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Biological nitrogen fixation by plant-associated bacteria is eco-friendly and has
been effectively exploited for crop plants including legumes. Although associations of
diazotrophic bacteria with non-leguminous plants such as grasses have been known for
decades, they have been poorly - studied. Weedy grass species normally thrive in adverse
conditions and act as potential habitats for the diverse groups of elite bacteria with
multiple beneficial characters remains unexplored. A more complete understanding of the
diversity and functioning of diazotrophic microorganisms, especially those that have
symbiotic relationships with grass species is of great value for agricultural research and
application. Hence, the present investigation is focused to identify and characterize the
unexplored culturable rhizospheric and endophytic diazotrophic bacterial diversity of

selected grass species of India.

Based on their dominance in each physiologica region of the country, atota of 10
different grass species (Brachiaria reptans, Cenchrus glaucus, Saccharum spontaneum,
Panicum repens, Cyperus rotundus, Dactyloctenium aegyptium, Chloris barbata, Oryza
rufipogon, Cyanodon dactylon and Setaria verticillata) aong with rhizosphere soils were
selected for the present investigation. The physio-chemical and biologica properties of

samples anaysed and showed significant difference among the regions.



A total of 60 diazotrophic isolates from rhizosphere and 21 putative endophytic
isolates were obtained from 10 grasses. A total of 30 rhizospheric and 20 endophytic
diazotrophic isolates were selected based on their growth on N- free medium, total
nitrogen content in the medium and ammonia excretion. Among the isolates, highest
nitrogenase activity were exhibited by isolate OR3 (172.25 +£13.95 n moles of ethylene
mg™ of protein h) isolated from Oryza rufipogon. Among the endophytic diazotrophs,
highest ARA activity was found in CGE3 (171.45 +11.80 n moles of ethylene mg™* of
protein h™) isolated from Cenchrus glaucus. The intrinsic antibiotic resistance and
carbon-substrate utilization profiling of the selected isolates showed remarkable

difference among them, forming seven different clusters.

The 16S rRNA gene sequence homology revealed the presence of diversity of
v Proteobacteria and Firmicutes. The authenticated diazotrophic isolates of grass species were
screened for the presence of nifH gene and the amplification could be clearly detected in
15 isolates. Plant growth promoting traits of all the diazotrophs isolates from grass
species were analysed. Among the rhizosphere diazotrophic isolates, the amount of 1AA
and GA production, P-solubilization, siderophore and HCN production were higher in
Serratia marcescens (CD1). Likewise, among the endophytic diazotrophic isolates,
Pseudomonas sp. (CRE10) showed maximum multiple- plant growth promoting traits.
Seven rhizospheric and five endophytic isolates produced ACC deaminase and thereby
regulated the ethylene concentration. Most of the sdected diazotrophic isolates showed
antagonigtic activity against sheath blight (Rhizoctonia solani), blast (Pyricularia oryzae) and
sheath rot (Sarocladium oryzae) of rice.

Tolerance level to various abiotic stresses such as salt, temperature, dessication
and heavy metals were assessed and the results revealed that these rhizosphere isolates
viz., Bacillus sp. (CG5), Stenotrophomonas sp. (SS4) and Bacillus sp. (CD2) and the
endophytic isolates viz., Enterobacter sacchari (SVE9), Bacillus sp. (CBE9) and
Serratia sp. (CRE9) registered their remarkable ability to tolerate sat upto 7.5%.
Thirty two percent of the isolates were found to survive at 55°C. The moisture potentials
(field capacity and permanent wilting point) were not found to significantly influence the
population of diazotrophs. The diazotrophic isolates Bacillus sp. (CG5), Bacillus sp.



(CBE9) and E. sacchari (SVE9) showed the maximum resistance to heavy metals such
as Cd**, Hg**, Co®*, Ni** and zZn*. Under gnotobiotic conditions, Pseudomonas sp.
(CRE10) inoculation registered maximum shoot length and root length in rice
Plant dry matter production was higher in S. marcescens (CD1) than the other isolates.
The endophytic colonization in the rice seedlings (roots and culm) were examined by
SEM analysis. Results indicated that endophytic bacteria were preferentially colonized in
the rhizoplane and inner side of rice roots.

A field experiment was carried out to evaluate the efficiency of elite isolates on
the growth and yield of rice (cultivar- ADT 43) under lowland ecosystem. Among the
diazotrophic isolates tested, Serratia sp. (CB2) isolated from Chloris barbata enhanced
plant growth, productive tiller counts, nitrogen uptake, arginine deaminase activity and
fluorescein diacetate hydrolysis activity. Klebsiella pneumoniae (CR2) isolated from
Cyperus rotundus and Serratia sp. (CB2) registered grain yield increase of 32 and 31%

respectively compared to standard bioinoculant treatment.

The present investigation, unravel the diversity richness of diazotrophic bacteria
colonizing in the rhizospheric and internal tissues of naturaly growing weedy grass
species in different parts of India. The present work suggest exploring of these elite
diazotrophic strains having multiple plant growth promoting traits, as bioinoculants for
nutrient management and for biotic and abiotic stress mitigation and sustainable crop
production with fewer chemical inputs.
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CHAPTER |

INTRODUCTION

In the context of increasing internationa concern for food security and environmental
quality, the use of bioinoculants like diazotrophs and plant growth-promoting rhizobacteria
(PGPR) for reducing chemica inputs in agriculture is a potentially important issue.
The improvement in agricultural sustainability requires optimal use and management of
soil fertility and soil physical properties, where both rely on soil biological processes and
soil biodiversity.

Nitrogen fixed biologically by plant-symbiotic bacteria is ecologically friendly
and has been effectively exploited for important leguminous crop species. Although
associations of diazotrophic bacteria with non-leguminous plants such as grasses
have been known for decades (Dobereiner, 1992), they have been less studied in other
crop plants except for afew cases; for example, associative bacteria of some tropical species
of rice and maize (Reis et al., 2000). A more complete understanding of the diversity and
function of diazotrophic microorganisms, especialy those that have clear relationships
with commercially important non-leguminous plant species is of great value for research
and application. The rhizosphere microbiology of native plantsisimportant in view of the
in situ conservation of the biodiversity associated with such niches to sustain delicate
ecologica processes in the oligotrophic ecosystem. Diazotrophs may become selectively
enriched to promote plant growth because of their competitive advantage in C-rich and

N poor environments (Cocking, 2005).

Most plants in their native environments depend on interactions with
microorganisms for their existence. Endophytic bacteria ubiquitously inhabit most plant
species and have been isolated from a variety of plants. Recently, it has been reported
that endophytic bacteria may promote plant growth and suppress the plant diseases
probably by means similar to plant growth-promoting rhizobacteria (PGPR).
Therefore, a better understanding of endophytic bacteria may help to eucidate their
functions and potential role more effectively in developing sustainable systems of crop
production. The search for natural association and endophytic interaction of diazotrophs

with grass species is considered very promising, especialy in grasses that grow naturally



with adverse environmental conditions. Evidence of significant biological nitrogen (N2)
fixation in economically important graminaceous species, particularly sugar cane
(Saccharum sp.), rice (Oryza sativa) and forage grasses, such as kdlar grass (Leptochloa fusca)
has generated tremendous interest in endophytic N, fixation by non-legumes and over the last
few years research in the area of biologica nitrogen fixation (BNF) associated with cereds and
grasses. These plants are considered excdlent hosts to identify superior endophytes that may
potentidly impact the crop growth (Reinhold-Hurek and Hurek, 1998).

The search for diverse plant growth-promoting (PGP) diazotrophic bacteria is
gaining momentum as efforts are made to exploit them as biocinoculants for various
economically important crops. The knowledge on the diversity of diazotrophic bacteriais
required not only for understanding their ecological importance but also for their utilization in
sustainable agricultural asinoculants of rice. Thereisnow increasing evidence that the use of
beneficiad microbes can enhance plant's resistance to adverse environmental stresses,

e.g., drought, salts, nutrient deficiency and heavy metal contaminations (Glick et al., 2007).

