 

 

 

 

 

 



 

 

Results                        

and                     

Discussion 



 

 

Plant health is closely related to the dynamic balance between the three groups 

of rhizosphere microorganism; beneficial, deleterious and neutral. According to 

García-Salamanca et al. (2013), the taxonomical and functional structures of soil 

microbial communities are influenced by plant and soil properties. Plants exert, due to 

root characteristics and exudation pattern, selective pressure on the soil microbial 

population through modification of the soil physicochemical properties. An increased 

understanding of composition and dynamics of the Dalbergia sissoo rhizosphere 

microbiome is an essential step to design successful bicontrol strategy against soil 

borne diseases and safeguard its productivity. However, it is difficult to predict the 

structure and composition of its microbiota based on environmental parameters such as 

soil type, climate, and management practices. So, the composition and diversity of 

bacterial communities in Dalbergia sissoo rhizosphere from healthy and diseased 

natural forests were established using metagenome approach.  

Soil and rhizosphere-dwelling bacteria enhance plant fitness and growth 

through various mechanisms. Enhanced nutrient acquisition from the soil is one of 

them. Plants acquire phosphorus, essential nutrient, from the soil, most of soil 

phosphorous is immobilized and becomes unavailable for plant uptake. The PSBs, 

through solubilization and mineralization of immobilized P, may reduce the addition of 

inorganic P into soil causing the substantial reduction in production cost and 

environmental damage (Rajan et al., 1996) and improve soil health also. There are 

reports of significant improvement in P availability for plants through PSB inoculation. 

Microbial inoculants have also been used for enhancing the growth of Dalbergia sissoo 

seedlings grown under stress conditions (Bisht et al., 2009).  

Percent mortality at Pantnagar was found to be highest (85%) followed by 

Lacchiwala (20%) and Tanakpur (25%). So, in this study bacterial abundance and 

diversity of shisham rhizosphere from Lacchiwala, Tanakpur, and Pantnagar 

provenances were elucidated through quantitative PCR and metagenomic approach. In 

addition abundance of potential phosphate solubilizing bacteria associated with 

shisham rhizosphere was estimated. Several PSBs were isolated and characterized 

employing a polyphasic approach. 
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4.1 Soil physicochemical analysis 

Soil physiochemical analysis was performed to assess the soil nutrient status 

and health. Soil texture was silty loam in Lachhiwala and Tanakpur soil whereas silty 

clay loam in Pantnagar. Soil pH in Pantnagar soil was 6.85 which was comparatively 

higher than Lachhiwala and Tanakpur where it was 6.00 and 6.12 respectively. 

Electrical conductivity for Lachhiwala, Tanakpur and Pantnagar soil was 0.11 dsm
-1

, 

0.14 dsm
-1

 and 0.13 dsm
-1

 respectively. Total organic carbon (TC) was found higher in 

case of Pantnagar (42750 kg/hac) as compared to Lachhiwala (19500 kg/hac) and 

Tanakpur (25000 kg/hac). Further available phosphorus (AP) content was highest in 

Lacchiwala (56.48 kg/hac) followed by Tanakpur (46.87 kg/hac) and Pantnagar soil 

(37.86 kg/hac). Total Kjeldhal Nitrogen (TKN) in Pantnagar, Lachhiwala and Tanakpur 

was 137.98 kg/hac, 163.07 kg/hac and 100.35 kg/hac respectively while soil potassium 

was 434.11 kg/hac, 505.34 kg/hac and 520.12 kg/hac respectively. Soil, iron and zinc 

were significantly higher in Lachhiwala and Tanakpur soil as compared to the 

Pantnagar soil. The analyses of macro and micro-nutrient contents alongwith some 

other important parameters (soil type, pH and electrical conductivity) of D. sissoo 

(D.S.) rhizospheric soil from three different provenances are presented in (Table 4.1). 

Soil nutrient properties were analysed statistically. The ANOVA (p < 0.05) results 

revealed highly significant differences between soil nutrient values at Lachhiwala, 

Tanakpur and Pantnagar (Fig. 4.1).  

Table 4.1: Soil physicochemical properties in three different D. sissoo provenances 

PROPERTIES PANTNAGAR 

29ºN Lat, 79 ºE long 

252 mabsl 

LACHHIWALA 

30.2ºN Lat, 78.1ºE long 

508 mabsl 

TANAKPUR 

29ºN Lat, 80ºE long 

245 mabsl 

Soil pH 6.85 6.00 6.12 

Electrical conductivity 0.13 0.11 0.14 

Soil type Silty Clay Loam Silty Loam Silty Loam 

Carbon 42750 kg/hac 19500 kg/hac 25000 kg/hac 

Phosphorus 37.86 kg/hac 56.48 kg/hac 46.87 kg/hac 

Potassium 434.11 kg/hac 505.34 kg/hac 520.12 kg/hac 

Nitrogen 137.98 kg/hac 163.07 kg/hac 100.35 kg/hac 

Iron 11 kg/hac 12.5 kg/hac 22.6 kg/hac 

Zinc 0.2 kg/hac 9.3 kg/hac 11 kg/hac 

NOTE: Each value is the mean of three replicates. Data was analysed statistically at the 5% (p<0.05) 

level of significance 
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Fig. 4.1: Soil physicochemical properties at three different Dalbergia sissoo 

provenances 
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Disease conducive soil of Pantnagar was reported to be silty clay loam with 

high pH, high carbon, low phosphorus, low potassium and low micronutrients (Fe and 

Zn) content in comparison with other two samples (disease suppressive). Dalbergia 

sissoo thrives well on loose sandy soil but suffer adversely from root disease in stiff 

and clayey soil (Bakshi, 1957). The stiff and clayey soil leads to asphyxiation of the 

feeding roots and were subsequently colonised by wilt fungus Fusarium solani. Negi et 

al. (1999) observed that sissoo growing in stressful sites allocated more carbon to its 

roots (60%) and less to foliage (40%) compared to those in normal sites (root 51%, 

foliage 49%). The reason behind the D.S. mortality in Pantnagar may be the deficiency 

of micro and macronutrients in soil. Micronutrients are reported to play an important 

role in plant functioning, provide healthy environment for the growth of beneficial 

microbial community in rhizosphere region (Ghosh et al., 2017). Similarly 

macronutrients N, P and K are involved in disease resistance and tolerance (Dordas et 

al., 2008). Hence, low phosphorous in Pantnagar soils might be responsible for 

promoting disease incidence and spread. Moreover slightly high pH of soil could also 

be the cause for mortality in Pantnagar D.S. forest. Present findings are similar to those 

by Negi et al., 1999 that higher pH hinder the availability of phosphorous to the plants 

and caused disease in plants. Nitrogen content was moderate in all the three regions. 

According to Bisht et al. (2009) D.S. through N2 fixation has positive effect on soil 

fertility.  

4.2 Soil enzyme activities 

Figure 4.2 a-e shows alkaline phosphatase, acid phosphatase, florescein diacetate 

hydrolysis, dehydrogenase and urease activities of Dalbergia sissoo rhizospheric soils from 

shisham forests at three different locations. Rhizosphere fluorescein diacetate hydrolysis 

activity varied from 291.2 µg fluorescein gˉ¹ hˉ¹ soil at Lachhiwala forest to 372.6 µg 

fluorescein gˉ¹ hˉ¹ soil for Tanakpur forest (Fig. 4.2a) and a medium range was reported at 

Pantnagar (325 µg fluorescein gˉ¹ hˉ¹). Dehydrogenase enzyme levels were two fold higher 

in case of Tanakpur forest (4300µgTPFgˉ¹ hˉ¹) as compared to Lachhiwla forest (1880 µg 

TPFgˉ¹hˉ¹) while least activity was reported in the case of Pantnagar forest (1770 

µgTPFgˉ¹hˉ¹) (Fig. 4.2b). Lachhiwala forest also tended to have highest activity for acid 

phosphatase enzyme (1109.6 ug PNP gˉ¹ hˉ¹) whereas the activity was comparable at 

Tanakpur (654.5 ug PNP gˉ¹ hˉ¹and Pantnagar forest soil (574.8 ug PNP gˉ¹ hˉ¹) (Fig. 4.2c).  
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Figure 4.2: Enzyme activities in rhizospheric soil of three different Dalbergia 

sissoo provenances (a) Fluorescein di acetate (b) Dehydrogenase (c) 

Acid phosphatase (d) Alkaline phosphatase (e) Urease. Graphs are 

plotted with mean values (n=3) plus standard error 
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The highest alkaline phosphatase activity was found in D. sissoo rhizosphere from 

Lachhiwala forest (1196.2 ug PNP gˉ¹ hˉ¹) followed by Pantnagar forest (613.87 µ g PNP 

gˉ¹ hˉ¹) and lowest in case of Tanakpur forest (442.8 µg PNP gˉ¹ hˉ¹) (Fig. 4.2d). The 

maximum urease activity was observed in the D. sissoo rhizosphere soil from Lachhiwala 

forest (241.93 µgNH4
+
gˉ¹hˉ¹) followed by Pantnagar forest (192.25 µgNH4

+
gˉ¹hˉ¹). The 

minimum urease activity was observed in rhizosphere soil from Tanakpur forest (65.74 

µgNH4
+
gˉ¹ hˉ¹) (Fig. 4.2e). There was a significant difference (p< 0.05) between the 

enzyme activities of D.S. rhizosphere soils from three provenances (Table. 4.2). 

Table 4.2: Soil enzyme activities in three different Dalbergia sissoo provenances 

 

Values represent mean ± SD* 

E
n

zy
m

e 
a

ct
iv

it
y

 Locations 

Acid 

Phosphatase 

µg PNP gˉ¹ hˉ1 

Alkaline 

Phosphatase 

µg PNP gˉ¹ hˉ1 

Fluorescein 

diacetate 

µg florecein gˉ¹ hˉ¹ 

Dehydrogenase 

µg TPF gˉ¹ hˉ¹ 

Urease 

µg N gˉ¹ hˉ¹ 

P 574.8±1.15 613.04±0.83 325±0.57 1770±1.15 192.25±0.67 

L 1109±0.66 1196.23±0.63 291.2±1.15 1880±1.15 241±0.56 

T 654.5±0.30 442.8±0.33 372.6±0.57 4300±0.57 65.78±0.65 

 

NOTE: Each value is the mean of  three  replicates . Data was analysed statistically at the 5% (p<0.05) 

level of significance 

SD*: standard deviation 

 

Soil nutrients and soil enzyme activities are closely related. Soil organic carbon 

(SOC), nitrogen, phosphorus, potassium and other elements significantly affect the 

activities of the soil enzymes (Sahrawat, 1983; Burke et al., 2011). In the present 

study Fluorescein diacetate (FDA) and Dehydrogenase activity correlated with 

culturable microbial population or respiratory metabolism (Wolinska, 2012). The 

dehydrogenase and FDA activities were higher in D.S. rhizosphere from Tanakpur 

where the aerobic bacterial population was also highest. Soil phosphatase activity is pH 

sensitive, depends on the number and diversity of soil resident microflora (Nannipieri 

et al., 2003). The acid and alkaline phosphatase, and urease activities were higher in 

D.S. rhizosphere from Lachhiwala. This is in contrast to the observation of Nannipieri 

and co-workers (2003). The possible explanation is that only aerobic culturable 

bacterial count was determined; soil enzyme activities are the measure of total 

microbial population. One of the reasons for higher acid and alkaline phosphatase 

activity could be that phosphatase enzyme activities are proportional to the ds DNA and 
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ATP content of soil (Renella, 2006). Another reason is that soil pH at Lachhiwala is 

6.00 which validly proves maximum phosphatase activity there. Urease is an important 

enzyme involved in soil nitrogen (N) cycling. It catalyzes the hydrolysis of organic N 

to inorganic forms, the former using urea-type substrates and the latter ammonia or 

ammonium ion substrates (Cookson, 1999). Gianfreda et al. (2005) found a 

significant positive correlation of urease and phosphatase with available nitrogen and 

phosphate. This could be the reason for higher AN and AP content in disease 

suppressive soil of D.S. forests. Thus BNF by sissoo trees positively contributed 

towards urease activities (Bisht et al., 2009). Increased enzyme activities indicate an 

increase in carbon and nutrient leakage in the soil (Naseby and Lynch, 1998). The 

higher carbon promotes colonization of pathogens whereas higher nutrient availability 

could promote rhizosphere colonization of beneficial microbes. Hence it is not the 

individual carbon and nutrient content but the ratio that affects the rhizosphere 

microbiome.   

4.3 Metagenomic DNA  

The complex genomic DNA molecules from all the soil samples were isolated, 

quantified (Table 4.3) and visualized successfully as intact band on 1% agarose gel 

(Fig. 4.3). 

Table 4.3: Quantification of metagenomic DNA in rhizospheric soil samples 

Sr. No. Sample name 260/280 ratio 

1. Lachiwala 1.70 

2. Tanakpur 1.80 

3. Pantnagar 1.70 
 

 

Fig 4.3: Metagenomic DNA isolated from rhizospheric soil samples 

of three provenance 
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4.4 Real Time Quantification  

4.4.1 Real Time Quantification of 16S rDNA from soil DNA 

The 16S rDNA was quantified in rhizospheric soil samples collected from 

Lachhiwala, Tanakpur and Pantnagar (Kumar et al., 2014).The result showed that the 

16S rDNA copy number ranged from 4.92 × 10
10

,
 
8.10× 10

9
 and 1.73 × 10

9 
copies per 

gram of soil at Pantnagar, Lachhiwala and Tanakpur respectively (Table 4.4a). The 

16S rDNA copy number was highest for Pantnagar followed by Lachhiwala and 

Tanakpur respectively (Kumar et al., 2014).  

Table 4.4 (a): Quantification of 16S rRNA gene in rhizospheric soil of three 

Dalbergia sissoo provenances 

S. No. Sample ID Copy Number of 16S rRNA gene in soil 

1. P  4.92 x 10
10

 

2. L  8.10 x 10
9
 

3. T 1.73 x 10
9
 

 

Differences in 16S rRNA gene abundance suggested that bacterial abundance in 

particular habitat is affected not merely by altitude but also by physiological and edaphic 

soil factors like pH, temperature, nutrient availability, local flora and fauna. Another 

important factor, governing microbial abundance and diversity is plant type which 

directly influences the root exudation pattern. The composition of root exudates is 

affected by plant species as well as plant development stage (Di Cello et al., 

1997; Siciliano et al., 1998; Yang and Crowle, 2000; Dunfield and Germida, 2001). 

Since root exudates are used as carbon sources by microorganism. Hence, root exudation 

pattern govern the structure of rhizosphere microbial community. Moreover various 

components of root exudates are differentially utilized by microorganisms thus leading to 

difference in abundance and diversity of rhizosphere communities (Rumberger et al., 

2004; Orlando et al., 2007). Thus one possible explanation for the result obtained in this 

study could be difference in D.S. root exudation pattern within three provenances. 

4.4.2 Real time quantification of pqq C gene from soil DNA 

 Upon real time quantification of the partial pqq C gene from D.S. rhizosphere 

soils at all three provenances, the copy number ranged from 5.56× 10
4 

to 6.98× 10
5
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copies per gram of soil. Maximum pqq C gene abundance was observed at Pantnagar 

(6.98×10
 5

) followed by Lachhiwala (1.30 × 10
5
) and Tankapur (5.56×10

4
) (Table 4.4 

b). Although phosphate-solubilizing bacteria widely exist in the soil ecosystem, their 

populations vary with soil properties (chemical and physical properties, phosphate and 

organic matter content) (Kim et al., 1998a). Phosphate-rich soils contain fewer 

phosphate-solubilizing bacteria, which are also low in their diversity (Azziz et al., 

2012). Hence, Pantnagar soil with least plant available phosphorus content had high 

abundance of pqq C gene. 