With thisinformation, the present investigation hypothesizes that the grass species
grown in different physiographic regions do harbour potential microbes and shows lot of
scope for the identification of novel functional microbes. Accordingly it is planned to
screen native population from the selected grass species rhizosphere for the isolation of
nitrogen fixing, plant growth promoting and minera solubilizing bacteria. The grass
species are obtained from various physiographic regions of India

To address the above hypothesis, the present investigation was taken up with the

following objectives.

o Isolation of culturable diazotrophs from rhizosphere and internal tissues of grass

species obtained from various physiographic regions of India.

o Phylogenic characterization and diversity analysis of isolated diazotrophs by 16S rRNA

gene sequencing.

o Assessment of plant growth promoting activity and tolerance to various abiotic

stress viz., temperature, desiccation, heavy metals etc.

o Crop response study to evaluate the efficiency of elite bacterial cultures.
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CHAPTER II

REVIEW OF LITERATURE

Microbial communities are a fundamental component of ecosystems that play
critical roles in metabolism of organic matter and in biogeochemical transformations of
elements, including nitrogen fixation. Beneficia Plant-microbia interactions in the
rhizosphere interactions can be divided into three categories (Brimecombe et al., 2001).
The first interaction includes microorganisms which, in association with the plant,
increase the supply of mineral nutrients to the plant. This is the case of the symbiotic
dinitrogen-fixing bacteria of leguminous plants and the free nitrogen fixing bacteria such
as Klebsiella pneumoniae (Lugtenberg et al., 1991). Secondly, there are microorganisms
like fluorescent pseudomonads that stimulate plant growth indirectly by the production of
antibiotics, siderophores, volatile compounds or hydrolytic enzymes which prevent the
growth or activity of plant pathogens. Nowadays, these bacteria are used as biocontrol
agents. Thirdly, there are the plant growth-promoting rhizobacteria that stimulate
directly plant growth by the production of phytohormones (Okon, 1985). Detrimental
interactions within the rhizosphere involve deleterious rhizobacteria which inhibit shoot
or root growth without causing any other visua symptoms by the production of phytotoxins
such as cyanide (Algrorn and Burns, 1989) or phytohormones (Schippers et al., 1987).
Biological nitrogen fixation is an important source of fixed nitrogen for the biosphere. Most
of plants in their native environments depend on symbioses with microorganisms for their
exigence. Nitrogen fixed biologicdly by plant-symbiotic bacteria has been effectively
exploited for important leguminous crop species (Dobereiner, 1977). Although associations of
diazotrophic bacteria with non-leguminous plants such as grasses have been known for
decades, they have been less studied in other crop plants except for afew cases, for example,

associ ative bacteria of sometropica species of rice and maize (Cocking, 2005).

Soil microorganisms play an important role in soil processes that determine plant
productivity. For successful functioning of introduced microbial bioinoculants and their
influence on soil hedlth, exhaustive efforts have been made to explore soil microbial
diversity of indigenous community, their distribution and behaviour in soil habitats.

The diversity of microorganism in agro-ecosystem is critical to the management of good



soil health because they are involved in many important soil processes. Diversity and
community structure in the rhizosphere is however influenced by both, plant and soil
type. The association of grasses with diazotrophic bacteria in Indian soil is poorly
understood. Plant-species-specific selective enrichment of microflora in the rhizosphere
milieu has been exploited in legumes from the point of view of N-fixation under
nitrogen limiting conditions (Coutinho, et al., 1999). Likewise, non-leguminous crops
also favour specific bacterial groups in its rhizosphere. Nitrogen fixation is one of the
essential beneficia biologica processes for the economic and environmenta sustainability of
agriculture worldwide. Globally, annud inputs of fixed nitrogen from crop legume—rhizobia
symbioses are estimated as 2.95 million tonnes for pulses and 18.5 million tonnes for oilseed
legumes (Howieson, 2005). In spite of the in-depth knowledge about the biochemical
and molecular steps involved in legume-rhizobium symbiosis, the holy grail of N
fixation by non-legumes, especially cereal food crops, is yet to be realised. It is essential
to enhance the activities of microbes that benefit plant nutrition, control diseases and
assist plants to cope with a variety of abiotic stresses to sustain and improve global food
production in future climate scenarios while maintaining environmental health. A diverse
range of beneficial microorganisms have been found but their reliable use in field
environments is yet to be fully realised. New knowledge on soil microbial diversity can
lead to the discovery of new generation inoculants as well as improve survival and
performance of beneficial microbes in situ following their introduction into foreign

environments.

A more complete understanding of the diversity and function of diazotrophic
microorganisms, especially those that have symbiotic relationships with non-leguminous
plant species particularly plant experiencing abiotic stress, is of great value for
agricultural application. Some recent progress in this field of diazotrophs associated with

different grasses and cereals was reviewed in this chapter.
2.1. Diversity of microbiota in soil

Sail biota plays a vital role in the maintenance of soil fertility and productivity
and soil microorganisms drive most soil processes like nutrient availability and retention,

decomposition of organic material, soil organic matter buildup and stabilization of soil



aggregates. The living population inhabiting soil includes macrofauna, mesofauna,
microfauna and microflora. Microbia diversity in soil influenced by different factors
including anthropogenic activities and microbia communities are known to respond to
organic matter amendments with increased activity and growth which affects soil processes
including nitrogen mineralization. Environmental conditions such as temperature, pH,
availability of nutrients and habitat complexity affect the microbia diversity of particular

region.

As the biodiversty of an ecosystem increases, the reslience and sability of the
ecosystem should increase. Conversdy, as ecosystems degrade, ecosystem biodiversity
decreases (Garbeva et al., 2004). Lossof biodiversity leadsto loss of ecosystem resistance and
reslience to anthropogenic as wedl as naurd dsresses (Van Elsas et al.,, 2002).
Microorganisms exhibit an impressive diversity in their metabolic activities and in their
interactions with other microbes, plants and animals (Nannipieri et al., 2003). Microbes
have much shorter turnover rates than higher plants and therefore, respond more quickly to
changes in land management than plants and may be the most sendtive indicator to
anthropogenic activities. In the past it has been nearly impossible to discern underlying patterns
within ecosystems because of the intringc structura and functiona diversity of microbia
communities. To date, only 1-5 per cent of the world's microorganisms have been identified
(Hugenholtz et al., 1998).

One mgjor function of a soil is its use as a habitat for soil organisms including
maintaining of biodiversity, assemblage, and activity for both soil microflora and fauna.
Soil microorganisms themselves are involved in maor soil processes, such as
humification, recycling and mineralization of organic residues, leading to the plant
availability of nutrients. The mechanical fragmentation of organic residues, stabilization
of soil aggregates, or bioturbation and mixing of organic and mineral substances are
governed primarily by soil animals. In turn, these activities positively influence the
physico-chemical properties of soil and consequently soil fertility and quality. In the case
of cultivated soils, every single farming practice may influence soil fertility and quality
status either in a positive or negative manner. In terrestrial ecosystems, soil organisms
play an essential role in the cycling of elements (mineralization and humification) and

stabilization of soil structure. The mineralization of organic matter is carried out by a



large community of organisms and involves awide range of metabolic processes. Most of
these processes are mediated by soil enzymes which are produced by soil
microorganisms, roots and to some extent by soil animals. Therefore, the composition of
soil biota determines the potential of the community for enzyme synthesis. The actual
rate of enzyme production and the fate of produced and sorbed enzymes are modified by

environmental effects and ecological interactions (Klose et al., 1999).
2.2 Rhizosphere microbial diversity

In the field soil, nutrient cycling, plant root and biological activity are found in the
top 20-40 cm, called rooting zone. The rhizosphere is characterized as a zone of interest
microbial activity and represents the close interaction among the plants, soil and soil
microorganisms. The rhizosphere is enriched in energy rich carbon compounds, |eaked
photosynthates from plant roots including sugars, amino acids and organic acids.
All plant species exudates unique composition of compounds from their roots that
determines the microbial community of that rhizosphere. In the battle for the unique
compounds released, bacterial strains produces antibiotics and other compounds that
remove the competition (some time help plant to have lesser deleterious organisms in
their rhizosphere) and /or production of plant growth promoting substances that increases
root growth, ultimately increases the volume of root area available for and increasing
the root exudates (Fig .1). Intotal the rhizosphere is a partnership between plant, soil and

soil microorganisms.

Plant roots can stimulate or inhibit microbia populations and their activities through
the exudation of different compounds. Root exudates are water-soluble organic compounds,
mainly carbohydrates, organic acids and amino acids, released from the root cells along
concentration gradients in the rhizosphere soil (Lynch and Whipps, 1990).
For microorganisms, these exudates represent a convenient source of carbon
(and possibly nitrogen) since they are readily assimilated without the need to synthesize
exo-enzymes. Due to this large availability of substrates in the rhizosphere, microbial
biomass and activity are generdly much higher in the rhizosphere than in the bulk soil
(Brimecombe et al., 2001). The release of carbon in form of root exudates may account for
up to 40% of the dry matter produced by plants (Lynch and Whipps, 1990). Even if the



C-transfer to exudation was 10-20% of total net fixed carbon other microbial symbionts
such as mycorrhizae (Lemanceau et al., 1995) or No-fixing microorganisms may each
consume another 10-20 % of total net fixed carbon, so that plants would still release up to
half of their total fixed carbon to fuel microbia interactions in the rhizosphere.
Supporting microbial interactions in the rhizosphere must be of fundamental importance
for plants to justify this significant input of carbon, which could otherwise be used
(Fig. 1). Moreover, the quantity and the chemical composition of root exudates, which
vary during plant developmental stage and between plant species (Brimecombe et al., 2001)
may aso affect the microbial community structure in the rhizosphere. This was
confirmed by the results of several studies using cultivation (Germida et al., 1998) or
molecular fingerprinting techniques (Grayston et al., 1998 and Kuske et al., 2002).
According to the key role that root exudates seem to play in determining the composition of
their associated rhizobacterid populations, they could potentialy be used in the future for the
remediation of contaminated sites by the sdective enhancement of certain bacterid populations
which might improve the heavy meta uptake by the plant (Kozdroj and van Elsas, 2000).
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Fig.1. A conceptual model illustrating root exudates-induced hormonal effects on root
growth. Root exudation (1) stimulates growth of a diverse bacterial community (2) and
subsequently favours plant hormone producing bacteria (3) and hormonal release induces

lateral growth (4), the release of more exudates (6) subsequent bacterial growth, etc.



2.3. Diversity of diazotrophs associated with grasses and cereals

"Diazotrophy", the ability to fix atmospheric nitrogen catalysed by the enzyme
nitrogenase, is distributed among diverse groups of bacteria and archaea (Reed, 2011).
Free-living N, fixing bacteria (for example, Azospirillum spp., Azotobacter spp.,
Acetobacter diazotrophicus, Herbaspirillum spp., Bacillus spp., Azoarcus sp.) are found
in the rhizosphere and rhizoplane environments of cereal crops. Recent evidence not
only identified new genera of N, fixing bacteria and archaea in natural and managed
ecosystems but also indicated significant edaphic and environmental groupings in genetic
diversity and functionality (Wakelin, 2011). Non-rhizobia N fixing bacteria can grow
as endophytes in a number of grasses, for example, in a recent study in South Australia
Pseudomonas species were the most dominant group of nifH carrying bacteria found in
the rhizosphere of perennial native grasses (Gupta et al., 2011). Evidence suggests the
nifH gene is present in a number of non-Frankia actinobacteria (for example, Agromyces,
Microbacterium, Corynebacterium and Micromonospora). Thus the challenge is to
identify (i) functionally significant N, fixing genera/species specific to biomes and crops,
and (ii) key edaphic and environmental drivers regulating the genetic diversity and free
living N fixation in order to maximise benefits from these beneficial microbes both for

sustainable primary production and climate change adaptation.

Evidence of significant biological nitrogen (N,) fixation in economically
important gramineous species, particularly sugar cane (Saccharum sp.), rice (Oryza sativa)
and forage grasses, such as kallar grass (Leptochloa fusca) has generated tremendous
interest in N fixation by non-legumes and over the last few years research in the area of
biological nitrogen fixation (BNF) associated with cereals and grasses has become
divided into two areas. On the one hand there have been a large number of reports of
responses of field-grown plants to inoculation with No-fixing bacteria, principally
Azospirillum spp. This organism came into focus with the work of Dobereiner and
associates from Brazil. Bagwel et al.(1998) reported geochemical variable can adversely
affect plant productivity and spatial distribution resulting strong zonation of plant species

and growth forms. This geochemically induced stress may also influence the species



compilation and distribution of rhizosphere diazotrophs assemblages, but little is
currently known about these organisms. 339 Gram negative strains were isolated from

salt marsh grasses and 72% of them are diazotrophs.

On the other hand there have been several reports of significant contributions of
associated BNF to the nutrition of several crops, including wetland rice, sugar cane and
some forage grasses. The recent discovery of many more plant-associated No-fixing
bacteria suggests that further research in this area may eventually lead to the devel opment
of such associations with applications for agricultural productivity. In Brazil, a number of
tropica forage grasses, including Brachiaria humidicola, B. decumbens, Paspalum
notatum and Panicum maximum have shown relatively high N, fixation rates in *°N
isotope dilution studies, and may derive up to 40% of their N-needs from fixation
(Olivares et al., 1996). High nitrogen fixation by kallar grass in Pakistan has also been
reported by Malik et al. (1997).

Gluconoacetobacter diazotropicus isolated from roots and stems of sugarcane
was first reported as an Np-fixing bacterium from Brazil, and subsequently from
Austraia, India, Mexico, Uruguay, Canada and Cuba. Isolation of this bacterium from
most tissues of sugarcane, and its absence from the soils of sugarcane fields suggested
these to be systemic endophytes. The occurrence of this organism has been reported in
sugar-rich plants like Pennisetum purpureum and sweet potato (Paula et al., 1991) and in
insects like mealybugs and |eafhoppers (Vadivelu et al., 1996). The colonization of
A. diazotropicus has aso been reported in coffee plants grown through seeds and
vegetative propagation. This bacterium successfully colonizes sugarcane varieties in
India where the chemical N fertilization is completely avoided for at least two successive
years and replaced by organic manures. Acetobacter has gained importance as an inoculant for
sugarcane (Sagado et al., 1997). The family Acetobacteriaceae includes genera, Acetobacter,
Gluconobacter, Gluconoacetobacter and Acidomonas (Yamada et al., 1998). Based on 16S
rRNA sequence analysis, the name Acetobacter diazotrophicus has been changed to
Gluconoacetobacter diazotrophicus. In addition to G. diazotrophicus, two more
diazotrophs, G. johannae and G. azotocaptans have been included in the list.
The genetic diversity of G. diazotrophicus isolated from various sources does not

exhibit much variation. However, Suman et al. (2001) found that the diversity of the



isolates of G. diazotrophicus by RAPD analysis was more conspicuous than that reported
on the bass of morphologica and biochemicd characters. The SDS-PAGE and multilocus
enzyme €dectrophoress andyss dso reveded cetan differences among drans of
G. diazotrophicus suggesting genotypic differences. On the basis of DNA fingerprinting studies,
exigence of gendticdly distinct G. diazotrophicus strains in sugarcane cultivars has been reported
from Louisana (Liang and Damann., 1998). Investigations of isolates of G. diazotrophicus from
pinespple suggested that only certain genetically related groups of this bacterium or its ancestors
have acquired the capability of colonizing plants by themselves or with the aid of the vectors
such as insects or fungi (TapiaHernadez et al., 2002). Verma et al. (2004) reported that
endophytic occurrence of the members of Enterobacteriaceae is more consistent than
others; interestingly, they were conspicuous by their absence in the soils/sediments of the
lake in which deep water rice varieties grew. This strongly indicated that members of
Enterobacteriaceae are transmitted from one generation of rice to the next, not by the
contact of seeds with soil, but directly via seeds in a manner similar to seed-borne
pathogens. Most of these endophytic bacteria produced IAA, pectinase and cellulase that
would help to invade plant tissues. Some were able to solubilize insoluble phosphate but
only Pantoea, Citrobacter and Klebsiella possessed the ability to fix atmospheric
nitrogen (Verma et al.,, 2001). As Enterobacteriaceae are known to fix nitrogen
anaerobicaly, it was logical that the submerged portions of rice under the deepwater
facing nearly anaerobic condition may be the right locations for endophytic nitrogen
fixation. One of the diazotrophic endophytes, i.e. Pantoea was genetically tagged with
both gus- and gfp-reporters, and shown to vigorously colonize the inter-cellular spacesin
the roots of the rice seedlings (Vermaet al., 2004).