Table 4.4 (b): Quantification of pqq gene in rhizospheric soil of three Dalbergia 

sissoo provenances  

S. No. Sample ID Copy Number of pqq gene  in soil 

1. P 6.98X10
5
 

2. L 1.30 x 10
5 

3. T 5.56 x 10
4
 

 

4.5  Metagenome sequencing targetting partial V3-V4 region of 16S rDNA 

Only about1% of the total 10 billion microorganisms and a thousand different 

species present in a gram of soil (Knietch et al., 2003) are assessable through 

cultivable techniques (Schloss and Handelsman, 2003). Moreover, cultivation of 

microbes is biased for media and growth conditions (Delmont et al., 2011). Hence, 

cultivation dependent methods are complemented by culture-independent methods for 

microbial diversity analysis. Culture-independent techniques are based on DNA 

isolation from environmental samples directly and sequencing of the complete or 

specific region of metagenome (Serkebaeva et al., 2013). As bacteria are the dominant 

and most diverse group among the microbial communities of any environment, the 

metagenomic analysis of variable 16S rDNA region is widely used for characterization 

of bacterial communities in an environment (Delmont et al., 2011a, b). The raw reads 

obtained after sequencing, are compared with the reference sequences from different 

databases like Greengene (Desantis et al., 2006) and ribosomal database project (Cole 

et al., 2009) for bacterial identification.  
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4.5.1 Statistics of metagenomes 

Targeting the hypervariable V3-V4 16S rDNA region, a total of 8,40,853 

(Lachhiwala), 7,48,477 (Tanakpur) and 9,58,426 (Pantnagar) 250 bp sequence                 

(Fig. 4.4; Fig. 4.5, Table 4.6) length reads using Illumina MiSeq platform were 

obtained for three forest samples. An average of 8, 49,252 reads were obtained for each 

sample. It was observed that the reads have GC content in the range of nearly 50%. The 

average GC content distribution of the sequenced reads of the samples is shown in   

(Fig. 4.6) More than 80% of the total reads have phred score greater than 30 (>Q30; 

error-probability >=0.001) (Table 4.5). While making consensus V3-V4 sequence, the 

passed reads aligned to each other with 0 mismatches with an average contig length of 

~350 to ~450bp (Fig. 4.7). From all of the samples, a total of 24, 91, 431 high-quality 

sequences (809,458 for Lachhiwala, 725,772 for Tanakpur and 956,201sequences for 

Pantnagar) were obtained after filtering the low-quality reads, chimeras, and attachment 

sequences. A summary of reads that passed each filter can be found in (Table 4.7). The 

effective sequence reads comprised 14, 07,880 OTUs (Fig. 4.8) which after singleton 

removal remained to 17, 2195 OTUs for all samples (Table. 4.8). 

4.5.2 Taxonomic analysis of operational taxonomic unit at phylum level 

In all 89.33% of the 16S rRNA sequence reads obtained from Illumina high 

throughput sequencing belonged to 10 bacterial phyla. The 10 most dominant bacterial 

phyla are Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia, 

Chloroflexi, Planctomycetes, Nitrospirae, Firmicutes and Candidate division WS-3. The 

relative abundance of eight dominant phylum varied among Lachhiwala, Tanakpur and 

Pantnagar and was distinct in each metagenome (Fig. 4.9). Proteobacteria was the most 

abundant phylum in Dalbergia sissoo (D.S.) rhizospheric soil from Lachhiwala and 

Tanakpur accounting for 46-48% (average 47%) of the total valid reads whereas 

Acidobacteria was dominant in D.S. rhizospheric soil from Pantnagar with 43% relative 

abundance. The distribution of remaining seven dominant phyla varied in all the three 

metagenomes. In Lachhiwala Acidobacteria (15%) was second most abundant followed by 

Bacteroidetes (11%), Actinobacteria (5%), Verrucomicrobia (4%), Chloroflexi(4%), 

Planctomycetes (4%), and Nitrospirae (1%). In Tanakpur soil the bacterial phyla in order of 

relative abundance are Firmicutes (21%) Acidobacteria (6%), Actinobacteria (5%), 

Bacteroidetes(5%), Verrucomicrobia (4%), Planctomycetes (2%) and Chloroflexi whereas  
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Table 4.5:  Raw read summary  

 

Table 4.6: Base composition distribution of the samples 

Sample Name 
Base Composition (%) 

A C G T 

L 22.67 27.65 27.12 22.39 

P 21.55 28.94 28.37 20.97 

T 23.11 27.20 26.44 23.07 

 

Table 4.7: Read summary and Pre-processing reads statistics 

Sample 

Name 

Total 

Reads 

Passed 

Conserved 

Region Filter 

Passed 

Mismatch 

Filter 

Consensus 

Reads 

Chimeric 

Sequences 

Preprocessed    

Reads 

Lachhiwala 840853 840853 839299 839299 29841 809458 

Pantnagar 958426 958426 956201 956201 0 956201 

Tanakpur 748477 748477 746951 746951 21179 725772 

 

Table 4.8: Summary of Singleton OTUs   

Total Reads  2491431 

Total OTUs Picked  1407880 

Total Singleton OTUs  1235685 

Total OTUs after Singleton removal 172195 
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Fig.4.4:  Base quality distribution of (a) sample L (R1), (b) sample L (R2), (c) sample P (R1), (d) sample P (R2) c) sample 

T(R1), (d) sample T (R2) 
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Fig. 4.5: Base composition distribution of (a) sample L (R1), (b) sample L (R2), (c) sample P (R1), (d) sample P (R2) c) 

sample T (R1), (d) sample T (R2) 
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Fig. 4.6: GC distribution of sample (a) L sample (b) P sample (c) T sample 
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Fig. 4.7:  (a) Contig Length distribution of sample L (b) Contig Length 

distribution of sample P (c) Contig Length distribution of sample T 
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Fig. 4.8:  Shows a graphical representation of reads and OTU proportion. The blue bar represents percentage of total OTUs in the read-

count groups. The red bar represents percentage of total read contributed by the OTUs in the read-count group 
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 LACCHIWALA TANAKPUR PANTNAGAR 

PHYLUM 

   

GENUS 

   

Fig. 4.9:  Relative abundance of dominant bacterial phyla in the D.S rhizospheric soil metagenome from three different provenances 

namely  

 



 

in Pantnagar relative abundance of phyla is as following; second most dominant 

Proteobacteria (16%), Actinobacteria (6%), Chloroflexi (6%), Planctomycetes (5%), 

Nitrospirae (5%), Verrucomicrobia (4%) and Candidate_Division _WS3. 

4.5.3 Taxonomic classification of OTU’s at Genus level 

  At the genus level (Fig. 4.9), Flavobacterium (33%) amongst Bacteroidetes, 

Pseudomonas (13%), Sphingomonas (9%) and Nitrospirae (8%) from Proteobacteria 

and uncultured Acidobacteriales (9%) from Acidobacteria were identified, in D.S 

rhizospheric soil at Lachhiwala. Additionally, OM_43 Clade (9%), Uncultured 

prokaryote (8%), Chryseolinea (6%) and Blastocatella (5%) were also identified. In 

Tanakpur D.S rhizospheric soil samples most of the sequences (61%) remain unknown. 

Gram positive Bacilli (17%) belonging to Firmicutes were the second most abundant 

genera after unknown bacteria and identified as potential indicators at the genus level. 

Others OM_43 Clade (6%), Uncultured (4%), Uncultured Bacterium (3%), 

Paenibacillus (3%), Sphingomonas (3%), Flavobacterium (2%) and Massilia (1%) 

were present in small proportion. Disease conducive soil of Pantnagar constitutes 94% 

members to unknown or uncultured category. Only a few genera such as OM_43 Clade 

(2%), Uncultured Acidobacteriales (1%), Uncultured Acidobacterium sp. (1%), 

Williamsia (1%) and Opitutus (1%) were identified at Pantnagar. 

4.5.4  Differences in bacterial communities in Dalbergia sissoo rhizosphere 

samples from three provenances 

The total number of unique bacterial OTUs detected in all three samples was 

4,83,795 where 3,46,228 were associated with Lachhiwala, 39,464 with Tanakpur and 

55,784 OTUs only with Pantnagar, while 5,971 were shared by all the three 

provenances. Unique OTUs shared between the two healthy regions, Lacchiwala and 

Tanakpur were 10,281 whereas wilted region Pantnagar shared 18,230 unique OTUs 

with Lachhiwala and 7,837 with Tanakpur (Fig. 4.10a). The total number of unique 

bacterial taxa amongst Dalbergia sissoo rhizosphere soil at all three provenances were 

46. Out of which, 35 phyla were common. Three bacterial taxa Lentisphaerae, 

Candidate_division_WS6 and Candidate_division_OP3 (representing 19 OTUs, 

0.027%) were shared at Tanakpur and Lachhiwala representing healthy D.S. 

rhizosphere. Phyla Deinococcus-Thermus and SAR were shared between Tanakpur and 

Pantnagar whereas Caldiserica, Candidate_division_SR1, JL-ETNP-Z39, NPL-UPA2,  
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Fig. 4.10: Venn diagram showing the common and unique (a) OTUs (b) Phylum  

among three Dalbergia sissoo provenances 

 

 

Figure 4.11: Heatmap and hierarchical cluster analysis of bacteria based on the 

relative abundances of dominant genera from three different 

Dalbergia sissoo provenances 

(a) (b) 
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and Thermotogae between Lachhiwala and Pantnagar. A single phylum Deferribacteres 

was exclusively present in D.S. rhizosphere from Lachhiwala (Fig. 4.10b). The relative 

abundance of top 20 dominant genera in three different samples are shown in heatmaps 

and the hierarchical cluster. The distinction between healthy and wilted stands was 

attributable to the differential abundance of bacterial genera Flavobacterium, 

Bradyrhizobium, Candidatus_ Solibacter, Phenylobacterium, Flavisolibacter and 

Rhodoplanes in D.S. rhizosphere. These genera were relatively more abundant in 

healthy stands (Tanakpur and Lachhiwala) (Fig. 4.11). However, genera Williamsia, 

Blastocatella, Methylobacterium, and Brevibacterium were relatively abundant in D.S. 

rhizosphere soil from Pantnagar where there was widespread tree mortality. 

4.5.5  α diversity in rhizospheric soil samples from three different Dalbergia 

sissoo Provenances 

The bacterial diversity of soil samples was analysed by calculating the alpha 

diversity indices (Table 4.9). The coverage of samples was from 67.19% to 88.86%. 

The total number of OTUs ranged from 63553 to 87822 across all three samples. The 

OTUs obtained from each sample were shown in rarefraction curves (Fig 4.12). The 

rhizospheric sample from Pantnagar provenance had highest number of OTUs as well 

as highest number of Chao1 index (species richness) whereas rhizospheric soil from 

Tanakpur provenance has lowest number of OTUs as well as lowest number of species. 

The highest Shannon diversity appeared in rhizospheric sample from Pantnagar 

whereas lowest appeared in Tanakpur. The Shannon diversity (abundance and 

evenness) at Lachhiwala provenance was comparable to that of Tanakpur. The count of 

unique OTUs was highest at Pantnagar soil followed by Lachhiwala and Tanakpur 

(Table 4.9). 

Table 4.9: Illumina miseq reads, number of OTUs, estimated OTU richness and 

diversity indices in rhizospheric soil from Dalbergia sissoo provenances 

at Lachhiwala, Tanakpur and Pantnagar 

Taxon Sample 

Reads 

Number of 

OTUs 

Coverage 

(%) 

Alpha diversity 

Raw 
Number of  

effective sequences 
Shannon Chao 

Observed 

species 

metrices 

Bacteria L 840853 839299 69110 88.86 13.49 66462.34 58913 

 T 748477 746951 63553 67.19 13.14 59231.84 56519 

 P 958426 956201 87822 77.93 14.12 80562.70 71953 
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Fig. 4.12: (a) Shannon curve: Alpha diversity was computed using Shannon 

metrics. (b) Chao1 curve: Alpha diversity was computed using Chao1 

metrics. (c) Observed species curve: Alpha diversity was computed 

using observed species metrics 
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4.5.6 β diversity analysis 

Additionally, weighted (based on the abundance of taxa) UniFrac distance 

metrics were applied to estimate the β-diversity of samples (Fig 4.13). Three samples 

formed two clusters. The disease-conducive rhizospheric sample from Pantnagar forest 

formed independent cluster whereas D.S. rhizospheric soil from disease suppressive 

Tanakpur and Lacchiwala forests aligned in same cluster. 

 

Fig. 4.13: Phylogenetic analysis of bacterial community in Dalbergia sissoo 

rhizosphere in three provenances using weighted unifrac approach 

(Beta diversity) 

 

Belowground microbiota, in particular soil/rhizosphere/root associated 

microbial communities affect fitness, development and productivity of trees. Moreover 

specific members of the microbial communities associated with perennial trees interact 

with soil fauna. The interactions within different groups of belowground microbiota 

regulate nutrient cycling, ecosystem functioning and in turn influence tree growth and 

health. The negative interaction or abundance of pathogens in the soil/ rhizosphere may 

lead to various diseases and subsequently tree mortality. Most of the previous studies 

about tree disease have only focused on single host pathogen interaction. The high 

throughput Illumina sequencing method employed in this study overcame this 

limitation and obtained thousands of sequences simultaneously to identify as many 
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bacteria as possible. The soil examined, harboured a diverse bacterial community. At 

phylum level, most of the bacterial taxon were present in rhizospheric soil from all 

three provenances but at genus level the diversity and relative abundance of bacterial 

taxa varied from one sample to other. This suggests that though all the samples are 

from geographically linked region, bacterial composition at genus level varies. The 

probable reasons for this variation could be differences in soil nutrient composition that 

influences its structure and ecological conditions. Hence, soil resident bacterial 

communities are diverse, a total of 1,72,195 OTUs have been detected in the present 

study. The different bacterial types and their complex interactions may affect the 

diversity and abundance of microbes. These microbes can be plant beneficial or plant 

deleterious/pathogenic. Based on the performance of trees, the soils from provenances 

were classified as disease suppressive or disease conducive. Soils from Tanakpur and 

Lachhiwala provenances were considered disease suppressive as no incidence of 

shisham mortality was reported. Soil from Pantnagar D.S. forests was disease 

conducive as large scale sissoo mortality was prevalent there.  

Dalbergia sissoo rhizospheric bacterial communities from Lachhiwala, 

Tanakpur, and Pantnagar were analyzed through metagenome sequence analysis to 

determine the cause and factors responsible for differential performance of trees at 

three provenances. The species richness and abundance indices were higher at 

Pantnagar soil (disease conducive) than Tanakpur and Lachhiwala (disease 

suppressive). Beta diversity estimated through weighted Unifrac distance metrices 

showed that bacterial diversity (based on OTUs) at all three provenances were closely 

related. But even then, the relative abundance of OTUs belonging to particular phyla 

can act as biological indicators of soil and tree health. Proteobacteria and Firmicutes 

were most abundant phyla at Lachhiwala and Tanakpur whereas Acidobacteria was 

abundant at Pantnagar. Betaproteobacteria, Gammaproteobacteria, and Firmicutes have 

been identified as taxa associated with disease suppression (Mendes et al., 2011) 

because several species and strains belonging to these taxa are antibiotic producers. On 

the other hand α Proteobacteria are known to play a key role in carbon, nitrogen and 

sulphur cycling (Rampelloto et al., 2013). Several genera within Proteobacteria and 

Firmicutes such as Pseudomonas, Flavobacterium, Bacillus (Bhattacharyya and Jha, 

2012), Paenibacillus (Cheong et al., 2005), Sphingomonas (Enya et al., 2007), 
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Nitrospirae (Isobe et al., 2014) and Massilia (Ofek et al., 2012; Poupin et al., 2013) 

were identified in D.S. rhizosphere (Vacheron et al., 2013; Vessey, 2003). 

These include most common plant growth promoting rhizobacteria (PGPR). 