The discovery of novel nodulating groups, classified within the B-proteobacteria
are based on the analysis of the 16S rRNA gene sequences. These sequences constitute
the largest database for the comparison of new isolates. The Burkholderia genus currently
contains five named rhizobid members and others as Burkholderia sp. which has been reported
to nodulate many legumes. Twenty Mimosa-nodulating bacterid strains from Brazil and
Venezuela, are examined by amplified rRNA gene restriction analysis (Chen et al., 2005).
All the isolates with 16 patterns formed a single cluster together with the known
beta-rhizobia, B. caribensis, B. phymatum, and B. tuberum. The 16S rRNA gene



sequences of 15 of the 20 strains are determined, and all are shown to belong to the genus
Burkholderia; four distinct clusters could be distinguished, with strains isolated from the

same host species usually clustering very closely.

Enterobacteria, including diazotrophs have been isolated from a considerable
range of plants, especially members of graminae but also from various dicots including
trees. For rice, diazotrophic enterobacteria have been isolated from many different
varieties of grown under wetland, dryland and deep water conditions. They can be
isolated from all parts of the plant, including the rhizosphcrc, spermosphere, leaf sheath,
stem, phyllosphere and seeds as well as the inner and surface portions of surface and
non-surface-sterilized roots. So far all enterobacters isolated from rice belong to the
genera Enterobacter, Klebsiella and Serratia. Interestingly, diazotrophic enterobacteria
were also detected in Monochoria vaginalis, a wetland plant frequently associated with
paddy fields (Barraquio and Watanabe, 1981). These data show that diazotrophic
enterobacters are ubiquitous in rice soil and that they possess the ability to compete in a
setting full or other microorganisms. They aso suggest the likelihood of a close
relationship between diazotrophic enterobacteria and rice. The density of the
enterobacterial population in the rhizosphere of rice typically ranges from 10° to 10°
bacteria g ™ dry weight of soil (Balandreau, 2002). Though a speculative idea, it seems
plausible that long use in agriculture of farmyard manures for crop may have devel oped

aflorawell adopted to an animal - soil - plant rhizosphere nutritional cycles.

Effect of salinity on the diversity of two important plant associated bacteria, i.e.
Azospirillum and Pseudomonas, isinvestigated at several paddy fields with varying levels
of salinity. An increase in salinity led to decrease in bacterial diversity. PCR-RFLP of
16S rDNA from 256 Pseudomonas strains isolated from five paddy cultivation sites
revealed the occurrence of 18 different genotypes. Fluorescent Pseudomonads dominated
at non-saline sites whereas salt-tolerant species, in particular Pseudomonas alcaligenes
and P. pseudoalcaligenes dominated the sdline sites. Diversity of Pseudomonads at saine
stes was higher when organic farming was practiced, showing positive effects of organic
farming on the diversity of Pseudomonads under saline conditions (Rangargjan et al., 2002).
Taxonomic analysis of 402 strainsisolated by enrichment in NFB medium from 12 paddy
cultivation sites with varying salinity and soil texture revealed that 302 of them belonged



to Azospirillum.  They were represented by 19 fingerprints (genotypes) based on
PCR-RFLP of 16S rDNA. Of the 19 genotypes, 15 were specific to non-saline soils
whereas only two genotypes were specific to saline soils. ldentification based on
nucleotide sequence of 16S rDNA revealed that the bacterial community in the rice
rhizosphere from salt-affected rice consisted of Alacaligenes xylosoxidans,
Ochrobactrum anthropi, Serratia marcescens and Pseudomonas aeruginosa.
Loganathanan and Nair, (2004) reported the novel genus, Svaminathania salitolerans
from sat-tolerant, mangrove-associated wild rice (Porteresia coarctata). This novel

bacterium was able to fix nitrogen and solubilize phosphate in the presence of NaCl.
2.4. Endophytic bacteria and their potential applications

‘Endophyte’ is derived from the Greek ‘endon’ (within) and ‘ phyte’ (plant), and
until recently this term had usually been applied to fungi (Carroll, 1988 and Clay, 1988),
including the mycorrhizal fungi (O’ Dell and Trappe, 1992). However, for the purpose of
this review the definition of endophyte will include ‘fungi or bacteria, which for all or
part of ther life cycle invade the tissues of living plants and cause unapparent and
asymptomatic infections entirely within plant tissues, but cause no symptoms of disease’
(Wilson, 1995).

When physical barriers are overcome by invading bacteria, a selective enrichment
of certain genotypes of bacteria inside the plant and thus a lower diversity than in the
surrounding soil will be achieved. Therefore, microorganisms living endophytically will
face less competition for nutrients. Another advantage of living inside a plant might be a
partial protection from changes in the environment, such as osmotic stress due to lowered
water activities. A well-studied example is the legume-nodule symbiosis, in which the
bacteria fix nitrogen as endosymbionts inside the plant, in a nutrient-rich, oxygen
controlled micro-environment (Mylona et al., 1995). Therefore, the emphasis is on
endophytic bacteria in several groups searching for diazotrophs that might be able to
contribute to the nitrogen requirements of gramineous plants (Dobereiner et al., 1993).
Gramineous plants differ in their capacity to support associated nitrogen fixation. For
example, breeding of sugar cane, which is shown to support biological nitrogen fixation,

traditionally grown without large amounts of N-fertilizer. Moreover, nitrogen fixation



may be variety-specific, depending on the plant genome only some of the Brazilian sugar
cane cultivars tested gained high amounts of their nitrogen content from biological
nitrogen fixation in uninoculated Brazilian soils. Studies using **N-dilution techniques
also demonstrated the dependence of No-fixation on the variety of rice (Wu et al., 2006).
Plants that are likely to support biological nitrogen fixation are among the first that are
screened successfully for the presence of diazotrophic endophytic bacteria, such as sugar
cane (Cavalcante and Dobereiner, 1988) or Kallar grass (Reinhold et al., 1986).
Kalar grass (Leptochloa fusca (L.) Kunth) is a C4-plant that is widely distributed in
tropical and subtropical regions ranging from Australiato Africa. Due to its tolerance to
soil salinity and waterlogged conditions, this plant has been used for soil reclamation in
the Punjab of Pakistan. On salt affected, saline-sodic, low-fertility soil, 20 to 40 metric
tons of hay are harvested per ha per year without application of nitrogen fertilizer.
A further indication for biological nitrogen fixation is the actelylene reduction activity
associated with roots of this grass. Endophytes promote plant growth and yield, suppress
pathogens, may help to remove contaminants, solubilize phosphate, or contribute
assimilable nitrogen to plants. Some endophytes are seedborne, but others have

mechanisms to colonize the plants that are being studied (Table 1).
2.4.1. Mechanisms of Infection

Endophytes are capable of invading healthy plants with intact surfaces must
overcome barriers to reach the plant interior. Cellulose is a magjor constitutent of cell
walls of mature plant cells. The middle lamella between cells contains mainly pectin.
Bacterial pectinases might therefore be important for an intercellular bacterial ingress
into roots. It has been suggested that Azospirillum spp. invade the root by penetration of
the middle lamella and at points of emergence of lateral roots. As pectinolytic activity was
detected in Azospirillum spp., this might be an active process (Plazinski and Rolfe, 1985).
However, pectinolytic activity has not yet been reported for diazotrophic endophytic
bacteria. Pectinases may play an important role in plant-microbe interactions, as shown
for plant-pathogenic bacteria. An opportunistic pathogen of market vegetables,
Pseudomonas viridiflava, secretes a single pectate lyase that is required for pathogenicity.
The widespread soft rot bacterium Erwinia chrysanthemi secretes complexes of several

pectic enzymes. Individual mutations in these genes showed that they may vary in their



Table 1. Examples of reported bacterial endophytes and plants harboring them

Endophytes

Plant species

Reference

o Proteobacteria

Azor hizobium caulinodans
Azospirillum brasilense

Bradyr hizobium japonicum
Gluconacetobacter diazotrophicus
Rhizobium leguminosarum
Rhizobium (Agrobacterium) radiobacter
B Proteobacteria

Azoarcus sp.

Burkholderia pickettii
Burkholderia sp.
Chromobacterium violaceum
Herbaspirillum seropedicae
Herbaspirillum rubrisulbalbicans
y Proteobacteria

Enterobacter spp.

Citrobacter sp.

Enterobacter sakazakii
Enterobacter cloacae

Klebsiella sp.

Klebsiella pneumoniae

Klebsiella variicola
Senotrophomonas

Serratia marcescens
Pseudomonas fluorescens
Pantoea agglomerans

Rice

Banana, pineapple
Rice

Sugarcane, coffee
Rice

Carrot, rice

Kallar grass, rice

Maize

Banana, pineapple, rice

Rice

Sugarcane, rice, maize, sorghum, banana
Sugarcane

Maize

Banana

Soybean

Citrus plants, maize
Wheat, sweet potato, rice
Soybean

Banana, rice, maize, sugarcane
Dune grass

Rice

Carrot

Citrus plants, sweet potato

Engelhard et al., 2000

Weber et al., 1999

Chantreuil et al. 2000
Cavalcante and Dobereiner ,1988
Yanni et al., 1997

Surette et al., 2003

Reinhold-Hurek et al.,1993

Mclnroy and Kloepper, 1995

Weber et al. ,1999; Engelhard et al., 2000
Phillips et al. 2000

Olivares et al., 1996; Weber et al. ,1999
Olivareset al., 1996

Mclnroy and Kloepper ,1995
Martinez et al., 2003
Kuklinsky-Sobral et al., 2004

Araujo et al. 2002; Hinton et al., 1995
Iniguez et al. 2004; Reiter et al., 2003
Kuklinsky-Sobral et al., 2004
Rosenblueth et al., 2004

Dalton et al.,2004

Gyaneshwar et al., 2001

Surette et al., 2003

Araujo et al.,2002; Asis and Adachi, 2003




Pantoea sp.

Firmicutes

Bacillus spp.

Bacillus megaterium
Paenibacillus odorifer
Sphingobacterium sp.
Actinobacteria
Arthrobacter globiformis
Curtobacterium flaccumfaciens
Kocuria varians
Microbacterium testaceum

Rice

Citrus plants

Maize, carrot, citrus plants
Sweet potato

Rice

Maize
Citrus plants
Marigold
Maize

Vermaet al., 2004

Araujo et al., 2001

Araujo et al.,2001;Surette et al.,2003
Reiter et al.,2003

Phillips et al., 2000

Chelius and Triplett , 2000
Araujo et al., 2002
Sturz and Kimpinski , 2004
Zinniel et al., 2002




importance in different hosts. Moreover, the activity of pectic enzymes may release
oligouronide products that €icit defense responses in plants. The microbia breskdown of
another important plant polymer, cellulose, isacomplex processto which at least three types of
enzymes may contribute (Sharrock, 1988). An endo-1,4-B-glucanase (EC 3.2.1.4) cleaves
internal B-1,4-glycosidic bonds, releasing large oligomers. Exo-1,4-cellobiohydrolase
(EC 3.2.1.91) and B-glucosidase (EC 3.2.1.21) degrade oligo- or dimers, releasing mainly
cellobiose or glucose, respectively. Cellulolytic enzymes have been studied up to datein
Azoarcus spp. In most cellulolytic bacteria and fungi, cellulose degradation contributes
directly to the supply of nutrients for growth. In contrast, the plant associated strains of
Azoarcus neither grow on the breakdown products glucose or cellobiose nor on cellulose
itself. Nevertheless, Azoarcus strain BH72 possesses a machinery for cellulose
breakdown: an endoglucanase and an exoglycanase, which unspecifically releases small
oligo- or monomers from oligomeric substrates (cellulose or xylane). Because the
products are not catabolically utilized, this bacterium cannot truely be called cellulolytic.
Also, severa other features of this cellulolytic system suggest that it is used for a “mild
infection” of the plant (Reinhold-Hurek et al., 1993). Both enzymes are surface
associated and not excreted into the culture medium; this might lead to a more localized
reaction of and less damage to the plant than caused by plant pathogenic bacteria, which
often secrete cellulases into the culture medium. The amino acid sequence deduced from
the cloned endoglucanase gene of Azoarcus sp. had the highest homology to an
endoglucanase of the phytopathogenic bacterium Ralstonia (formerly Pseudomonas)
solanacearum. This suggests that the enzyme contributes to the process of monocot
infection by Azoarcus sp. In the endosymbionts of legumes, rhizobia, endoglucanases are
present and surface associated as in Azoarcus sp. There is indirect evidence that
hydrolytic enzymes may be involved in the release of bacteria from the infection thread,
or they might be involved in the invasion of root hairs. It has been observed that white
clover, which is nodulated by Rhizobium leguminosarum via root hairs, shows a very
localized disruption of the cristalline cellulose structure at the root hair tip, a change that
is induced by a nodulation factor (Dazzo et al., 1996). Mutational analysis has been
carried out only for Azorhizobium caulinodans, which invades the host by crack entry:

mutagenesis of the endoglucanase did not abolish the symbiotic phenotype. Therefore,



up to now Azoarcus sp. BH72 seems to be one example for the involvement of a
cellulolytic enzyme in plant colonization by a diazotroph. Other plant-microbe
interactions should be studied carefully to reveadl if cellulases might be part of a common
mechanism of invasion. A degradation of the plant cell wall to aid invasion might be
their primary function. However, the breakdown products might as well elicit a plant

response.
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Fig. 2. Possible sites of colonization and infection of diazotrophic endophytes in roots,
shown in a sketch of a longitudinal (left) and a transversal (right) section of rice roots.
Adapted from Reinhold-Hurek and Hurek (1998).

Colonization sites are the rhizosphere soil (surrounding the roots, influenced by
plant exudates) or, for epiphytic microorganisms, the rhizoplane (root surface), including
dead cells of the outer cell layers (epidermis and exodermis), or inner tissues. In young
roots or non-flooded plants, root cortex cells remain intact, whereas in flooded plants,
such as rice and kallar grass, they lyse and are replaced by gas-filled spaces for aeration
(aerenchyma). The endodermis is the barrier surrounding the central stele (green arrows),
which contains xylem vessels for the transpiration stream and phloem vessels for nutrient
supply of the root, and was previously thought not to be colonized by microorganisms

other than pathogens.
2.4. Nitrogenase gene diversity

Nitrogen fixation is the key process of the global conversion of the atmospheric
dinitrogen molecule to ammonia, which is catalyzed by the nitrogenase complex of

prokaryotic microorganisms (Arp, 2000). For No- fixing bacteria, nifH (the gene coding



for dinitrogenase reductase, the small subunit of the nitrogenase complex) is well
conserved in al diazotrophs and is therefore suitable for developing molecular tools to
screen for the occurrence of nitrogenase in different habitats. The N, fixation requires the
interaction of several gene products including the nitrogenase structura proteins like
nifD, nifK, and nifH. The phylogeny based on nifH genes has been shown to resemble the
16S rRNA phylogeny (Zehr et al., 2003); thus nifH is an ideal phylogenetic gene marker
for investigating N»-fixing organisms in natural environments. In the past, nifH gene has
been successfully used to determine diversity of the diazotrophic communities
(Wakelin et al., 2007). Kirshtein et al. (1991) reported that by use of the polymerase
chain reaction and degenerate oligonucleotide primers for highly conserved regions of
nifH, segment of nifH DNA can be amplified from severa microorganisms.
This technique was shown to be useful for (i) the detection of No-fixing microorganisms
and (ii) rapidly obtaining the DNA sequence of the nifH gene, which provides

information about general taxonomic groups of N-fixing microorganisms.