Pseudomonas and Bacillus sps are also considered as promising BCAs because of their 

ability to produce antibiotics (Moeinzadeh et al., 2010). DAPG producing fluorescent 

psuedomonads are known to suppress soil-borne phytopathogenic diseases 

(Raaijmakers and Weller, 1998). Thus, their presence in rhizosphere can be linked to 

disease suppression. Several effective biocontrol agents for Fusarium wilt belong to 

these two groups (Cao et al., 2011). Bacillus sp. produce antibiotics, surfactin, and 

iturin into the rhizosphere and plays a vital role in plant disease suppression and growth 

promotion (Kinsella et al., 2009). Flavobacterium is reported as the most significant 

phosphate solubilizing bacteria (Mehnaz and Lazarovits, 2006). Strains of 

Sphingomonadaceae were more prevalent in tobacco wilt suppressive soil (Kyselkova´ 

et al., 2009). Besides acting as BCAs to winter pathogen (Fusarium sp.) under 

greenhouse conditions (Wachowska et al., 2013), certain strains of family 

Sphingomonadaceae are associated with nitrogen fixation (Adhikari et al., 2001). This 

explains the prevalence of Sphingomonas, in the shisham rhizosphere from healthy 

stands. The occurrence of Nitrospirae in a healthy sample indicates good nitrification 

resulting in enhanced nitrogen uptake by trees (Daims et al., 2015). Massilia species 

exhibit production of siderophore and indole acetic acid and siderophore, and 

antagonism towards Phytophthora infestans (Poupin et al., 2013). In Pantnagar, D.S. 

rhizospheric soil was abundant in genera like Williamsia, Opitutus, OM-43 Clade and 

uncultured Acidobacteriales. Acidobacterial abundance is positively correlated with 

organic carbon availability (Jones et al., 2009; Navarrete et al., 2013b). Moreover, its 

abundance in tropical soils indicates decreased soil Ca and Mg content and the increase 

in soil pH. High soil pH is linked to the reduced availability of different macro- and 

micro-nutrients (McBride, 1994). Hence, mortality in Pantnagar D.S. forest stand. The 

ratio between Proteobacteria and Acidobacteria (P/A) may indicate the general nutrient 

status of soils (Smit et al., 2001). Low P/A ratio is indicative of oligotrophic, while 

high of copiotrophic soils. Therefore, low Proteobacteria and high Acidobacteria in 

Pantnagar soil indicate a poor nutrient status of the soil which could be one of the 

reasons for D.S. mortality. In contrast, the presence of Phyla Lentisphaerae, 
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Candidate_division_WS6, Candidate_division_OP3, and Deferribacteres at Lachhiwala 

and Tanakpur could be linked to healthy plantations there. A high relative abundance of 

Phylum Lentisphaerae has been correlated to low Fusarium disease incidence in banana 

(Shen and co-workers, 2014). In addition, the relative abundance of Lentisphaerae 

was positively correlated with total nitrogen (TON) and ammoniacal nitrogen (NH4-N) 

contents of soil. Bacteria affiliated to candidate division WS6 well known in anaerobic 

sediment environment but their biochemical and metabolic functions are not deciphered 

as yet (Dojka et al., 2000). Hence, the strange enrichment of candidate division WS6 at 

healthy sites needs to be studied. Similarly, bacteria belonging to candidate division 

OP3 are highly orthologous with Deltaproteobacteria. The candidate division OP3 has 

been reported in both oxic and anoxic peat layer probably indicating facultatively 

anaerobic metabolism (Glockner et al., 2010). Members of this group are likely to be 

complex at the molecular level and possess complex metabolism. The studies regarding 

its complex metabolic process might reveal ecological interaction in rhizosphere/bulk 

soil ecosystem and role in maintaining healthy plantations. Phyla Deferribacteres is 

uniquely present and is known to consist of plant growth promoting bacteria used as 

commercial bioinoculants. For example, bioformulation as Deferribacteres as one 

component has been used for seed treatment, incorporated into the soil and nutrient 

solution in hydroponic systems as PGP and BCA for vegetable crops (Bettiol, 2014). 

The OTUs classified as Flavobacterium, Bradyrhizobium, Candidatus_Solibacter, 

Phenylobacterium, Flavisolibacter, and Rhodoplanes were associated only with the 

healthy rhizosphere. The possible explanation is that all the mentioned genera include 

validated PGPRs. Bacterial genus, Flavobacterium is ePGPR (existing in rhizosphere) 

(Ahmed and Kibrat, 2014) whereas Bradyrhizobium is iPGPR (residing inside 

nodule) and symbiotically fix atmospheric nitrogen (Bhattacharya and Jha, 2012). 

While investigating the effect of rhizomicrobiome on plant biomass a positive 

correlation between the occurrence of Flavisolibacter, Lutimonas and 

Geodermatophilacae and plant biomass of soyabean and alph-alpha have been 

observed (Xiao et al., 2017). Similarly, the abundance of phylum Proteobacteria, 

Bacteriodetes and Actinobacteria mainly genera Burkholderia, Flavisolibacter and 

Pseudomonas dynamically changed in relation to different growth stages of maize 

(Yang et al., 2017). Moreover, during comparative analysis of bacterial communities 
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associated with organic and conventional farming systems Proteobacteria mainly 

genera Rhizobium, Bradyrhizobium, Mesorhizobium, Burkholderia, Stenotrophomonas, 

Pseudomonas, Sphingomonas, and Rhodoplanes has been documented in organic 

farming systems, all are plant growth promoting rhizobacteria (PGPB) (Upchurch et 

al., 2008). Several of these are atmospheric N2 fixing and may play a pivotal role in 

forest ecosystems as less nitrogen is available there. Hence the presence of the above 

bacterial OTUs in Lachhiwala and Tanakpur can be related to disease suppressive soil 

in both the provenances. However entire microbiome cannot be linked to disease 

suppressive soils. Thus identifying individual bacteria with multiple plant growth 

promoting attributes and biocontrol potential is more realistic and practically relevant 

approach. But bacterial community analysis using metagenome were crucial in 

identifying an initial framework of disease suppressive indicators.  

 Comparison of the microbial community in the rhizospheric soil of diseased 

and healthy shisham was systematically assessed and improved our understanding of 

microecological changes including wilt disease of shisham. Further, this is the first 

investigation to shed light to hitherto distribution of unexplored rhizospheric bacterial 

diversity from three D.S. provenances of Uttarakhand region. The characterization of 

D.S. rhizospheric microbial community structure at phylum and genus level could be 

useful in screening and identification of potential antagonists. Presence of large 

numbers of unidentified OTUs indicates the presence of novel bacterial diversity in 

D.S. rhizosphere which should be further studied with more high- resolution 

metagenomics techniques.  

4.6 Culturable bacterial population count in rhizosphere soil 

Total population as enumerated on Angle’s medium in Dalbergia sissoo 

rhizospheric soil of of Tanakpur, Lachhiwala and Pantnagar was 2.76x10
4,

 1.87x10
4 

and 1.96x10 
4
 cfu g

-1
 of soil. However count of phosphorus solubilizing bacteria was 

1.20x10
4
 cfu g

-1
, 1.55x10

4
 cfu g

-1 
and 1.06 x10

4
 cfu g

-1 
soil at Tanakpur, Lachhiwala 

and Pantnagar respectively ( Table 4.10; Fig 4.14). The total number of bacterial count 

recorded in both medium were statistical significant (P>0.05) i.e. between Tanakpur, 

Lachhiwala and Pantnagar. These results were different from the results of molecular 

analysis. One possible reason could be that cultivation-based approach is nutrient 

biased and only 1% of the total naturally occurring bacteria are isolated in the 
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Fig. 4.14: Enumeration of bacterial population from soil in different medium 
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Fig. 4.15: Streaked plates of eighteen bacterial strains recovered from Dalbergia sissoo rhizosphere at three different provenances 

 

L1 L2 L3 L4 L5 L6 

L7 L8 P1 P2 P3 P4 

T1 T2 T3 T4 T5 T6 
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 laboratory (Torsvik and Overseas, 2002). However, to have complete glimpse of 

bacterial diversity associated with soil, culture-independent approaches based on 

sequencing of 16S rRNA genes were used (Janssen, 2006). 

Table 4.10: Enumeration of bacterial population in soil samples on two different 

medium 

Medium 

(population  count) 

Pantnagar 

 

Lachiwala 

 

Tanakpur 

 

Angels medium 1.96X10 
4
 1.87X10 

4
 2.76X10

4
 

Pikovaskya medium 1.06 X10
4
 1.55X10

4
 1.20X10

4
 

 

NOTE: Each value is the mean of three replicates. Data was analysed statistically at the 5% (p<0.05) 

level of significance 

 

The present study revealed that PSBs were present at all three D.S. 

provenances, however their population level varied. This is mainly due to the soil 

abiotic factors. In a earlier study Kucey (1983) detected PSB in almost all soils tested, 

although varies with soil conditions, climatic factors and cropping history. This large 

variation in the distribution of PSB in different soils may be due to the differences in 

organic carbon content of the soil (Yadav and Singh, 1991). 

The direct relation between soil nutrient status and indigenous living microflora 

necessitates the study of microbial population directly. Serial dilution method is old but 

still reliable method to deduce total viable population. Microorganisms make very 

crucial part of the soil to maintain self-sustainability of soil ecosystem. Microbial 

population of soil system is a direct indicator of soil health. Population densities of 

microorganisms in the rhizosphere depends on the physicochemical composition of the 

rhizospheric soil, changes in soil pH, water potential, partial pressure of oxygen and 

physical and chemical characteristics of plant exudation (Griffiths et al., 1999).  

4.7 Phosphorus solubilising bacteria (PSB) recovered from three Dalbergia 

sissoo provenances 

In all 18 PSBs, eight from Lacchiwala, four from Pantnagar and six from 

Tanakpur were recovered on Pikovaskya agar plates from D.S. rhizospheric soil of 

different provenances (Fig. 4.15).  
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4.7.1 Qualitative screening of p solubilisation potential of bacterial isolates 

In all eighteen tricalcium phosphate solubilising bacteria were recovered from 

Lachhiwala, Tanakpur and Pantnagar respectively. All eighteen bacterial isolates 

exhibited zone of solubilization in the range 1.16 to 4.75 cm on pikovaskya agar plates 

(Fig 4.16a, b). The isolates from Lachhiwala provenance depicted higher phosphorus 

solubilising index as compared to Tanakpur and Pantnagar. Highest P solubilising 

index (PSI) was detected in L4 and lowest in T4.  

4.7.2 Quantitative estimation of p solubilisation potential of bacterial isolates 

Amongst all eighteen bacterial isolates, L4 solubilized highest amount of 

phosphorus (891.38 µg/ml) and T4 (285.78 µg/ml) solubilized lowest amount of 

phosphorus (Fig. 4.16c). The solubilizing index of PSBs as detected on pikovaskya 

agar plates positively correlated with amount of p solubilized in NBRIP liquid medium. 

Moreover, a correlation between the qualitative and quantitative test could be 

established for all the tested strains. Correlation analysis indicated that the values of 

PSI and the amount of soluble P in liquid NBRIP medium containing Ca3 (PO4)2 shared 

a highly significant relationship (t value =15.30069) which indicates that the strains 

with the highest potential to solubilize Ca3(PO4)2 in liquid media were the same as the 

ones that exhibited the largest halos. 

4.8 Cultural characteristics  

All the isolates were observed for the cultural characteristics on Nutrient agar 

medium. For all isolates colonies appeared on NA plates within 48 hours of incubation 

at 30 ºC. The gram’s reaction and cell morphology for all bacterial isolates have been 

summarized in Table 4.11.  

4.9  Functional characterization of PSB recovered from Dalbergia sissoo 

rhizosphere 

A considerable worldwide research has focused on the exploration of varied agro- 

ecological niches for the existence of native beneficial micro-organisms. (Lugtenberg 

and Kamilova, 2009; Dastager et al., 2010). In the current study, rhizobacteria positive 

for phosphate solubilization were isolated from rhizospheric soil of three different 

provenanace. These were screened for various enzyme activities and plant growth 

promotory properties. All PSBs exhibited one or more of enzyme activities; amylase,  
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(a) 

 

(b) 

 

(c) 

Fig. 4.16: Phosphorous solubilization potential of bacterial isolates recovered from 

Dalbergia sissoo Roxb. rhizosphere at Lachhiwala, Pantnagar and Tanakpur 

(a) Halo zone around bacterial colonies on Pikovskya agar plate (b) Qualitative 

estimation for tricalcium phosphate solubilization by bacterial isolates (c) 

Quantitative estimation for tricalcium phosphate solubilization by bacterial 

isolates in NBRIP-BPB broth medium (pH 7.0) at 30
•
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Table 4.11: Cultural characteristics and description of sites from where bacterial 

isolates have been recovered 
 

S. No. Isolate 

Code 

Gram 

Reaction 

Cell 

Morphology 

 

Location 

1 L1 Negative Small rods Lachhiwala 

2 L2 Positive Cocci Lachhiwala 

3 L3 Negative Small rods Lachhiwala 

4 L4 Negative Small rods Lachhiwala 

5 L5 Negative Small rods Lachhiwala 

6 L6 Positive Filamentous Lachhiwala 

7 L7 Positive Filamentous Lachhiwala 

8 L8 Negative Small rods Lachhiwala 

9 P1 Negative Small rods Pantnagar 

10 P2 Negative Small rods Pantnagar 

11 P3 Negative Small rods Pantnagar 

12 P4 Negative Small rods Pantnagar 

13 T1 Positive Filamentous Tanakpur 

14 T2 Negative Small rods Tanakpur 

15 T3 Positive Filamentous Tanakpur 

16 T4 Positive Coccii Tanakpur 

17 T5 Positive Filamentous Tanakpur 

18 T6 Positive Cocci Tanakpur 
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Table 4.12: Biochemical characterization of phosphorus solubilizing bacteria from three Dalbergia sissoo provenances 

Geographical  

    Region  

Strains Amylase Urea Hydrolysis Nitrate reduction Lipase activity Xylanase 

activity 

Protease 

activity 

Pectin 

Hydrolysis 

Catalase 

production 

Lachhiwala 

 - + ++ - + ++ - + ++ - + ++ - + ++ - + ++ - + ++ - + ++ 

L1                         

L2                         

L3                         

L4                         

L5                         

L6                         

L7                         

L8                         

Pantnagar 

P1                         

P2                         

P3                         

P4                         

Tanakpur 

T1                         

T2 

 
                        

T3 

 
                        

T4 

 
                        

T5 

 
                        

T6 
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urease, nitrate reductase, lipase, xylanase, protease, pectinase and catalase (Fig.4.17a; 

Table 4.12). Among the eighteen isolates, four L7, L8, T3 and T5 were positive for 

amylase production. Urease test was found positive for L4, P2, T2 and T6. All the 

isolates except L4, T1, T3, T4, T5 and T6 exhibited nitrate reduction. Out of eighteen 

PSBs, five; L7, L8, P2, T3 and T5 were positive for lipase activity. Only eight isolates, 

L7, L8, P1, P4, T1, T3, T4 and T5 were positive for xylanase production. Five isolates 

from Lachhiwala (L1, L2, L5, L7 and L8), one each from Pantnagar (P2) and Tanakpur 

(T5) were positive for protease production. Six of eighteen isolates L1, L5, P1, P3, P4 

and T1 were positive for pectinase enzyme production. Except L6, T1 and T3, all the 

isolates were able to produce catalase as Production of gas bubbles and effervescence 

was observed after addition of drops of H2O2.  

The PGPRs stimulate plant growth through various direct and indirect 

mechanisms. The direct mechanism include production of hormones for example IAA, 

enzymes (protease, amylase, urease, pectinase and xylanase etc.), metabolites 

(ammonia and HCN production), acquisition of macro and micro nutrients from soil i.e. 

solubilization and mineralization of complex organic and inorganic P compounds and 

chelation of iron and zinc through siderophores. Indirect mechanisms include inhibition 

of growth of phytopathogens through production of antibiotics or induced systemic 

resistance in plants (Richardson et al., 2009). Amongst 18 PSBs, seven isolates were 

able to solubilise Zinc. Zinc solubilization efficiency was highest in L3, L5, P2 and T2 

and lowest in L4, P3 and P4. Eight isolates were positive for siderophore production. 

Size of orange halo was maximum for L7, L8, T1and T3 and minimum for L1. IAA 

production was maximum by L4, P3, T1, T2 and T4 and least by L1, L5, L6, L7, L8, 

P1, P4, T3 and T5. All the isolates except P2 were negative for HCN production. 