Nitrogenase gene sequences (nifH) have been amplified and sequenced from a
number of environments, including rice roots, soils, oceans and invertebrates, such as
zooplankton and termites (Steppe et al., 1996). However, the mere presence of nitrogenase
genes does not indicate that bacteria are actively fixing nitrogen. Microorganisms
catalyse biological nitrogen fixation with the enzyme nitrogenase, which has been highly
conserved through evolution. Cloning and sequencing of one of the nitrogenase structural
genes, nifH, has provided a large, rapidly expanding database of sequences from diverse
terrestrial and aquatic environments. Comparison of nifH phylogenies to ribosomal RNA
phylogenies from cultivated microorganisms shows little conclusive evidence of latera
gene transfer. Sequence diversity far outstrips representation by cultivated
representatives.  The phylogeny of nitrogenase includes branches that represent
phylotypic groupings based on ribosomal RNA phylogeny, but also includes paralogous
clades including the alternative, non-molybdenum, non-vanadium containing
nitrogenases. Only a few alternative or archaeal nitrogenase sequences have as yet been
obtained from the environment. Extensive analysis of the distribution of nifH phylotypes
among habitats indicates that there are characteristic patterns of nitrogen fixing

microorganisms in termite guts, sediment and soil environments, estuaries and salt marshes,



and oligotrophic oceans. Most microorganisms that perform biologica N fixation do so

with an evolutionarily conserved nitrogenase protein complex (Howard and Rees, 1996).

nifH gene sequences from cultivated microorganisms, and their cluster affiliation
are shown in Table 2 (Zehr et al., 2003). The proteobacteria nifH sequences form a
number of distinct clusters that correspond approximately, but not perfectly, with
ribosomal RNA phylogeny, the gamma and apha proteobacterial clusters are generally
well-defined, although there are a few cultivated microorganisms that do not consistently
cluster within the appropriate group. Cultivation techniques, athough biasing for viable,
cultivable cells, have provided crucia landmarks to ground truth sequences obtained by
amplification (Steppe and Paerl, 2002). For example, the nif sequences of spirochaetes
isolated from termites were very similar to sequences obtained by direct amplification
(Lilburn et al., 2001). Isolates have also been useful for developing insitu hybridization
assays for enumerating and visualizing No- fixing cells in situ (Egener et al., 1998).
Archaeal nitrogenases have thus far only been found in methanogens, and though the
presence of nitrogenase in other archaeal lineages is likely, it has yet to be documented.
Archaeal nitrogenases include homologues of cyanobacteria are a morphologicaly and
physiologicaly diverse group within the Bacteria. The cyanobacteria nifH genes cluster
together (Zehr et al., 1997) (Cluster 1B) although sequences from some unicellular and
filamentous non-heterocystous cyanobacteria form deep branches. Heterocyst-forming
cyanobacteria nifH form a tight cluster within the cyanobacterial group. Some
cyanobacteria have a nitrogenase that is expressed in vegetative cells of filamentous
heterocyst-forming species (Thiel et al., 1995). Vanadium nitrogenases have also been
reported in cyanobacteria and the Anabaena variabilis vnfH is found within the
heterocyst-forming cyanobacterial nifH clade (Thiel, 1993). As most nitrogenases from
cyanobacteria have not yet been characterized by mutant or deletion analysis, it is not yet
possible to determine whether the vegetative, heterocyst or vnfH nitrogenases in
cyanobacteria (Cluster 2) can be resolved by nifH phylogeny. Thus, the cyanobacterial
nifH cluster contains nifH genes expressed in vegetative cells and heterocysts, as well as
the cyanobacteria vnfH genes. The cyanobacteria gene cluster can intermingle with
Frankia nifH sequences of the firmicutes (Hirsch et al., 1995), although as more

sequences have been added to the database, the resolution of these groups has improved.



Table 2. Phylogenetic distribution of nifH genes among cultivated microorganism (Zehr et al ., 2003).

Cluster  Group Subcluster  Genera Cluster  Group Subcluster Genera
I Alpha 1J Azospirillum Cyanobacteria 1B Azotobacter
Gluconacetobacter Anabaena
Mesor hizobium Chlorogloeopsis
Rhodobacter Calothrix
Rhodospirillum I Firmicutes 1D Frankia
Rhizobium 1E Paenibacillus
Snorhizobium 1 Alpha 2C Rhodobacter
1K Beijerinckia Delta 2E Desulfobacter
Methylocella Gamma 2C Azotobacter
Methylosinus Firmicutes 2D Paenibacillus
Methylocystis Spirochaetes 2E Soirochaeta
Rhizobium Archaea 2B Methanobrevibacter
Beta 1J Burkholderia Methanococcus
1K Burkholderia Methanother mobacter
1P Herbaspirillum I Delta 3B Desulfobacter
1U Azoarcus 3E Desulfomicrobium
Alcaligenes 3J Desulfotomaculum
Epsilon 1F Arcobacter Firmicutes 3A Clostridium
Gamma 1H Vibrio 3C Clostridium
1K Acidothiobacillus Spirochaetes 3C Spoirochaeta
1l Klebsiella Archaea 3C Methanosarcina
M Methylomonas Green sulphur 3L Chlorobium
IN Azotobacter (vnfH) v Spirochaetes 4A Treponema
1P Methyl obacter Archaea 4 Methanobrevibacter
1T Azomonas Methanocal dococcus
1U Pseudomonas 4D Methanosarcina




Paenibacillus species are Gram-positive bacteria which are typically found in rhizosphere
zones. Analysis of nifH genes in Paenibacillus species with a nested PCR approach
showed that these organisms also contain multiple copies, with one homologue in Cluster
Il (Table 2) (Rosado et al., 1998). The sequences from a number of cultivated
diazotrophs are in Cluster 1ll. These sequences include those from Gram-positive
microorganisms, delta proteobacteria, green sulphur bacteria and Archaea. The organisms
represented by nifH within this cluster are mostly, if not all, strict anaerobes. The known
organisms in this cluster are Clostridium, Desulfovibrio (and other sulphate reducing
genera), Chlorobium, and the archaea Methanosarcina barkeri. Although they cluster
together, Cluster 111 is characterized by deep bifurcations and long branch lengths, and
the distances between sequences are large relative to distances within Cluster 1.
The clustering of these sequences is not as aberrant with ribosomal phylogeny as it might
first appear, as phylogenetic trees based on partial 16S ribosomal sequences from these
microorganisms groups them together aswell (Fig. 3). Sulphate reducers are known to be N,
fixers and have nitrogenase genes (Kent et al., 1989) that are in Clugter 111. Experimenta data
implicated them in N fixation in estuarine sediments (Dicker and Smith, 1980). However, it is
curious that sulphate reducers fix N2 in many cases, because they are active in highly reduced
sediments where decomposition processes rdease ammonium.  Steppe and Pagrl (2002)
investigated the involvement of sulphate reducers in nitrogen fixation in marine
sediments and provided evidence for nifH gene expression. Cluster Il and Il nifH
sequences from spirochaetes have been recently reported (Lilburn et al., 2001) (Table 2).
nifH genes from termites guts that are closely related to spirochaete nifH genes
(Lilburn et al., 2001) were shown to be transcribed using RT-PCR (Ohkuma et al., 1999).
Representative sequences for several maor lineages are still not represented on the
phylogenetic tree. For example, there are no nitrogenases from bacterial thermophiles
(except from the green sulphur bacteria), yet it seems likely, given the dispersion of nifH
through the prokaryotes, that they will be present in this group. Although it is possible that
some of these lineages do not have N-fixing representatives, it is probably ill true that we
smply have not yet provided cultures with the right conditions to observe N-fixation.
The high degree of similarity of protein sequence of nitrogenase among microorganisms

suggests an early origin or lateral gene transfer among prokaryotic lineages.



As nitrogenase and 16S rRNA segquences accumulate in the databases, the high degree of
sequence Smilarity supports early evolution of nitrogenase in an early ancestor (Y oung, 1992).
Current research on a number of genes (Doolittle, 1999) and comparative genomics,
however, once again raises the speculation that nitrogenases could have been dispersed
by lateral gene transfer mechanisms. Further detailed comparative phylogenetic analyses
will ultimately help resolve the relative evolutionary histories of nitrogenases and rRNA
genes. Regardless of the end result, nitrogenase gene sequences provide us, at present,
with a practical means of classifying and identifying uncultivated diazotrophic
microorganisms.  The distribution of nitrogen-fixing microorganisms, although not
entirely dictated by the nitrogen availability in the environment, is non random and can be
predicted on the basis of habitat characterigtics. The ability to assay for gene expression and
investigate genome arrangements provides (Zehr et al., 2003). The diversty of diazotrophic
bacteria associated with plants is directly detected based on nifH fragments without using a
culture method. Albino et al. (2006) detected nifH DNA genes similar to those of
Bradyrhizobium sp., Klebsiella sp., and Serratia sp. from mature sugarcane harvested on
Tanegashima and Miyako Islands, Japan. Reiter et al. (2003) found a diversity of
endophytic nifH genesin African sweet potatoes collected from farmers' fieldsin Uganda
and Kenya. Hirek et al. (2002) reported that Azoarcus sp. inoculated on kallar grass
(Leptochloa fusca L.) were not re-isolated, but nifH nucleotide sequence and nifH gene
expression of Azoarcus sp. were detected by the PCR method. The biodiversity of
diazotrophic bacteria within the soil, roots, and stems of field-grown maize was

investigated using nifH gene sequences (Roesch et al. 2006).
2.5. Plant Growth-Promoting Effects of Diazotrophs

PGPR have the potential to contribute to sustainable plant growth promotion.
Generdly, PGPR function in three different ways. synthesizing particular compounds for
the plants, facilitating the uptake of certain nutrients from the soil, and lessening or
preventing the plants from diseases. Plant growth promotion and development can be
facilitated both directly and indirectly. Indirect plant growth promotion includes the

prevention of the deleterious effects of phytopathogenic organisms.