Ammonia production in peptone water marked by color change from yellow to orange 

was found positive for all isolates except L6, L7, T1 and T3. Hence, all bacterial 

isolates exhibited multiple PGP traits in addition to inorganic P solubilization (Table 

4.13; Fig 4.17b). 

Microorganisms with amylase, pectinase, xylanase, lipase and protease activity 

were not only helpful in organic matter decomposition and plant growth promotion, but 

also are important in the disease suppression (Kavamura et al., 2013). Bacterial strains 

producing hydrolytic enzymes such as protease, lipase, pectinase, amylase were reported  
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Table 4.13:  PGPR properties of phosphorus solubilizing bacteria from three Dalbergia sissoo provenances 

Geographical  

    Region  

Strains Zinc solubilisation Siderophore production Indole acetic acid production HCN production Ammonia production 

Lachhiwala  - + ++ - + ++ - + ++ - + ++ - + ++ 

L1                

L2                

L3                

L4                

L5                

L6                

L7                

L8                

Pantnagar P1                

P2                

P3                

P4                

Tanakpur T1                

T2 

 

               

T3 

 

               

T4 

 

               

T5 

 

               

T6 
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Fig. 4.17 (a): Enzymes and metabolites produced by isolates (a) Amylase (b) 

Urease(c) Nitrate reduction (d) Lipase (e) Xylanase (f) Protease (g) 

Pectinase 

 

 

 

 

Fig. 4.17 (b):  Plant growth promoting properties of isolates (a) Zinc solubilisation (b) 

Siderophore production (c) IAA production (d) HCN production (e) 

Ammonia production 
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to inhibit the growth of pathogenic fungi F. culmorum and F. oxysporum. Nielson and 

Sorensen (1999) demonstrated that P. fluorescens antagonistic to R. solani and Pythium 

ultimum, and produced lytic enzymes. The bacterial strains with amylases, pectinases, 

xylanase and protease production have high commercial value as these constitute a group 

of industrial enzymes which shares a major part of world enzyme market (Azad et al., 

2009).The enzyme urease catalyses the hydrolysis of urea to CO2 and NH3 with the 

concomitant rise in soil pH. Thus, involved in regulation of N supply to plant (Fazekašová 

et al., 2012). Nitrate reductase activity (NR) which catalyzes the reduction of NO2 
−
 to N2O 

under anaerobic conditions. Nitrate reductase is an adaptive enzyme synthesized only in the 

presence of NO3 
–
 ions. Hence, its activity is commonly used as an indicator for ability of 

plants to utilize NO3 
−
 from the soil (Barford and Lajtha, 1992). 

In soil, both macro and micronutrients undergo a complex dynamic equilibrium 

between soluble and insoluble forms. The equilibrium is strongly influenced by the soil 

pH which can be shifted by the microbiota ultimately affecting their accessibility to plant 

roots for absorption. The beneficial effect of PGPR in maintaining adequate levels of 

mineral nutrients especially the P in crop production had been previously reported 

(Rodriguez and Fraga, 1999; Saravanan et al., 2007). In our study, all 18 bacterial 

isolates were efficient phosphate solubilizers. The ability of PGPR strains to solubilize 

insoluble P and convert it to plant available form is an important characteristic under 

conditions where P is a limiting factor for crop production. The soil phosphate 

solubilizing bacterial strains can increase the availability of phosphorus to plant by 

mineralizing organic phosphorus compounds and converting inorganic phosphorus into 

more available form (Bar-Yosef et al., 1999). Phosphate solubilization is mainly due to 

the production of microbial metabolites including organic acids. The production of 

organic acid decreases the pH and makes phosphorus available (Puente et al., 2004; 

Sahin et al., 2004). The presence of P-solubilizing microbial population in soils may be 

considered a positive indicator of use of microbial biofertilizers. 

Most natural soils are deficient in soluble zinc. However, rhizospheric 

microorganisms can solubilise Zn in plant available forms (Saravanan et al., 2003). 

Out of eighteen isolates recovered in present study, seven isolates were positive for Zn 

solubilisation. Production of organic acids is the prominent mechanism for Zn 

solubilisation by rhizobacteria (Pietr et al., 1990).  
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Siderophores may enhance plant growth by mobilizing metal cations including Fe 

and Cu (Gururani et al., 2012). Indirectly stimulate P solubilization and disease 

suppression (Wahyudi et al., 2011; Hamdali et al., 2008). Applied P fertilizers readily 

form complexes with soil cations such as Fe, Ca and Al. Siderophore positive PGPRs 

scavenge Fe
3+

 from complex compounds under iron starvation condition and thus 

indirectly release P in soil (Sharma et al., 2013). Moreover, they deprive phytopathogen 

from iron and hence lead to disease suppression. Out of 18 isolates, five isolates 

exhibited yellow to orange halo zone on CAS amended NA plates were positive for 

siderophore production. 

Phytohormone production is also the plant beneficial trait. IAA production by 

bacteria enhances the root system which inturn increases plant nutrient uptake (Ribeiro 

and Cardoso, 2012). In the present study, out of 18 isolates, 14 were able to produce 

IAA in varying quantity. The IAA production varies among different bacterial species 

and strains. It is also influenced by culture conditions, growth stage and substrate 

availability (Sridevi and Veera, 2007). 

  Although HCN plays an important role in disease suppression (Ramette et al., 

2003). It sometimes is deleterious to plants (Bakker and Schippers, 1987; 

Alströmand Burns, 1989). In the current study only one isolate was positive for HCN 

production. 

Production of ammonia helps in plant growth directly by supplying nitrogen to 

plants (Marques et al., 2010) and indirectly by suppressing plant pathogens (Minaxi et 

al., 2012).  

4.9.1 Intrinsic Antibiotic Resistant (IAR) pattern of shisham associated rhizobacteria 

Rhizobacterial strains differed considerably in resistance to antibiotics (Table 

4.14). To investigate the sensitivity of bacteria to routinely used antibiotics, and to find 

naturally resistant antagonistic bacteria, all were checked for sensitivity to eight 

antibiotics. Bacteria L5 and T2 were resistant to all eight antibiotics (tested bacteria grew 

well on plates containing antibiotic). Out of eighteen isolates most of the bacteria 

exhibited resistance towards ampicillin (10mcg), cephalothin (30mcg), chloramphenicol 

(30mcg), clindamycin (2mcg), erythromycin (15mcg), oxacillin (1mcg) and vancomycin 

(30mcg) except gentamicin (10mcg). The results revealed that L2, L6, L7, T1, T3, T4 

and T5 were sensitive to all antibiotics (Table 4.14; Fig 4.18).  
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Fig 4.18: Antibiotic sensitivity of bacterial isolates towards different antibiotics 
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Table 4.14: Antibiotic sensitivity profile of phosphorus solubilizing bacteria from three Dalbergia sissoo provenances 

Geographical  

Locations 

ID Ampicillin 

(10 mcg) 

Cephalothin 

(30 mcg) 

Chloramphenicol 

(30 mcg) 

Clindamycin 

(2 mcg) 

Erythromycin 

(15 mcg) 

Gentamicin 

(10 mcg) 

Oxacillin 

(1 mcg) 

Vancomycin 

(30 mcg) 

Lachhiwala L1 R R R R R S R R 

L2 S S S S S S S S 

L3 R R R R R S R R 

L4 R S R R R S R R 

L5 R R R R R R R R 

L6 S S S S S S S S 

L7 S S S S S S S S 

L8 S S S S S S R R 

Pantnagar P1 R R R R R S R R 

P2 R R R R R S R R 

P3 R R R R R S R R 

P4 R R R R R S R R 

Tanakpur T1 S S S S S S S S 

T2 R R R R R R R R 

T3 S S S S S S S S 

T4 S S S S S S S S 

T5 S S S S S S S S 

T6 S S S R R S S S 
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Bacteria acquire resistance to antibiotics either through a genetic mutation or 

horizontal transfer of antibiotic resistance genes (Spain and Alm, 2003). Furthermore, 

the increased use of antibiotics in agriculture and healthcare is also contributing to 

antibiotic resistance in bacteria. Bacteria that acquire resistance to antibiotics have 

added ecological advantage to survive in an environment affected with multiple stresses 

including antibiotics.  

4.10 Molecular characterization 

4.10.1 Amplification of 16S rDNA gene  

PCR amplification of 16S rDNA gene region of all eighteen phosphate 

solubilizing isolates recovered from shisham rhizosphere of different provenances 

resulted in a distinct band of 1492 bp (Fig. 4.20). 

4.10.2 Restriction analysis of amplified 16S rDNA gene region 

When restriction analysis of PCR amplified 1492 bp 16S rDNA gene region of 

all eighteen PSB isolates with three restriction endonucleases Alu I (Fig. 4.21a), BsuI 

(Fig. 4.21b) and Msp I (Fig. 4.21c) was performed, 1-4 well resolved bands of 1000-

100 bp were observed on electrophoresis in 2.5% agarose gel. 

Restriction pattern with enzyme Alu I 

When 16S rDNA amplicon was digested with restriction enzyme AluI, 2 to 4 

well resolved bands of 700bp to 100 bp were observed in all eighteen isolates. 

Restriction endonuclease AluI resolved all 18 strains into eight different genotypes 

(Fig. 4.21a). 

Restriction pattern with enzyme Bsu I  

The restriction pattern of amplified 16S rDNA region with restriction enzyme 

AluI resulted in 2 to 4 well resolved bands in a range from 1000bp to 100 bp. The 

restriction with Bsu I resolved all 18 strains into six different genotypes (Fig. 4.21b). 

Restriction pattern with enzyme Msp I  

The restriction profiles obtained with Msp I enzyme resulted in one to three well 

resolved bands in a region from 200bp to 600bp. All eighteen isolates were 

distinguished into eight genotypes (Fig. 4.21c). 

https://scialert.net/fulltextmobile/?doi=crb.2014.22.31#378734_ja
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Fig. 4.19:  Genomic DNA of the bacterial cultures. Lanes: 1. L1; 2. L2; 3. L3; 4. L4; 5. 

L5; 6. L6; 7. L7; 8. L8; 9. P1; 10.P2; 11.P3; 12.P413.T1; 14.T2; 15.T3; 

16.T4; 17.T5; 18.T6 

 

 

 

 

Fig. 4.20: 16SrRNA amplification of the bacterial cultures. Lanes1. L1; 2. L2; 3. L3; 4. 

L4; 5. L5; 6. L6; 7. L7; 8. L8; 9. P1; 10.P2; 11.P3; 12.P4; 13.T1; 14.T2; 

15.T3; 16.T4; 17.T5; 18.T6 lane 19= M= Lambda DNA/Eco RI/Hind III 

Double digest ladder 
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Fig. 4.21 : Restriction profile of 16S rDNA using (a) AluI, (b) BsuR I and (c) MspI. Lane 1-

18= Isolates, lane 19= M= stepup 100 bp ladder 
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4.10.3  A combined UPGMA dendogram based on ARDRA profiles with Alu I, 

BsuI and Msp I 

An unweighted pair group means average (UPGMA) dendogram calculating 

Jaccard’s coefficient was constructed based on analysis of the ARDRA profile of 16S 

rDNA region with Alu I, BsuI and Msp I through NTSYSpc version 2.0 software. 

Restriction profile was interpreted on the basis of bands developed (Fig. 4.21). Similar 

banding patterns obtained after combination of the three independent digestions were 

grouped. The isolates depicted higher polymorphism with AluI and MspI as compared 

to BsuI. Eight different restriction patterns were obtained with with AluI and MspI 

whereas six with BsuI. 

Phylogenetic relationship within gram negative and gram positive isolates 

were revealed in separate UPGMA clusters. In a UPGMA cluster based on RFLP with 

Alu I, BsuI and Msp I, all gram negative strains grouped into two major clusters A 

and B (Fig. 4.22a). Cluster A included five isolates L1, L3, L5, P1 and P3. The 

cluster A was further divided into two subclusters. Subcluster I included L1, L3 and 

L5 and subcluster II grouped P1 and P3. L3 and L5 in subcluster I exhibited 100% 

similarity and was related to L1 at a distance of 0.80 on Jaccard’s scale. Cluster B 

included the remaining strains P4 and P2 related at a distance of 0.60 Jaccard’s scale.  

For gram positive bacteria a separate dendogram was constructed (Fig. 4.22b). 

Majority of gram positive isolates were placed in a single cluster which was further 

divided into two subclusters at a distance of 0.80 on Jaccard’s scale. Subcluster I 

included two isolates L6 and L7 whereas subcluster II included T3 and T5. Isolate T4 

was placed singly on an outlying branch at a distance of 0.60 on Jaccard’s scale. Isolate 

T1 was distantly (0.35on Jaccard’s scale) related to all the other strains. 

The use of 16SrRNA gene alone is not sufficient for differentiating among 

closely related species. Therefore, analysis of one or more of housekeeping genes is 

carried out for genetic diversity studies (Grimont, 2002; Rangel-Castro et al., 2002; 

Gomila et al., 2007; Naik et al., 2008; Mehri et al., 2011). 
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(a) 

 

(b) 

Fig. 4.22: Combined UPGMA dendrogram of 16S rDNA region of isolates on the 

basis of ARDRA with AluI,  BsuRI and MspI 
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4.11  Identification based on sequencing of 16S rRNA gene of PSB isolates from 

D.S. rhizosphere. 

  Bacterial isolates were identified by comparison of 16S rDNA sequences with 

reference strains using BLASTN programme. Out of eighteen isolates, seven were 

identified within genus Pseudomonas. Out of these seven, 3 isolates were from 

Lachhiwala (L1, L3 and L5) whereas four were from Pantnagar (P1, P2, P3 and P4). 

Out of remaining eleven, four isolates were identified as Streptomyces sp. (L6, L7, T3 

and T5), two each as Klebsiella sp. (L4 and T2) and Staphylococcus sp. (L2 and T6), 

and one each as Pantoea sp. (L8), Kitasatospora sp. (T1) and Micrococcus sp. (T4). 

Several members within these genera are identified as exhibiting plant growth 

promoting properties for example: Pantoea, Pseudomonas and Streptomyces (Sturz et 

al., 2000), Klebsiella and Micrococcus (Felici et al., 2008; Forchetti et al., 2007; Swain 

and Ray, 2009), Kitasatospora (Shrivastava et al., 2008), Staphylococcus (Tariq et al., 

2010 ;Berg, 2009; Soylu et al., 2005). Several isolates of these genera have been 

previously described as P solubilizers (Seong et al., 1996; de-Bashan and Bashan, 

2004; Chung et al., 2005; Pérez et al., 2007) depicting antagonistic properties (Berg et 

al., 2006). The 16S rDNA sequences of all eighteen isolates are deposited in NCBI 

GenBank under accession numbers MG966339-MG966355 (Table 4.15).  

4.12 Amplification of pqqC and pqqA gene from Bacterial Isolates 

Pyroloquinoline quinone (PQQ), is a cofactor for enzyme glucose dehydrogenase 

(Kaur et al., 2006). Glucose dehydrogenase enzyme is involved in gluconic acid synthesis a 

major P solubilizing mechanism exhibited by rhizobacteria specially Pseudomonads. PQQ 

operon consists of six genes of which pqq C and pqq A are important. Pqq C gene encodes 

the pyrroloquinoline quinone synthase C, which catalyzes cyclization and oxidation of the 

intermediate 3a-(2-amino-2-carboxy-ethyl)-4,5-dioxo83 4,5,6,7,8,9-hexahydroquinoline-7,9-

dicarboxylic acid to PQQ a final step of PQQ biosynthesis and pqqA gene encode precursors 

i.e. tyrosine and glutamate required for the synthesis of PQQ. In all sixteen bacterial isolates 

showed positive amplification for 82 bp pqq C gene whereas six for 72 bp pqq A gene. All 

six isolates with positive amplification for both pqq C and pqq A genes suggests that they 

possess two crucial genes of PQQ biosynthesis pathway. Therefore, isolates with positive 

pqq C and pqq A gene amplification might solubilise phosphorus via gluconic acid mediated 

mechanism (Ge et al., 2013) (Fig. 4.23a; Fig. 4.23b).  

https://reader.elsevier.com/reader/sd/2DAA32D258EE32819D37E67BD4A654DECAAD23B207B2583957AE62779E0A4CD339DCF130B6CD81D800664A71765D594F#pfb
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Table 4.15: Molecular characterization of the phosphate solubilizing bacterial 

isolates based upon 16S rDNA sequences 
 

Strain Isolate 
Percent 

Similarity 

NCBI Gen Bank 

Accession no. 

L1 Pseudomonas  simiae 98.14% MG966339 

L2 Staphylococcus petrasii 97.98% MG966340 

L3 Pseudomonas paralactis 99.16% MG966341 

L4 Klebsiella variicola 99.51% MG966342 

L5 Pseudomonas paralactis 99.17% MG966343 

L6 Streptomyces curacoi  87.00% MG966344 

L7 Streptomyces cellostaticus  95.00% MH031699 

L8 Pantoea conspicua 96.83% MG966345 

P1 Pseudomonas hunanensis 98.89% MG966346 

P2 Pseudomonas aeruginosa  97.00% MG966347 

P3 Pseudomonas putida  97.00% MG966348 

P4 Pseudomonas plecoglossicida 98.42% MG966349 

T1 Kitasatospora kifunensis 93.86% MG966350 

T2 Klebsiella singaporensis  96.37% MG966351 

T3 Streptomyces antibioticus  94.22% MG966352 

T4 Micrococcus yunnanensis  98.00% MG966353 

T5 Streptomyces griseoruber 97.92% MG966354 

T6    Staphylococcus pasteuri  98.20% MG966355 

 

It is well established that P solubilisation in the genus Pseudomonas is via PQQ 

mediated synthesis of gluconic acid (Meyer et al., 2011; Azziz et al., 2012; Oteino et 

al., 2015). High PQQ-producing bacteria have been identified in bacteria of diverse 

genera, including Acinetobacter, Ancylobacter, Gluconobacter, Hyphomicrobium, 

Klebsiella, Paracoccus, Polyporus, Pseudomonas, Methylobacillus, Methylophilus, 

Methylovorus, Methylobacterium, Mycobacterium, Thiobacillus, and Xanthobacter 

(Xiong et al., 2011). Insilico studies have shown that PQQ operon in Klebsiella  
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Fig 4.23 :  Partial (a) pqq C and (b) pqq A amplification of the bacterial cultures. Lanes:               

M. 50 bp DNA ladder Lanes: 1. L1; 2. L2; 3. L3; 4. L4; 5. L5; 6. L6; 7. L7; 8. L8; 9. 

P1; 10.P2; 11.P3; 12.P413.T1; 14.T2; 15.T3; 16.T4; 17.T5; 18.T6 Lanes: M. 50 bp 

DNA ladder 
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pneumonia and Pantoea ananatis SC17(0) strain are structurally homologous 

(Andreeva et al., 2010; Castagno et al., 2011; Meulenberg et al., 1992). The PQQ 

biosynthesis pathway is also present in Klebsiella pneumoniae, Methylobacterium 

extorquens AM1, Gluconobacter oxydans 621H, Rahnella aquatilis and Streptomyces 

rochei (Shen et al., 2012). In present study, several strains did not show amplification 

of pqq C and pqq A genes. However, they were solubilizing phosphorus on pikovaskya 

medium. These strains might be solubilizing phosphate via secretion of organic acids 

other than gluconic acid such as lactic, isovaleric, isobutyric, acetic, glycolic, oxalic, 

malonic and succinic acid. Furthermore, acid production is not the only p solubilizing 

mechanism in bacteria (Illmer and Shinnera, 1995). For example, genetically 

manipulated E. coli JM109 shows MPS activity without alteration in pH of the medium 

(Kim et al., 1997). A phosphoenol pyruvate carboxylase (pcc) gene from 

Synechococcus PCC 7942 (Aditi et al., 2009) and (gabY) from Pseudomonas cepacia 

(Khan et al., 1995) were involved in MPS. Serratia marcescens solubilizes phosphorus 

via gluconic acid synthesis but it has no genes homologous to PQQ or GDH genes 

(Krishnaraj and Goldstein, 2001).  

4.13 Phylogenetic analysis of the 16S rRNA gene  

All eighteen strains were identified as belonging to 7 genera distributed across 

three phyla; Proteobacteria, Actinobacteria and Firmicutes. The genera identified were; 

Pseudomonas, Klebsiella, Streptomyces, Pantoea, Kitasatospora, Micrococcus and 

Staphylococcus (Fig. 4.24; Table 4.15). Seven strains were identified as L1 (98.14% 

similarity to Pseudomonas simiae strain NR 042392.1), L3 and L6 (99.16% similarity 

to Pseudomonas paralactis strain KP756923), P1 (98.89% similarity to Pseudomonas 

hunanensis strain JX545210), P2( 97% similarity to Pseudomonas aeruginosa strain 

NR 117678.1), P3 (98.14% similarity to Pseudomonas putida strain Z76667.1) and P4 

(98.42% similarity to Pseudomonas plecoglossicida strain NR 114226.1). Strain L8 

was identified as Pantoea sp. (96.83% similarity to Pantoea conspicua strain NR 

116247.1). Two strains L4 and T2 were identified as Klebsiella sp. (99.51% similarity 

to Klebsiella variicola strain CP010523 and 96.37% similarity to Klebsiella 

singaporensis strain AF250285). Strain L2 was assigned to (97.98%) Staphylococcus 

petrasii (NR 118450.1) and T6 to Staphylococcus pasteuri (NR 114435.1). Isolates 

belonging to phylum Actinobacteria were clustered together which includes T4 (98.0% 
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similarity to Micrococcus yunnanensis strain NR 116578.1), T1 (93.86% similarity to 

Kitasatospora kifunensis strain NR 112085.2), L6 (87% similarity to Streptomyces 

curacoi strain KY585954.1), L7 (95% similarity to Streptomyces cellostaticus strain 

NR 112304.1), T3 (94.22% similarity to Streptomyces antibioticus strain NR 

043348.1), T5 (97.92% similarity to Streptomyces griseoruber strain NR 041086.1). 
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Fig 4.24: The neibhour joining tree based on 16 S rDNA sequences of bacterial 

isolates associated with Dalbergia sissoo rhizosphere from three 

provenances. Tree topology was obtained after 1000 runs. The bootstrap 

values are indicated at the nodes. Scale bar represents 5 nucleotide 

substitutions per site. The strains with bold circle are from this study 
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SUMMARY AND CONCLUSION  
 

 

The present study was first to give an insight of the bacterial community 

structure in Dalbergia sissoo rhizosphere from natural forests. The diversity, 

composition and relative abundance of bacterial taxa in shisham rhizosphere were 

characterized across Lachhiwala, Tanakpur and Pantnagar provenances via Illumina 

high-throughput sequencing. The soil biological and chemical characteristics were also 

evaluated. Bacterial abundance diversity in shisham rhizosphere correlated to soil biotic 

and abiotic properties. In present work phosphate solubilizing and PQQ producing 

capabilities of the culturable rhizosphere dwelling bacteria, specifically targeted as they 

are important for regulation of soil and plant health and their abundance and diversity 

studied. Isolated PSBs were further characterized and identified through polyphasic 

approach. The PQQ gene was amplified to find whether PQQ is universally adopted  

mechanism by rhizospheric bacteria in mineral phosphate solubilization. 

1. The physicochemical analysis of soils showed major differences between 

healthy and diseased soil samples. Disease conducive soil of Pantnagar was 

reported to be silty clay loam with high pH, high carbon, low phosphorus, and 

low micronutrients (Fe and Zn) content in comparison with other two samples 

(disease suppressive). Soil enzyme activities such as dehydrogenase and FDA 

hydrolysis were higher in DS rhizosphere from Tanakpur whereas acid 

phosphatase, alkaline phosphatase, and urease activities were higher in DS 

rhizosphere from Lachhiwala. 

2. 16Sr RNA and pqq C gene copy number was highest for Pantnagar followed 

by Lachhiwala and Tanakpur. Copy number of pqq C gene was indirectly 

proportional to available phosphorus. Soils were also analysed through 

culturable approach on two different media (Angel’s and Pikovaskya). Total 

mesophilic bacterial population count on Angel’s medium was highest in 

Tanakpur soil whereas PSBs on Pikovaskya medium were highest in 

Lachhiwala soil.   

 

Chapter 5 
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3. Comparative assessment of bacterial communities associated with shisham 

rhizosphere was carried out using bar-coded Illumina sequencing of 

hypervariable V3-V4 region of 16S rRNA gene. Proteobacteria and Firmicutes 

were most abundant phyla at Lachhiwala and Tanakpur wheresas 

Acidobacteria was abundant at Pantnagar. Bacterial genera Flavobacterium, 

Bradyrhizobium, Candidatus_ Solibacter, Phenylobacterium, Flavisolibacter 

and Rhodoplanes were relatively more abundant in D.sissoo rhizosphere at 

Tanakpur and Lachhiwala, both representing healthy forest stands whereas 

Williamsia, Blastocatella, Methylobacterium, and Brevibacterium were 

relatively abundant at Pantnagar forest representing diseased stands. 

4. The highest number of OTUs, chao I index and Shannon index were observed 

at Pantnagar whereas lowest at Tanakpur. β diversity analysis indicated that  

three samples aligned into two clusters. The disease conducive rhizospheric 

sample from Pantnagar formed independent cluster whereas from disease 

suppressive Tanakpur and Lacchiwala forest aligned in single cluster. 

5. A total of eighteen PSBs (L1-L8, P1-P4 and T1-T6) were recovered from all 

three provenances. The solubilization index of strains ranged from 1.16 to 4.75. 

The highest solubilization index was recorded for L4 (4.75 ± 0.06) and lowest 

for T4 (1.16±0.01). The highest solubilized P concentrations in liquid medium 

was recorded for strain L4 (891.38 ± 18.55 µg ml
-1

) and lowest for T4 

(285.78±3.27 µg ml
-1

). The solubilization index on agar plates positively 

correlated to the phosphorus solubilized in liquid medium. 

6. All eighteen PSBs were screened for various functional traits. All the individual 

isolates exhibited one or more of the traits; amylase, urease, nitrate reductase, 

lipase, xylanase, protease, pectinase and catalase.  

7. Among 18 PSBs seven bacterial isolates were positive for zinc solubilization, five 

were positive for siderophore production, fourteen for IAA production and fourteen 

for ammonia production. Only one isolate P2 was positive for HCN production.  

8. Based on 16S rRNA sequence analysis and similarity searches all 18 PSBs were 

identified within genus Pseudomonas, Klebsiella, Streptomyces, Pantoea, 

Kitasatospora, Micrococcus and Staphylococcus. The 16S rRNA gene sequences 

of isolates were submitted under accession numbers MG966339-MG966355. 
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9. The PCR amplification of pqq C gene encoding catalyzation step was positive 

in all sixteen isolates whereas pqq A encoding the precursors tyrosine and 

glutamate was amplified only in six strains. All the six strains showing 

positive amplification for both the genes belonged to genera Pseudomonas. 

This study leads to the conclusion that various factors contribute in shaping 

the community composition and numerical predominance of specific bacteria. Our 

study presents the first metagenomic characterisation of the diversity of 

rhizomicrobiome using a deep Illumina sequencing of 16S rRNA amplicons. The 

enrichment of some taxa in healthy rhizosphere supports the hypothesis of a 

functional specialization and an important ecological role of these taxa in soil 

functioning. However, many of the poorly characterized unculturable population, 

needs future research to obtain a comprehensive view of their role. Aside from this, 

our results suggest that the natural differences existing between soil parameters pH, 

nutrient availability and enzyme activities is responsible for differences in 

rhizospheric microbial communities of the same tree species. Still, we cannot yet link 

the entire microbiome to disease suppression in healthy soils and disease mortality in 

diseased stands. Thus isolation and identification of potential microbes seems more 

practicable.  Studies based on 16S rRNA gene sequencing have extensively redefined 

and expanded our knowledge of soil microbial diversity. With the help of varied 

community analysis approaches, an initial framework of selecting disease-suppressive 

indicators was formed. Ecological knowledge on variations of PSBs among different 

environmental conditions might advance the development of more accurate and 

effective PGPR inoculants adaptive to different environmental conditions. This might 

be a prerequisite to develop more practical management strategies for sustainable 

agriculture. Future research with more extensive sampling and replication, greater 

depth of sequencing and direct assessment of metabolic rates is necessary to have a 

better knowledge of the functioning of these ecosystems.  
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APPENDICES  
 

Appendix I 

Media Used 

Nutrient Agar  gl
-1

 

Beef extract  3 

Peptone  5 

Agar  20 

pH  7.2±0.2 

  

Nutrient Broth  gl
-1

 

Peptone 5.0 

Beef extract 3.0   

pH ±7.0 

 

NBRIP Media  gl
-1

 

Glucose 10 

Ca3(PO4)2 5 

MgCl2.6H2O 5 

KCl 0.2 

 (NH4)2SO4  0.1 

BPB 0.25 

Agar 15 

pH 7.0±0.2 

Pikovaskaya’s Agar  gl
-1

 

Yeast extract 0.5 

Dextrose 10 

CaPO4 5.0 

(NH4)2SO4 0.5 

KCl 0.2 

MgSO4.7H2O 0.1 

MnSO4 0.0001 

FeSO4 0.001 

Agar 20 
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Angle’s Media 

 Solution Fe/EDTA  

 Na2 EDTA 14 mg 

 FeSO4.7H2O 50 mg 

 H2SO4(conc.) 5 µl 

 Distilled water 10 ml 

 Autoclave the solution for 15 min at 121
◦
C 

 Solution of D-oligo elements 

 ZnSO4.7H2O 100 mg 

 MnCl2.4H2O  30 mg 

 H3BO3  300 mg 

 CaCl2.6H2O  200 mg 

 NiCl2.6H2O  20 mg 

 Na2MoO4.2H2O   30 mg 

 Distilled water 

 Autoclave the solution for 15 min at 121
◦
C 

 Composition 

 Tris HCl 0.5M pH 7.0 40ml 

 Sol. Fe/EDTA 110 µl 

  Sol. D oligo- elements 1ml 

 Yeast extract 2gm 

 KH2PO4 0.1% w/v 680 µl 

 1M K  500 µl 

 NH4NO3  0.2g 

 CaSO4  0.69g 

 MgCl2  0.406g 

 Distilled water  1000 ml 

 Agar 20g 

Adjust the pH at 7.0 with 1 M NaOH 
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Autoclave the solution for 15 min at 121°C. At the working add 1 ml of glucose 

solution (1mg/ml) in 1 litre of media 

 Glucose solution   

 Glucose  1mg 

  Distilled water   1ml 

Filter sterilize the solution with 0.2 m filter 

King’s B Agar gl
-1

 

 Proteose peptone 20 

 K2HPO4 1 

 MgSO4.7H2O 0.4 

 Glycerol 8ml 

 Agar 20 

 pH 7.0±0.2 
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APPENDIX II 

Reagents 

TRIS –EDTA (TE) Buffer 

TrisHCl 10 mM 

EDTA 1 mM 

pH 8 

Sodium Dodecyl Sulphate 10 %( w/v) 

Proteinase K 20 mg ml
-1 

(w/v) 

CTAB 10 % (w/v) 

Phenol: Chloroform 1:1(v/v) 

Chloroform: Isoamyl alcohol 24:1(v/v) 

RNAase 10 mg ml
1
 

Chilled ethanol (absolute) 70% 

TRIS Acetate EDTA (TAE) 

TRIS Acetate 40mM 

Na2 EDTA 1mM 

 

Loading dye (6X) 

Sucrose 40% (w/v) 

Bromophenol blue 0.25% (w/v) 

Xylene Cyanol  0.25% (w/v) 

Ethedium Bromide 

Stock 10.00mg ml
1
(w/v) 

Working Solution 0.5µg ml
1 

 

 EDTA solution (0.1 M) 

Add 3.724g EDTA (disodium salt) in 60 ml of distilled water and adjust the pH 

to 8 (EDTA will not dissolve until the pH is adjusted to 8.0).Make the final volume 100 

ml. 
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APPENDIX III 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Standard curve for the 16 S rRNA gene during the qPCR experiment 