This can be achieved by the production of siderophores, i.e. small metal-binding
molecules. Biological control of soil-borne plant pathogens and the synthesis of
antibiotics have also been reported in several bacterial species. Another mechanism by
which PGPR can inhibit phytopathogens is the production of hydrogen cyanide (HCN)
and/or fungal cell wall degrading enzymes, e.g., chitinase and 3-1,3-glucanase. Direct
plant growth promotion includes symbiotic and non-symbiotic PGPR which function
through production of plant hormones such as auxins, cytokinins, gibberellins, ethylene
and abscisic acid. Production of indole-3-ethanol or indole-3-acetic acid (IAA), the
compounds belonging to auxins, have been reported for severa bacterial genera. Some
PGPR function as a sink for 1-aminocyclopropane-1-carboxylate (ACC), the immediate
precursor of ethylene in higher plants, by hydrolyzing it into a-ketobutyrate and
ammonia, and in this way promote root growth by lowering indigenous ethylene levelsin
the micro-rhizo environment. PGPR also help in solubilization of mineral phosphates
and other nutrients, enhance resistance to stress, stabilize soil aggregates, and improve
soil structure and organic matter content. PGPR retain more soil organic N, and other
nutrients in the plant—soil system, thus reducing the need for fertilizer N and P and

enhancing release of the nutrients.
2.5.1. Production of plant growth promoting substances

Phytohormones, aso called plant growth regulators (PGRS), are well known for
their regulatory role in plant growth and development. PGRs are organic substances that
influence physiological processes of plants at extremely low concentrations. Because the
concentration of hormonal signals is critical to the regulation of various physiological
processes in plants, local changes of phytohormone levels can lead to characteristic
changes in plant growth and development. In 1979, production of auxins, cytokinin-like
and gibberellin-like substances was proposed for A. brasilense, since the increased
number of root hairs and of latera roots observed after inoculation with this bacterium
could bemimicked by the application of a mixture of indole- 3—acetic acid, kinetin, and
gibberellic acid. Moreover, in severa other studies the increased plant growth observed
after inoculation with Azospirillum was proposed to be due to bacteria phytohormone
production (Harari et al., 1988). Eighty per cent of microorganisms isolated from the

rhizosphere of various crops have the ability to produce auxins as secondary metabolites.



Bacteria belonging to the genera Azospirillum, Pseudomonas, Xanthomonas, Rhizobium,
Alcaligenes, Enterobacter, Acetobacter and Bradyrhizobium have been shown to produce
auxinsthat help in stimulating plant growth (Glick et al., 1998). Isolates producing IAA have
stimulatory effect on the plant growth. When the crop is inoculated with the isolates
capable of IAA production significantly increases the plant growth by the N, P, K, Caand
Mg uptake of sweet potato cultivar. Thereisasignificant increase in rooting and root dry
matter of cuttings of eucalypts when grown on IAA producing rhizobacteria inoculated
substrate. Some rhizobacteria isolates stimulates the rhizogenesis and plant growth,
maximizing yield of rooted cuttings in clona nurseries. Azospirillum brasilense strain
Az39 and Brayrhizobium japonicum strain E109 both are able to excrete IAA into the
culture medium, at a concentration sufficient to produce morphologica and physiologica
changes in young seed tissues of Corn (Zea mays L) and Soybean (Glycine max) and are
responsible for their early growth promotion. The use of PGPR isolates is beneficial for
rice cultivation as they enhance the growth of rice by inducing 1IAA production
(Ashrafuzzaman et al., 2009).

2.5.2. Synthesis of enzymes that can modulate plant growth and development

Ethylene is a potent plant growth regulator that affects many aspects of plant
growth, development and senescence In addition to its recognition as a “ripening
hormone”, ethylene promotes adventitious root and root hair formation, stimulates
germination, and breaks the dormancy of the seeds. However, if the ethylene
concentration remains high after germination, root elongation (as well as symbiotic N2
fixation in leguminous plants) is inhibited (Jackson, 1991). It is widely believed that
many plant growth promoting bacteria may promote plant growth by lowering the levels of
ethylenein plants. This is attributed to the activity of the enzyme 1—aminocyclopropane-
1—carboxylate deaminase, which hydrolyzes ACC, the immediate biosynthetic precursor of
ethylenein plants. The products of this hydrolysis, anmonia and a-ketobutyrate, can be used
by the bacterium as a source of nitrogen and carbon for growth (Honma and Shimomura,
1971). In this way the bacterium acts as a sink for ACC and as such is lowering the
ethylene level in plants, preventing some of the potentially deleterious consequences of
high ethylene concentrations (Glick et al., 1998).



The diazotrophs containing ACC deaminase are present in various soils and offer
promise as a bacterial inoculum for improvement of plant growth, particularly under
unfavourable environmenta conditions such as flooding, heavy metas, phytopathogens,
drought and high sdt. Inoculation of crops with ACC deaminase-containing PGPR may assist
plant growth by dleviating del eterious effects of sdt stress. In nature, ACC deaminase has been
commonly found in soil bacteria that colonize plant roots (Belimov et al., 2001). Many of
these microorganisms are identified by their ability to grow on minima media containing ACC
as its sole nitrogen source. In this way, Azospirillum spp., Herbaspirillum spp., Azoarcus,
Azorhizobium  caulinodans,  Gluconacetobacter  diazotrophicus,  Burkholderia
vietnamiensis, Azotobacter spp., Azorhizophilus sp. and Pseudomonas spp. are all found
to be able to use ACC as the sole nitrogen source for growth.

2.5.3. Antagonistic activity

Rhizobacteria can suppress the growth of various phytopathogens in variety of
ways like competing for nutrients and space, limiting available Fe supply through
producing siderophores, producing lytic enzymes and antibiosis (Jing et al., 2007).
Among PGPRs, fluorescent pseudomonads are widely reported for their broad spectrum
antagonistic activity against number of phytopathogens. Han et al. (2005) have reported
Ddftia tsuruhatensis strain, HR4, which suppressed the growth of various plant pathogens like
Pyricularia oryzae, Rhizoctonia solani and Xanthomonas oryzae. Deliveries of microbia
antagonists with urban and agricultural wastes are believed to be the most effective meansin
suppressing root pathogens of avocado and citrus (Sultana et al., 2006). Recently, different
PGPR drains of Rhizobium meliloti have been reported to produce siderophores
(Arora et al., 2001) in iron stress conditions and thereby added an advantage to exclude the
pathogen, Macrophomina phaseolina, causng charcod rot of groundnut. Application of
Pseudomonas aeroginosa in combination with common medicina plant Launaea nudicaulis
also holds good promises for effective control of root infecting fungi of mungbean
(Mansoor et al., 2007).