 

 

 

 

 
 

 

Amplification curve of the 16S rRNA gene amplicons during q-PCR soil 
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 Standard curve for the pqq gene during the qPCR experiment 
 

 

 
 

 Amplification curve of the pqq amplicons during q-PCR of pqq gene in soil DNA 
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APPENDIX IV 

 

 

 

Reagents for Gram’s staining  

1.Crystal violet  

Solution A   Crystal violet     2g 

   Ethyl alcohol (95%)    20ml 

Solution B   Ammonium oxalate     0.8g 

   Distilled water     80ml 

2.Gram’s iodine  

   Iodine       1g 

   Potassium iodide     2g 

   Distilled water     300ml 

   Sodium bicarbonate     3g 

3.Destaining solution 

   Ethyl alcohol      95ml 

   Gram’s iodine/Distilled water   5ml 

4.Saffaranin 

   Saffranin      10ml  

   (2.5% solution in 100ml ethyl alcohal) 

   Distilled water     90ml 
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APPENDIX V 

 

 

Standard curve of KH2PO4 for estimation of phosphorus 

In vitro qualitative and quantitative estimation of tricalcium phosphate solubilization 

by bacterial isolates 

S.NO. Strain id 
P solubilization 

index* (mm) 

Psolubilization 

(µg/ml) 

1 L1 2.75±0.02 590.63±12.57 

2 L2 2.50±0.03  506.25±0.79 

3 L3 2.75±0.05 559.32±10.76 

4 L4 4.75±0.06 891.38±18.55 

5 L5 3.50±0.03 721.27±10.51 

6 L6 3.75±0.06  762.10±7.5 

7 L7 2.60±0.04 530.75±12.15 

8 L8 2.80±0.07  616.48±7.05 

9 P1  2.50±0.005  510.33±7.17 

10 P2 4.00±0.07  850.56±14.16 

11 P3 2.85±0.06  639.62±4.66 

12 P4 1.85±0.01  476.31±4.46 

13 T1 2.60±0.01  537.55±6.01 

14 T2 2.60±0.03  523.94±2.99 

15 T3 1.71±0.04  340.22±1.39 

16 T4 1.16±0.01  285.78±3.27 

17 T5 2.00±0.01  421.87±6.36 

18 T6 2.50±0.04  559.32±6.98 

*Values are the mean of triplicates with standard error of mean 

 

∗ ���������	
�����
��	(��) =
Colony	diameter + 	Halozone	diameter

Colony	diameter
 

  

y = 0.0001x

R² = 0.9991
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APPENDIX VI 

Sequences of 16S rDNA region of- 

 
>L1 Pseudomonas simiae strain MG966339 

CTAGCTAAAGGTGKGGGAKGRAGRWMTCYMYKGCWTCTCTTGAGAGCGG

CGGACGGGTGAGTAATGCCTAGGAATCTGCCTGGTAGKGGGGGATAACGTT

CGGAAACGGACGCTAATACCGCATACGTCCTACGGGAGAAAGCAGGGGAC

CTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCGGATTAGCTAGTTGGTG

AGGTAATGGCTCACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATC

AGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGT

GGGGAATATTGRACAATGGGCRAAAGCCTGATCCAGCCATGCCGCGTGTGT

GAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGTTGTA

GATTAATACTCTGCAATTTTGACGTTACCGACAGAATAAGCACCGGCTAAC

TCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAATCGGAATT

ACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTGAAATCCC

CGGGCTCAACCTGGGAACTGCATTCAAAACTGACTGACTAGAGTATGGTAG

AAGGGTGGTGGATTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGA

ACACCAGTGGCGAAGGCGACCACCTGGACTAATACTGACACTGAGGTGCG

AAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAA

ACGATGTCAACTAGCCGTTGGAAGCCTTGAGCTTTTAGTGGCGCAGCTAAC

GCATTAAGTTGAACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAAT

GAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGC

AACGCGAAGAACCTTTCCAGGCCTTSACATCCAATGAACTTTYTAGAGATA

GATTGGTGCCTTCGGGAACATTGAGACAGGTGCTGCATGGCTGTCGTCAGC

TCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCT

TAGTTACCAGCACGTCATGGTGGGCACTCTAAGGAGACWGCCGGTGACAA

ACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCCCYTACGGCCTG

GGCTACACACGTGCTACAATGGTCGGTACAGAGGGTTGCCAAGCCGCGAG

GTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGTCTGCAACT

CGACTGCGTGAAGTCGGAATCGCTAGTAATCGCGAATCAGAATGTCGCGGT

GAATACGTTCCCGGGCCTTGTACACACCGCCCGTCCTYACCATGRGAGTGG

GGTKGCSMCCCCMARKAARA 

 

>L2 Staphylococcus petrasii strain MG966340 

AGGAATACSCAWCSTYYCYWCYATCGACYGCCAMWCTGCWSTCGWGCGA

AAGACKAGGAGCTTGCTCCTTTGACGTTAGCGGCGGACGGGTGAGTAACAC

GTAGGTAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAAT

ACCGGATAATATTTCGAACCGCATGGTTCGATAGTGAAAGATGGCTTTGCT

ATCACTTATAGATGGACYTGCGCCGTATTAGCTAGTTGGTAAGGTAACGGC

TTACCAAGGCAACGATACGTAGCCGACCTGAGAGGGTGATCGGCCACACTG

GAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT

CCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGT

CTTCGGATCGTAAAACTCTGTTATTAGGGAAGAACAAACGTGTAAGTAACT

GTGCACGTCTTGACGGTACCTAATCAGAAAGCCACGGCTAACTACGTGCCA

GCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGT

AAAGCGCGCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAA
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CCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGT

GGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAG

TGGCGAAGGCGACTTTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTG

GGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGT

GCTAAGTGTTAGGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAA

GCACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGA

CGGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTYGAAGCAACGCG

AAGAACCTTACCAAATCTTGACATCCTTTGACCCTTCTAGAGATAGAAGTTT

CCCCTTCGGGGGACAAAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTG

TCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTAAGCTTAGT

TGCCATCATTAAGTTGGGCACTCTAAGTTGACTGCCGGTGACAAACCGGAG

GAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGATTTGGGCTACAC

ACGTGCTACAATGGACAATACAAAGGGCAGCGAAACCGCGAGGTCAAGCA

AATCCCATAAAGTTGTTCTCAGTTCGGATTGTAGTCTGCAACTCGACTACAT

GAAGCTGGAATCGCTAGTAATCGTAGATCAGCATGCTACGGTGAATACGTT

CCCGGGTCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCG

AAGCCGGTGGAGTAACCATTTGAGCAGCCTCAAGGTGCGATSWCMRAGAA

ATCACCTTCG 

 

>L3 Pseudomonas paralactis strain MG966341 

TTTCYTTTGAGAAGCGGCGGACGGGTGAGTWATGCCTAGGAATCTGCCTGG

TAGKGGGGGATAACGTTCGGAAACGGACGCTAATACCGCATACKTCCTACG

GGARAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGCCTAGGTCG

GATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACTG

GTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCT

ACGGGAGGCAGCAGKGGGGAATATTGGACAATGGGCRAAAGCCTGATCCA

GCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTT

GGGAGGAAGGGTTGTAGATTAATACTCTGCAWTTTTGACGTTACCGACAGA

ATAAGCACCGGCTAAYTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGC

AAGCGTTAATCGGAATTACTGGGCGTAAAGCCCGCGTAGGTGGTTTGTTAA

GTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATTCAAAACTACT

GACTAGAGTATGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGC

GTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTAATA

CTGACACTGAGGTGCGAAAGCGTGGGGAGCAAAACAGGATTAGATACCCT

GGTAGTCCACGCCGTAAACGATGTCACTAGCCGTTGGAAGCCTTGAGCTTT

TAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTACGGCCGCAA

GGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATG

TGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGCCTTGACATCCAAT

GAACTTTCTAGAGATAGATTGGTGCCTTCKGGAACATTGAGACAGRTGCTG

CATGGCTGTCGTCAGCTCGTGTCKTGAGATGTTGGGTTAAGTCCCGTAACG

AGCGCAACCCTTGTCYTTAGTTACCAGCACGTCATGGTGGGCACTCTAAGG

AGACTSCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCA

TGGCCCYTACGGCCTGGGCTACACACGTGCTACAATGGTCGGTACAGAGGG

TTGCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGA

TCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCGCTAGTAATCGCGAA
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TCAGAATGTCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCA

CACCATGGGAGTGGGTTGCRACCCCMAGGAAAAT 

 

>L4 Klebsiella variicola strain MG966342 

 

TCCYTWAMCCCTWWCTTTCTTTTYTGCMACCCACTCCCATGGTGTGACGG

GSGGTGTGTACAAGGCCCGGGAACGTATTCACCGTAGCATTCTGATCTACG

ATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATCCGGA

CTACGACATACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTTG

TATATGCCATTGTAGCACGTGTGTAGCCCTGGTCGTAAGGGCCATGATGAC

TTGACGTCATCCCCACCTTCCTCCAGTTTATCACTGGCAGTCTCCTTTGAGTT

CCCGGCCTAACCGCTGGCAACAAAGGATAAGGGTTGCKCTCGTTGCGGGAC

TTAACCCAACWTTTCACAACACGAGSTGACGACAGCCATGCAGCACCTGTC

TCACAKTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTGTGGATGTCA

AGACCAGGWAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCACC

GCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTACT

CCCCAGGCGGTCGATTAACGCGTTAGCTCCGGAAGCCACGCCTCAGGGGCA

CAACCTCCAAATCGACATCGTTTAGGCGTGGACTACCAGGGTATCTAATCC

TGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGGGGGCC

GCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTACACCT

GGAATTCTACCCCCCTCTACAAGACTCTAGCCTGCCAGTTTCGAATGCAGTT

CCCAGGTTGAGCCCGGGGATTTCACATCCGACTTGACAGACCGCCTGCGTG

CGCTTTACGCCCAGTAATTCCGATTAACGCTTGCACCCTCCGTATTACCGCG

GCTGCTGGCACGGAGTTAGCCGGTGSTTCTTYTGCGGGTAACGTCAATCGC

CAAGGTTATTAACCTYAWCGCCTTCCTCCCCGCTGAAAGTGCTTTACAACC

CGAAGGCCTTCTTCACACMCGCGGCATGGCTGCATCAGGCTTGCGCCCATT

GTGCAATATTCCCCMCTGCTGCCTCCCGTAGGAGTYTGGACCGTGTCTCAG

TTCCAGTGTGGCTGGTCATCCTCTCAGACCAGCTAGGGATCGTCGCCTAGGT

GAGCCGTTACCCCMCCTACTAGCTAATCCCATCTGGGCACATCTGATGGCA

TGAGGCCCGAAGGTCCCCCACTTTGGTCTTGCGACRTTATGCGGTATTAGCT

ACCGTTTCCAGTAGTTATCCCCCTCCATCAGGCAGTTTCCCAGACATTACTC

ACCCGTCCGCCGCTCGTCCACCCSCGGA 

 

>L5 Pseudomonas paralactis strain MG966343  

 

TAKTWGAAAASYTTGYTTCTTCTTGARGAGCGGCGGACGGGTGAGTAATGC

CTAGGAATCTGCCTGGTAGTGGGGGATAACGTTCGGAAACGGACGCTAATA

CCGCATACGTCCTACGGGARAAAGCAGGGGACCTTCGGGCCTTGCGCTATC

AGATGAGCCTAGGTCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGG

CGACGATCCGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGARA

CACGGTCCAGACTCCTACGGGAGGCAGCAGKGGGGAATATTGGACAATGG

GCRAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTG

TAAAGCACTTTAAGTTGGGAGGAAGGGTTGWAGATTAATACTCTGCAWTTT

TGACGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGG

TAATACAGAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCG

TAGGTGGTTTGTTAAGTTGGATGTGAAACTCCCCGGGCTCAACCTGGGAAC

TGCATTCAAAACTGACTGACTAGAGTATGGTAGAGGGGTGGTGGAATTTCC

TGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGG
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CGACCACCTGGACTAATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAA

ACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCG

TTGGAAGCCTTGAGCTTTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCT

GGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGC

ACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACC

AGGCCTTGACATCCAATGAACTTTCTAGAGATAGATTGGTGCCTTCGGGAA

CATTGAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTG

GGTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCACGTCA

TGGTGGGCACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGG

ATGACGTCAAGTCATCATGGCCCYTACGGCCTGGGCTACACACGTGCTACA

ATGGTCGGTACAGAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCCCATAA

AACCGATCGTAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGA

ATCGCTAGTAATCGCGAATCAGAATGTCGCGGTGAATACGTTCCCGGGCCT

TGTACACACCGCCCGTCACACCATGGGAGTGGGTGCACCMGAAGAGCTAG

TCTAACCTCCGGGAGGWCGTAMCCTCCTGGGTGACATGCCCATGGGGCTTC

AT 

 

>L6 Streptomyces curacoi strain MG966344 

 

GWTYAAWGKKGGTTRGSGATTAAKTTGSCGAMSGGGTGAGKAACAMGTGG

GCAATCTGCCCTGCMCTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCG

GATATCACTCTCSCWGGCATCTGTGAGGGTCGAAAGCTCCGGCGGKGCAKG

ATGAGCCCGCSGCCTATCARCTTGTTGGTGAGGKAACGGCTCACCMAGGM

GACRACSGGTAGCCGGCCTGAGAGGGSGACCGGCCACACTGGGACTGAGAS

ACGGSCCRRACTCCTACSGGAGGSAGCAGTGGGGAATATTGCACAATGGGC

GAAAGCCTGATGCAGCGACGCCKCGTGAGGGATGACGGCCTTCKGGTTGTA

AACCTCTTTCWKCARGGAAGAAGCGAAAGTGACGGTACCTGCMGAARAAG

CGCCGGCTAACTACGTGCCAKCAGCCGCGGTAATACGTAGGGCGCAAGCGT

TGTCCGGAATTATTGGGCGTAAAGAGCTCGWARGCKGCTTGTCACRTCGGG

YGTGAAAGCCCGGGGCTTAACCCCGGGTCTGCWTTCGATRCKGGCTAGCTA

GAGTGTGKTARGGGAGATCGKAATTCCTGGTGTARCGGTGAGATGCRCWK

ATMTSWGGAGGAACACCGGTGGCGAATGCGGATCTCTGGGCCATTACTGA

CGCTGASSAGCGAAASCGTGCSGAGCGAACAGGATTAGATRCCCTGGGTAG

TMCACGCCWTAARMTGCGGGGAACTAGGCTGYYGSMKACATTMCYACGT

CGTCGGSTGCCRCAGCTRAYGCATTAAGTTCCCCGCCWGKGMGTACTGCKC

ACGCCTARRSKCAAASGACTGACGTGACCCCWMCAAKCAGYGGAKSAKCG

KGCTCATSGACGSACGCGAKATCCTACAGGCTGAACWACMCCGTAAGCAG

TTACGTAGATACGTTGCCCCTCCTCTGT 

 

>L7 Streptomyces cellostaticus strain MH031699 

 
GAAWCYWMAGCWTYGRTGGARGCRATTTGGCCCTGCGCTCGGGGACGGG

CCCTGGAAACGGGGTCTAATACCGGATATCACTCTCGSWSGCATCTGTGAG

GGTCGAAAGCTCCGGCGGTGCTGGATGAGCCCGCGCCCTATCAGCATGTTG

GTGAGGTAACGGCTCACCMTGGCCACGACGGGTAGCCGGCCTGGGAGGGC

GACCGGSAACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAG

CGGSGGGGAATATTGAACAATGGGCGAAAGCCTGATGCWGAKACRCCSCG

GGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCASCTKGGAAGAAGAG

AAAGGGACKGTGCCTGAWRAASAAGCSCCGGSTAACTACSTGCCAACRACC
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GCGGTAATACSTAGGGGGCARGCGTTGTCCGGAATTATTGGGCGTAAGGAG

CTCTYAGGCTGMTTGTCACKTCRGGKGTGACAGCCCGGGGCTYAACCCCGG

TKCTGCATCCSATACSGGCTASCTAGAGTGTGRTACGAGAGATCGGAATTCC

TGGTGTAGCGATGAAGTGCGCAKATCTCGTGAGGAGCACCGGTGGCKAAG

MGGATSTSKAGGCCATTACTGACGCTGAGSASCGAAACRWGRCTAGCGAW

CAGGATTAGATACGTGGGTAGTCCACGCGATAACKRCGGGACTAGGYGYT

GGCGACATGCCRCGTMSTCGWGCCTSWGCYMAYGCAKTAGTTCTCCGCWG

KGAAGTACTGACKCAGSCTYAAGCTCAACGACTGGACGGTGAMCSTCAAK

CGAYTGACCTGTGCTATCGASGCGASCKATGATCTTATCAGTCTAGCCTAAC

CGTAGCATCGATTGCCCATGGCCARGTTMATGTGTCAT 

 

>L8 Pantoea conspicua strain MG966345 

 

ACAAGGTCCCTTCAGTCGGGGACTAGKGRKWRGCGSCCTCCGAKGTTAAGC

TACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAA

GGCCCGGGAACGTATTCACCGTGGCATTCTGATCCACGATTACTAGCGATT

CCGACTTCACGGAGTCGAGTTGCAGACTCCGATCCGGACTACGACGCAYTT

TGTGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTTGTATGCGCCATTGT

AGCACGTGTGTAGCCCTACTCGTARGGGCCATGATGACTTGACGTCATCCC

CACCTTCCTCCGGTTTATCACCGGCAGTCTCCTTTGAGTTCCCGACCGAATC

GCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACAT

TTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCAGSGTTCCCG

AAGGCACYAAKGCATCTCTGCMAARTTCSSTGGATGTCAAGAGTAGGTAAG

GTTCTTCGCGTTGCATCRAATTAAACCACATGCTCCACCGCTTGTGCGGGCC

CCCGTCAATTCWTTTGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCG

ACTTAACGCGTTAKCTCCRGAAGCCACTCCTCAAGGGAACAACCTCCAAGT

CGACATCKTTTACGGCGTGGACTACCAGGGTATCTAATCSTGTTTGCTCCCC

ACKCTTTCGCACCTGAGCGTCAGTCTTTGTCCRGGGGGGCCGYCTTCGCCAC

CGGTAYTCCTCCAGATCTCTACGCATTTCACCGCTACACTGGGAATTCTACC

CCCCCTCTACAGACTCAAGCCTGCCAGTTTCAAATGCAGTTCCGAGTTAAG

CCCGGGRGATTTCACATCTGACTAACAGACGGCTGCGTGCGCTTAACGCCC

ARGTTAACTTCACGATWTATRAACSGC 

 

>P1 Pseudomonas hunanensis strain MG966346  

 
GAATCAGCTYMWTTCYKCYYYTCCCGCGGCTACCTGCAGTCGAGCGGAGA

CGGGAGCTTGCTCCTTGATTCAGCGGCGGACGGGTGAGTAATGCCTAGGAA

TCTGCCTGGTAGTGGGGGACAACGTTTCGAAAGGAACGCTAATACCGCATA

CGTCCTACGGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAG

CCTAGGTCGGATTAGCTAGTTGGKGGGGTAATGGCTCACCAAGGCRACGAT

CCGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTC

CAGACTCCTACGGGAGGCAGCAGKGGGGAATATTGGACAATGGGCGAAAG

CCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCA

CTTTAAGTTGGGAGGAAGGGCAGTAAGYTAATACCTTGCTGTTTTGACGTT

ACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACA

GAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTG

GTTCGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCC

AAAACTGGCGAGCTAGAAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAG

CGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCAC
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CTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGAT

TAGATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGAAT

CCTTGAGATTTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAG

TACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGC

GGTGGAGCATGTGGTTTAATTTCGAAGCAACGCGAAGAACCTTACCAGGCC

TTGACATGCAGAGAACTTTCCAGAGATGGATTGGTGCCTTYKGGAACTCTG

ACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTA

AGTCCCGTAACGAGCGCAACCCTTGTCYTTAGTTACCAGCACGTTATGGTG

GGCACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGAS

GTCAAGTCATCATGGCCCYTACGGCCTGGGCTACACACGTGCTACAATGGT

CGGTACAGAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCTCACAAAACCG

ATCGTAGTCYGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCGC

TAGTAATCGCGAATCAGAATGTCGCGGTGAATACGTTCCCGGGCCTTGTAC

ACACCGCCCGTCACACCATGGGAGTGGGTTGCACCAGAAGTAGCTAGTTAA

CCTTCGGGGAWCGTTWTCCCTTGAACTTTTTTCTATCTCCCCCTG 

 

>P2 Pseudomonas aeruginosa strain MG966347 

 

CTAACACAAGAAAATCYKTTCGGGGGGGGGCCTACCATGCAGTCGAGCGG

ATGAAGGGAGYTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTAATGCCTA

GGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACC

GCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAG

ATGAGCCTAGGTCGGATTAGCTAGTTGGKGGGGTAAAGGCCTACCAAGGCG

ACGATCCGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACA

CGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGC

GAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTA

AAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTG

ACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTA

ATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTA

GGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGC

ATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTG

TAGCGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGAC

CACCTGGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAG

GATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGG

GATCCTTGAGATCTTAGTGGCGCAGCTAACGCGATAAGTCGACCGCCTGGG

GAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACA

AGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGG

CCYTGACATGCTGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAAMTC

AGACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT

TAAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTWCCAGCACCTCGGGT

GGGCACTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGA

CGTCAAGTCATCATGGCCCTTACGGCCAGGGCTACACACGTGCTACAATGG

TCGGTACAAAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCCCATAAAACC

GATCGTAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCG

CTAGTAATCGTGAATCAGAATGTCACGGTGAATACGTTCCCGGGCCTTGTA

CACACCGCCCGTCACACCATGGGAGTGGGTTGCTCCAGAAGTAGCTAGTCT

AACCGCRAGGGGGAKCGGGTTCCCCMCCCGAGTTTGA 
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>P3 Pseudomonas putida strain MG966348 

 
CRKSWTCCCYYCCCMRAAARMGTTARACTAGCTACTTCTGGTGCAACCCAC

TCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGC

GACATTCTGATTCGCGATTACTAGCGATTCCGACTTCACGCAGTCGAGTTGC

AGACTGCGATCCRGACTACGATCGGTTTTGTGAGATTAGCTCCACCTCGCG

GCTTGGCAACCCTCTGTACCGACCATTGTAGCACGTGTGTAGCCCAGGCCG

TARGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCG

GCAGTCTCCTTAGAGTGCCCACCATAACGTGCTGGTAACTAARGACAAGGG

TTGCGCTCGTTACGGGACTTAACCCAACATCTCACGACACGAGCTGACGAC

AGCCATGCAGCACCTGTGTCAGAGTTCCCGAAGGCACCAATCCATCTCTGG

AAAGTTCTCTGCRTGTCAAGGCCTGGWAAGGTTCTTCGCGTTGCTTCGAATT

AAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTT

AACCTTGCGGCCGTACTCCCCAGGCGGTCAACTTAATGCGTTAGCTGCGCC

ACTAAAATCTCAAGGATTCCAACGGCTAGTTGACATCGTTTACGGCGTGGA

CTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACCTCAGTGTC

AGTATCAGTCCAGGTGGTCGCCTTCGCCACTGGTGTTCCTTCCTATATCTAC

GCATTTCACCGCTACACAGGAAATTCCACCACCCTCTACCGTACTCTAGCTC

GCCAGTTTTGGATGCAGTTCCCAGGTTGAGCCCGGGGCTTTCACATCCAACT

TAACGAACCACCTACGCGCGCTTTACGCCCAGTAATTCCGATTAACGCTTG

CACCCTCTGTATTACCGCGGCTGCTGGCACAGAGTTAGCCGGTGCTTATTCT

GTCGGTAACGTCAAAACAGCAAGGTATTARCTTACTGCCCTTCCTCCCAACT

TAAAGTGCTTTACAATCCGAAGACCTTCTTCACACACGCGGCATGGCTGGA

TCAGGCTTTCGCCCATTGTCCAATATTCCCCMCTGCTGCCTCCCGTAGGAGT

CTGGACCGTGTCTCAGTTCCAGTGTGACTGATCATCCTCTCAGACCAGTTAC

GGATCGTCGCCTTGGTGAGCCATTACCCCACCAACTAGCTAATCCGACCTA

GGCTCATCTGATAGCGCAAGGCCCGAAGGTCCCCTGCTTTCTCCCGTAGGA

CGTATGCGGTATTAGCGTTCCTTTCGAAACGTTGTCCCCCACTACCAGGCAG

ATTCCTAGGCATTACTCACCCGTCCGCCGCTGAATCAAGGAGCAAGCTCCC

GTCATCCGCTCGACTTGCAKTKTAGGCTKCGCCTKGSSSMAYCWMKTKRYT

TTTTA 

 

>P4 Pseudomonas plecoglossicida strain MG966349 

 

CWTTKGCCTCCCTTGGATTCAGCGGCGGACGGGTGAGTAATGCCTAGGAAT

CTGCCTGGTAGTGGGGGACAACGTTTCGAAAGGAACGCTAATACCGCATAC

GTCCTACGGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGAGC

CTAGGTCGGATTAGCTAGTTGGTGGGGTAATGGCTCACCAAGGCRACGATC

CGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCC

AGACTCCTACGGGAGGCAGCAGKGGGGAATATTGGACAATGGGCGAAAGC

CTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCAC

TTTAAGTTGGGAGGAAGGGCAGTAAGCTAATACCTTGCTGTTTTGACGTTA

CCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAG

AGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGT

TCGTTAAGTTGGATGTGAAAGCCCCGGGCTCAACCTGGGAACTGCATCCAA

AACTGGCGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGG

TGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGGCGACCACCT

GGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTA

GATACCCTGGTAGTCCACGCCGTAAACGATGTCAACTAGCCGTTGGAATCC

TTGAGATTTTAGTGGCGCAGCTAACGCATTAAGTTGACCGCCTGGGGAGTA
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CGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGG

TGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGCCTTG

ACATGCAGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCTGACA

CAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTC

CCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCACGTTATGGTGGGCA

CTCTAAGGAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCA

AGTCATCATGGCCCTTACGGCCTGGGCTACACACGTGCTACAATGGTCGGT

ACAGAGGGTTGCCAAGCCGCGAGGTGGAGCTAATCTCACAAAACCGATCG

TAGTCCGGATCGCAGTCTGCAACTCGACTGCGTGAAGTCGGAATCGCTAGT

AATCGCGAATCAGAATGTCGCGGTGAATACGTTCCCGGGCCTTGTACACAC

CGCCCGTCACACCATGGGAGTGGGGTKGCCACCCCCAMGGAAT 

 

>T1 Kitasatospora kifunensis strain MG966350 

 

GTKKKGGTCGGWTCAGTTGGCGAACGGGTGAGTAACWCGTGGGCAATCTG

CCCTGCRCTCTGGGACAAGCCCTGGAAACKGGGTCTAATACCKRATACSAC

CTGCCTCCGCATGGGGGTGGGTGGAAAGCTCCGGCGGTGCAGGATGAGCCC

GCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGG

TAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCA

GACTCCTACGGGAGGCAGCRGTGGGGAATATTGCACAATGGGCGAAAGCC

TGATGCWGCGACRCCSCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCT

TTCACTWKGGAAGAAGCGCAAGTGACGGTACCTGCAGAAGAAGCMCCGGS

TAACTACSTGCCAACAACCGCGGTAATACSTAGGGKGCGAGCGTTGTCCGG

AATTATTGGGCGTAAAGAKCTCKTAGGCGGCCTGTCSCGTCRGATGTGAAA

GCCCGGGGCTTAACCCCGGGTCTGCATTCSATRCSGGCAGGCTGGAGTGTG

GTAGGGGAGATCRGAATTCCTGGTGTARCGGGGAAATGCGCTTATATCAGG

AGGAACACCGGTGGYRAAGGTSGATCTCTGGRCCATTACTGACGCTGASGA

GCKAAACCRTGGGKARCGMTCAGGATTARATACCCKGGGTAGTMCACRCS

ATAAACKTTGGGGACTRKSTGYTCGCKACATTACCACGTCGTCGGKGCYGC

AGCTMATGCRKYRAGGTTTCCCGGCMTGGAGSAGTAYGRCKCAACGGYWA

ARCTMRWACGAMTGACGKGRACCCSTCACAAAKCARYTGAASSAKGYGCS

YTMATTCGAGCKSAACGCKAGAATCTATACGAAKGCATGCACAATACACG

TAACCTKRCTCTTGWGAAAKTGCCGCACCACCCTKTKSG 

 

>T2 Klebsiella singaporensis strain MG966351 

 
CCCTCAAGGTGGGTAARSCSSCCCCTCCCGAAGGTTAAGCTACCTACTTCTT

TTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAAC

GTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCATGG

AGTCGAGTTGCAGACTCCAATCCGGACTACGACATACTTTATGAGGTCCGC

TTGCTCTCGCGAGGTCGCTTCTCTTTGTATATGCCATTGTAGCACGTGTGTA

GCCCTGGTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCAG

TTTATCACTGGCAGTCTCCTTTGAGTTCCCGGCCTAACCGCTGGCAACAAAR

GATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACGAG

CTGACGACAGCCATGCAGCACCTGTCTCACAGTTCCCGAAGGCACCAATCC

ATCTCTGGAAAGTTCTGTGGATGTCAAGACCAGGTAAGGTTCTTCGCGTTGC

ATCRAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATT

TGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCGATTTAACGCGTTAG

CTCCRGAAGCCACSCCTCARGGGCACAACCTCCAAATCGACATCGTTTACG

GCGTGGACTACCAGGGTATCTAATCSTGTTTGCTCCCCACKCTTTCRCACCT
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GAGCGTCAGTCTTTGTCCRGGGGGGCCGYCTTCGCCACCGGTATTCCTCCA

GATCTCTACGCATTTCACCGCTACACCTGRGAAYTCTACCCCCTCTACARGA

CTCTAGCSCTGCCAGTTTMGGATGCRGTTCCCGAGGTWGGAGCSCSGGGAG

ATTTCAACATCCGACTTGRAMAGACCGCGCKGCGTGCGCTTTGACGCCCAR

TTACTTCCGGATTTASTGCATKGMYACYCC 

TCTCCRTTATATCT 

 

>T3 Streptomyces antibioticus strain MG966352 

 
CKGKGSGGTKRRMGTGAATCRMGTMGGGCMWTCTSGCCCTGCCCTCTGGG

ACAAGCCCTGGAAACGGGGTCTAATACCKGATATCACTCTCSCTGGCATCT

GTGAGGGGCGAAAGCTCCGGCGGGGCAKGATGAGCCCGCGGCCTATCAAC

TTGTTGGTGAGGKAACGGCTCACCAAGGCGACRACSGGTAGCCGGCCTGAG

AGGGCGACCGGCCACACTGGGACTGASACACGSCCCAWACTCCTACSGGAG

GCAGCAGKGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCGACGC

CGCGTGAGGGATGACGGCCTTCSGGTTGTAAACCTCTTTCARCAGGGAAGA

AGCGAAAGTGACGGTACCTGCAGAAGAATCGCCGGCTAACTACKTGCCAR

CAKCCGCGKTAATACTTTGGGCGCAMGCGTTGTCCGGAATTATTGGGSGTA

RAGAGCTCSYARGCKGCTTGYCACGWCGGGYGTGAAAGCCCGGGGCTTAA

CCCCAGGTCTGCATTCSATACKGGCTAGCTAGAGTGTGGTARGGGAGATCG

GAWTTCCTGGTGTAGCGGTGAARTGCGCWKATMTCWGGAGSAACACCGKT

GGYRAATGCGGATATCTGGGCCATTACTGACGCTGACSAGCGAAASTGWKS

KAGCACACAGGATTARATRCGCTGGGTAGTMCACGCSRTAARCKRCGSGGA

ACTAGSTGTSGMTAACATTCTACGTCGTSGGKGCGSRGCTAAYGCATTARTT

TCSCCGCWGGTGAMGTACTGWCCKCACGGCWARRCKYAAATGGAYTKAA

GGKGGAACTMAC 

 

>T4 Micrococcus yunnanensis strain MG966353 

 
GCGSCMYTKKKKKKYGYYYGGGTGCGGGTKCTTACCATGCAAGTCGAACG

ATGAAKCCCAGCTTGCTGGGTGGATTAGTGGCGAACGGGTGAGTAACACGT

GAGTAACCTGCCCTTAACTCTGGGATAAGCCTGGGAAACTGGGTCTAATAC

CGGATAGGAGCGTCCACCGCATGGKGGGTGTTGGAAAGATTTATCGGTTTT

GGATGGACTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCTCACCAAGG

CGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAR

ACACGGCCCARACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATG

GGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTT

GTAAACCTCTTTCAGTAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAG

AAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCGA

GCGTTATCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGT

CTGTCGTGAAAGTCCGGGGCTYAACCCCGGATCTGCGGTGGGTACGGGCAG

ACTAGAGTGCAGTAGGGGAGACTGGAATTCCTGGTGTAGCGGTGGAATGCG

CAGATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTCTGGGCTGTAAC

TGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGG

TAGTCCATGCCGTAAACGTTGGGCACTAGGTGTGGGGACYATTCCACGGTT

TCCGCGCCGCAGCTAACGCATTAAGTGCCCCGCCTGGGGGAGTACGCCCGC

CAAGGCTTAAACCTCARAGGAATTGACGGGGGCCCGCACATGCGGCGGAA

KCATGCCGGATTAATTCGAKTGTCCRACGGCGAAAGAAAAAAMTACT 
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>T5 Streptomyces griseoruber strain MG966354 

 
TTTCCCGCAGGGGGGTTMWKSKSGGGGGGGCTTMAATGCAGTCGAACGAT

GAAGCCCTTCGGGGTGGATTAGTGGCGAACGGGTGAGTAACACGTGGGCA

ATCTGCCCTTCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGAT

ATCACTCTCGCAGGCATCTGTGAGGGTCGAAAGCTCCGGCGGTGAAGGATG

AGCCCGCGGCCTATCAGCTTGTTGGTGAGGTAACGGCTCACCAAGGCGACG

ACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACG

GCCCAGACTCCTACGGGAGGCAGCRGTGGGGAATATTGCACAATGGGCGA

AAGCCTGATGCAGCGACGCCSCGTGAGGGATGACGGCCTTCGGGTTGTAAA

CCTCTTTCASCAGGGAAGAAGCGAAAGTGACGGTACCTGCARAAGAAGCGC

CGGCTAACTACGTGCCARCAGCCGCGGTAATACGTAGGGCGCAAGCGTTGT

CCGGAATTTTTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCACGTCGGGTGT

GAAAGCCCGGGGCTTAACCCCGGGTCTGCATTCGATACGGGCTAGCTAGAG

TGTGGTAGGGGAGATCGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATAT

CAGGAGGAACACCGGTGGCGAAGGCGGATCTCTGGGCCATTACTGACGCT

GAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCA

CGCCGTAAACGGTGGGAACTAGGTGTTGGCGACATCACGTCGTCGGTGCCG

CAGCTAACGCATTAAGTTCCCCGCCTGGGAGTACGGCCGCAAGGCTAAAAC

TCAAAGGAATTGACGGGGGCCCGCACAAGCAGCGAGCATGTGGCTTAATT

YGACGCAACGCGAAGAACCTTACCAAGGCTTGACATACACCGGAAAACCC

TGGAGACAGGGTCCCCCTTGTGGTCGGTGTACAGGTGGTGCATGGCTGTCG

TCAGCTCGTGTCGTGAGATGTTGGGTTAARTCCCGCAACGAGCGCAACCCT

TGTCCTGTGTTKCCAGCATGCCCTTCGGGGTGATGGGGACTCACAGGAGAC

CGCCGGGGTCAACTCGGAGGAAGGTGGGGRSGACGTCAAGTCATCATGCCC

CTTATGTCTTGGGCTGCACACGYGCTACAATGGCAGGTACAAAGAGMTGSG

AAACCGTGAGGKGGAGCGAATCTCAAAAAGCCTGTCTCAGTTCGGATTGGG

GTCTGCAACTCGACCCCATGAAGTCGGAGTTGCTAGTAATSGCAGATCAGC

ATTGMTGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACGTC

MCGAAAGTCGGTAACACCCGAAGCCGGTGGCCCAACCCCTTGTGGAGGGR

RGCTWSMMASMGGKMG 

 

>T6 Staphylococcus pasteuri  strain MG966355 
 

CCGWGMAGAMCWTYYCKYCCGGAATTKGSGCWAYCTGCAGTCGAGCGAA

CAGACGAGGAGCTTGCTCCTCTGACGTTAGCGGCGGASGGGTGAGTAACAC

GTGGATAACCTACCTATAAGACTGGGATAACTTCGGGAAACCGGAGCTAAT

ACCGGATAATATATTGAACCGCATGGTTCAATAGTGAAAGACGGTTTTGCT

GTCACTTATAGATGGATCCGCGCCGCATTAGCTAGTTGGTAAGGTAACGGC

TTACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTG

GAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTT

CCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGGT

CTTCGGATCGWAAAACTCTGTTATTAGGGAAGAACAAATGTGTAAGTAACT

ATGCACGTCTTGACGGTACCTAATCARAAAGCCACGGCTAACTACGTGCCA

GCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGT

AAAGCGCGCGTAGGCGGTTTTTTAAGTCTGATGTGAAAGCCCACGGCTCAA

CCGTGGAGGGTCATTGGAAACTGGAAAACTTGAGTGCAGAAGAGGAAAGT

GGAATTCCATGTGTAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAG

TGGCGAAGGCGACTTTCTGGTCTGTAACTGACGCTGATGTGCGAAAGCGTG

GGGATCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGT
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GCTAAGTGTTAGGGGGTTTCCGCCCCTTAGTGCTGCAGCTAACGCATTAAG

CACTCCGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGAC

GGGGACCCGCACAAGCGGTGGAGCATGTGGTTTAATTYGAAGCAACGCGA

AGAACCTTACCAAATCTTGACATCCTCTGACCCCTCTAGAGATAGAGTTTTC

CCCTTCGGGGGACAGAGTGACAGGTGGTGCATGGTTGTCGTCAGCTCGTGT

CGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCYTAAGCTTAGTT

GCCATCATTAAGTTGGGCACTCTAAGTTGACTGCCGGTGACAAACCGGAGG

AAGGTGGGGATGACGTCAAATCATCATGCCCCYTATGATTTGGGCTACACA

CGTGCTACAATGGACAATACAAAGGGYAGCGAAACCGCGAGGTCAAGCAA

ATCCCATAAAGTTGTTCTCAGTTCGGATTGTAGTCTGCAACTCGACTATATG

AAGCTGGAATCGCTAGTAATCGTAGATCAGCATGCTACGGTGAATACGTTC

CCGGGTCTTGTACACACCSCCCGTCACACCACGAGAGTTTGTAACACCCGA

AGCCGGTGGAGAACCCATTTGGAGCASCCTARAAGGACAAASRMGCCGCC

AATCGTCTAA 
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ABSTRACT 

 Dalbergia sissoo Roxb., common name shisham is a leguminous tree known 

internationally for its priced timber. Therefore, there is an urgent need to understand the cause 

and ways to control large scale mortality of mature trees in natural forests. Soil microbes play an 

important role in tree growth and health. Hence, a comparative study of bacterial communities in 

shisham rhizosphere at three provenances Lachhiwala, Tanakpur and Pantnagar was carried out 

through illumina-MiSeq sequencing. The bacterial community composition and diversity based 

on V3-V4 16S rDNA region was variable and distinct for each provenance. The bacterial 

diversity index values indicated by species richness (Chao metric), species richness and evenness 

(Shannon metric) and count of unique OTUs (observed species metric) were significantly higher 

at Pantnagar than at Lachhiwala and Tanakpur with highest coverage for Lachhiwala (88.86%) 

and least for Tanakpur (67.19%). β diversity analysis depicted closer relationship between 

rhizospheric bacterial diversity at Tanakpur and Lachhiwala (both healthy forests) than at 

Pantnagar (forest with mortality). Phylum Proteobacteria was abundant at Lachhiwala and 

Tanakpur whereas Acidobacteria predominated at Pantnagar. Amongst genera, Pseudomonas, 

Flavobacterium, Bacillus, Paenibacillus, Sphingomonas, Nitospirae and Massilia were abundant 

at Lacchiwala and Tanakpur. However, Williamsia, Blastocatella, Methylobacterium, and 

Brevibacterium at Pantnagar. Metagenomic bacterial diversity was linked to several soil biotic 

(population and enzyme activities) and abiotic properties (pH, organic carbon, EC and available 

N, P, K and micronutrients). Highest bacterial count was recorded at Tanakpur followed by 

Lachhiwala and Pantnagar. Soil enzyme activities such as acid and alkaline phosphatases and 

urease were highest at Lachhiwala. In contrast FDA and Dehydrogenase were highest at 

Tanakpur. A strong positive correlation was observed between all enzyme activities and soil 

nutrients (macro and micro). Since phosphatase activities and available phosphate in soil was 

higher so phosphate solubilizing bacteria (PSB) were recovered and characterized. Inorganic 

phosphorous solubilizing ability of bacteria ranged between 285.78 µg ml-1 to 891.38 µg ml-1 

These PSB’s exhibited multiple plant growth promoting traits also. In all 18 PSBs were 

distinguished into seven ARDRA groups. These were identified as Pseudomonas sp., Klebsiella 

sp., Streptomyces sp., Pantoea sp., Kitasatospora sp., Micrococcus sp. and Staphylococcus sp. 

through 16SrDNA sequence analysis. Out of eighteen, sixteen bacterial isolates were positive for 

82 bp pqq C gene whereas six for 72 bp pqq A gene.  
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xkS.k fo”k;xkS.k fo”k;xkS.k fo”k;xkS.k fo”k;    % vkf.od tho foKku ,oa tSo izkS|ksfxdh          
‘kks/k ‘kh”kZd%‘kks/k ‘kh”kZd%‘kks/k ‘kh”kZd%‘kks/k ‘kh”kZd%     fofHkUu LFkkuksa ds MsycftZ;k fllks jksDlc- esa jkbtksLQsfjd cSDVhfj;y fofo/krk 
lykgdkjlykgdkjlykgdkjlykgdkj    %  MkW- ekufodk lgxy 

lkjka’klkjka’klkjka’klkjka’k    

MsycftZ;k fllks jksDlc- vFkok f’k’ke ,d ewY;oku o{̀k gS] tks varZjk”Vªh; Lrj ij vius ewY;oku ydM+h 
ds fy;s tkuk tkrk gSA blfy;s] izkÑfrd taxyksa esa ifjiDo o{̀kksa dh cM+s iSekus ij eR̀;q nj dks fu;af=r djus ds 
dkj.k vkSj rjhdksa dks le>us dh rRdky vko’;drk gSA o{̀kksa dh c<+ksÙkjh esa eǹk esa ik;s tkus okys lw{ethoksa dh 
egRoiw.kZ Hkwfedk gSA blhfy;s mÙkjk[k.M ds rhu izeq[k LFkkuksa yPNhokyk] Vudiqj vkSj iUruxj esa ’kh’ke ewyra= 
ds lw{ethfo; leqnk;ksa dk rqyukRed v/;;u illumina-MiSeq vuqØe.k ds ek/;e ls fd;k x;k FkkA rhuksa {ks=ksa 
ds ‘kh’ke ewyra= dh lw{ethfo; lajpuk ¼16SrDNA ds oh 3&oh 4 Hkkx½ fofo/k vkSj fof’k”V FkhA thok.kq fofo/krk 
lwpdkad eku n~okjk ladsfrr iztkfr;ksa dh lef̀) ¼pkvks eSfVªd½] iztkfr;ksa dh lef̀) vkSj lekurk ¼’kSuu eSfVªd½ 
vkSj fof’k”V vksVh;w ¼iztkfr eSfVªd½ dh fxurh yPNhokyk vkSj Vudiqj dh rqyuk esa iUruxj esa lokZf/kd Fkh] 
ftlesa yPNhokyk ds fy;s mPpre vkoÙ̀k {ks= ¼88.86%½ vkSj lcls de Vudiqj ¼67.19%½ ds fy;s FkhA β 

fofo/krk fo’ys”k.k us iUruxj ¼jksxxzLr taxy½ dh rqyuk esa Vudiqj vkSj yPNhokyk ¼LoLFk taxy½ esa jkbZtksLQsfjd 
cSfDVfj;y fofo/krk ds chp ?kfu”B laca/k fn[kkbZ fn;sA yPNhokyk vkSj Vudiqj esa QkbZye izksfV;kscSfDVjh;k lokZf/kd 
la[;k esa Fks tcfd iUruxj esa ,flMkscSfDVjh;k dh la[;k lokZf/kd FkhA tSusjk L;wMkseksukl] ¶ysokscSfDVjh;e] 
cSflyl] iSfucSflyl] fLQaxkseksukl] ukbZVªksLiksjk] vkSj eSflfy;k yPNhokyk vkSj Vudiqj esa lokZf/kd ek=k esa FksA 
gkaykfd] fofy;efl;k] CykLVksdSVsyk] feFkkbZykscSfDVjh;e vkSj czsfocSfDVjh;e iUruxj esa T;knk FksA eSVkftuksfed 
thok.kq fofo/krk] feV~Vh ds dbZ tSfod ¼la[;k vkSj ,UtkbZe xfrfof/k;ksa½ vkSj vtSfod xq.kksa ¼pH, dkcZfud dkcZu] 
E.C. vkSj miyC/k N, P, K vkSj lw{e iks”kd rRoksa½ ij vk/kkfjr gSA lw{ethoksa dh vf/kdre la[;k Vudiqj esa vkSj 
U;wure iUruxj esa ntZ dh x;hA yPNhokyk ls yh xbZ eǹk esa ,flM QkWLQsV] {kkjh; QkWLQsV vkSj ;wfj,l ,UtkbZe 
xfrfof/k;k¡ lokZf/kd FkhaA blds foijhr Vudiqj esa ,Q0Mh0,0 vkSj MhgkbZMªksftust+ lokZf/kd FksA lHkh ,atkbZe 
xfrfof/k;ksa vkSj feV~Vh ds iks”kd rRoksa ¼eSØks vkSj ekbØks½ ds chp ,d etcwr] ldkjkRed] lglaca/k ns[kk x;k FkkA 
pwafd feV~Vh esa QkLQsV dh xfrfof/k;k¡ vkSj miyC/k QkWLQsV vf/kd Fkk blhfy;s QkWLQsV ?kqyu’khy cSfDVjh;k 
¼PSB½ dks iF̀kd rFkk mudk :ikRed] dk;kZRed vkSj vk.kfod rduhd ls fooj.k fd;k x;kA cSfDVjh;k dh 
vdkcZfud QkWLQksjl ?kqyu’khy {kerk 285.78 µg ml-1 ls 891.38 µg ml-1 ds chp FkhA bu QkWLQsV ?kqyu’khy 
cSfDVjh;k us dbZ ikni òf) xq.kksa dk izn’kZu fd;kA lHkh 18 ih,lch dks 7 ARDRA lewgksa esa foHkkftr fd;k x;k 
FkkA 16 S rDNA  vuqØe fo’ys”k.k ds ek/;e ls budh igpku L;wMkseksukl ,lih-] DyScklhyk ,lih-] 
LVªSIVksekblht ,lih-] iSUVksb ,lih-] dhVklkVksLiksjk ,lih-] ekbØksdksdl ,lih- vkSj LVsQkbyksdksdl ,lih- ds :i 
esa dh xbZA 18 esa ls 16 lw{ethoksa esa QkWLQsV ?kqyu’khy 82 bp pqq C thu vkSj N% esa 72bp pqq A thu dks 
Mh,u, vuqØe.k rduhd ls izekf.kr fd;k x;kA 

 