Azospirillum, Azotobacter, Bacillus, Enterobacter, Paenibacillus, Pseudomonas
and Streptomyces are recorded as the potent genera of rhizobacteria acting against the
pathogens like tomato mottle virus, tobacco necrosis virus, Rhizoctonia bataticola,

Myzus persicae, Acyrthosiphon kondoi, Fusarium avenaceum etc. Besides, experiments



on the dua effect of PGPR and AM fungi on Fusarium oxysporum f. sp., melongenae
causing brinjal wilt has been made by Kalita et al. (2009). PGPR strains such as
Azotobacter sp., Azospirillum sp., and Pseudomonas fluorescens and AM fungi like
Glomus fasciculatum, G. mossae and Gigaspora margarita are recorded as the most
promising microbes to suppress the wilt disease of brinjal, in vitro. The microbial
inoculants when used as composite inoculum exhibited maximum efficiency in the
suppression of diseases with the characteristic increase in chlorophyll content, total
number of leaves, shoot height and thereby facilitating overall crop yield than when
inoculated singly. However, application of these PGPR strains did not affect populations
of beneficial indigenous rhizosphere bacteria including the fluorescent pseudomonads

and the siderophore-producing bacterial strains
2.5.4. Mineral solubilzation

One of the various mechanisms by which rhizobacteria promote plant growth is by
solubilization of insoluble minerds. Phosphorus is the second most important macronutrient
next to nitrogen in limiting crop growth. More than 40% of the world soils are deficient in
phosphorus and the acid weathered soils of tropical and sub- tropicd regions of the world are
particularly prone to phosphorus deficiency (Vance, 2001). A survey of Indian soils revealed
that 98 per cent of these need phosphorus fertilization either in the form of chemical or
biological fertilizer. Application of chemical phosphatic fertilizers is practised though a
magjority of the soil P reaction products are only sparingly soluble. Under such conditions,
microorganisms offer a biological rescue system capable of solubilizing the insoluble
inorganic P of soil and make it available to the plants. P solubilization by plant-associated
bacteria has been well documented in a number of studies. This group covers bacteria,
fungi and some actinomycetes. These organisms solubilize the unavailable forms of
inorganic-P like tricalcium, iron, aluminum and rock phosphates into soluble forms by
release of a variety of organic acids like succinic, citric, malic, fumaric, glyoxalic and
gluconic acids (Venkateswarlu et al, 2007). Phosphorus solubilizing microorganism
include different groups of microorganisms, which not only assimilate phosphorus from
insoluble forms of phosphates, but they also cause a large portion. The bacterial genera
with this capability are Pseudomonas, Azosirillum, Bacillus, Rhizobium, Burkholderia,

Arthrobacter, Serratia, Enterobacter, Acinetobacter, Flavobacterium and Erwinia



(Richa, 2003). Fixation of atmospheric nitrogen together with solubilization of insoluble
phosphate by diazotrophs is rare and to our knowledge such examples of diazotrophic
phosphate solubilizer are Pantoea agglomerans (Verma et al., 2001) and Swaminathania
salitolerans (Loganathan and Nair, 2004). Phosphate solubilizing bacteria posses the
ability to solubilize insoluble inorganic phosphate by producing acids (Alexander, 1977)
rendering it available to plants. However, production of phosphatase in the presence of
inorganic sources of phosphorus in the culture media indicated that there could also be a
possible role of phosphatase in solubilizing inorganic phosphate. Significantly higher
degree of phosphate solubilization from tricalcium phosphate than aluminum phosphate
in culture media could be related to the adaptation of the isolates to respective
phosphates. The pH of the coastal saline soils in the Sundarbans varies from neutra to
dightly akaline. Such alkaline soils are rich in calcium phosphate, while aluminum
phosphate is amajor constituent of acidic soils.

Apart from phosphorus, micronutrients like Zn, Fe and Mn are found to be
deficient in most of the soils with Zn as a foremost nutrient throughout the world
(Alloway, 2001). Zinc, the micronutrient required for plant growth, is an essentia
component of over 300 enzymes and play catalytic, co-catalytic or structura roles in
many plant systems (Christie et al., 2004). For aleviation of Zn and other micronutrients
important for crops, their application is done mainly in soluble form as zinc sulphate the
soluble form of Zn applied to the soil get transformed into different unavailable forms
due to the soil reaction. These transformations are based on the type of soil and other
nutrients available. Zn is mainly transformed into zinc carbonate in highly calcareous
soils, reacts with Fe and Mn oxide minerals, and while converted into zinc phosphate in
higher P fertilizing soils. Inclusion of a bacteria solubilizing zinc, as a bioinoculant in
crop production technology is really beneficial for a country like India having high
incidence of zinc deficiency (more than 70 per cent). A term called zinc solubilizing
bacteria (ZSB) was coined for those bacteria that are capable of solubilizing the insoluble
zinc compounds / minerals in agar plate as well as in soil (Anthoni Raj, 2002 and
Saravanan et al., 2007). Potassium solubilizing bacteria such as Bacillus mucilagenosus
and Bacillus edaphicus are example of microorganism that used in bio inoculants.

Potassium solubilizing bacteria are able to solubilize potassium rock through production



and secretion of organic acids. Potassium solubilizing bacteria is a heterotrophic
bacterium which is obtaining all their energy and cellular carbon from pre-existing
organic material. Besides, Potassium solubilizing bacteria are aerobic bacteria which
play an important role in maintaining soil structure by their contribution in the formation
and stabilization of water-stable soil aggregates. In addition, this Gram positive
bacterium can produce substance that stimulate plant growth or inhibit root pathogens
(Bin Zakaria, 2009). Sheng et al. (2008) investigated silicon and potassium mobilization
by silicate minera solubilizing bacteria, Bacillus globisporus. In liquid cultures, the
strain showed better growth on the biotite than on feldspar and muscovite. The bictite is
the best potassium source for growth of the strain and gluconic acid seemed to be the

most active agent for the solubilization of the three silicate minerals.
2.5.5. Siderophore and hydrogen cyanide production

In the case of iron uptake, it was suggested that plants can benefit from the
siderophores produced by several plant growth promoting rhizobacteria. Although ironis
one of the most abundant minerals on Earth, in the soil it is relatively unavailable for
direct assimilation by microorganisms. Iron is an essential growth element for al living
organisms. The scarcity of bioavailable iron in soil habitats and on plant surfaces
foments a furious competition (Whipps, 2001). Under iron-limiting conditions PGPB
produce low-molecular-weight compounds called siderophores to competitively acquire
ferric ion. Siderophores (Greek: "iron carrier”) are small, high-affinity iron chelating
compounds secreted by microorganisms such as bacteria, fungi and grasses. Microbes
rel ease siderophores to scavenge iron from these mineral phases by formation of soluble Fe
complexes that can be taken up by active trangport mechanisms. Many siderophores are non-
ribosomd peptides, dthough severd are biosynthesised independently (Raymond et al., 2003,
Miethke and Marahiel, 2007). Siderophores are aso important for some pathogenic
bacteria for their acquisition of iron. Siderophores are amongst the strongest binders to
Fe** known, with enterobactin being one of the strongest of these. Distribution of
siderophore producing isolates according to amplified ribosoma DNA restriction andysis
(ARDRA) groups, reveds that most of the isolates belong to Gram negative bacteria
corresponding to the Pseudomonas, Enterobacter genera, Bacillus and Rhodococcus genera

are the Gram-positive bacteriafound to produce siderophores (Tian et al., 2009).



The production of siderophores has been reported for Azospirillum lipoferum
Azospirillum brasilense, Azotobacter vinelandii. Because of the abundance of microbial
siderophores in soils, along with their outstanding Fe binding capacity and chemical
stability, these compounds may contribute significantly to an increased mobility of Fein
the soil and in the rhizosphere in particular, making it more available for plants.
Nevertheless, bacterial siderophores may act as an important source of Fe for higher
plants in akaline and calcareous soils (Bar-Ness et al., 1992), where iron availability is
severely limited. There is only one report in which the effect of inoculation with a
diazotroph on the iron absorption by plants has been investigated. In this report,
Azospirillum brasilense was found to increase the iron absorption and translocation by
sorghum (Barton et al., 1986).

Cyanide (HCN) production is one of the possible ways by which rhizobacteria
may suppress pathogens growth in soil. The plant-parasitic nematodes are among the
most destructive plant pests, causing substantial economic losses to agronomic crops
worldwide. HCN is potentially an important compound with activity against root knot
nematode can act as a useful model system for studying plant-parasitic nematode control
using Pseudomonas (Aly et al., 2007). Multitrophic interactions mediate the ability of
fungal pathogens to cause plant disease and the ability of bacterial antagonists to suppress
disease. A pathogen metabolite functions as a negative signal for bacterial antibiotic
HCN biosynthesis, which can determine the relative importance of biological control
mechanisms available to antagonists and which may also influence fungus-bacterium
ecological interactions (Duffy et al., 2004). Positive correlations are found between
HCN production in vitro and plant protection in the cucumber/Pythium ultimum and
tomato/Fusarium oxysporum f. sp. radicis-lycopersici pathosystems were previously
reported. Bacillus subtilis is also used as a biocontrol agent. This prevalent inhabitant of
soil iswidely recognized as a powerful biocontrol agent. In addition, due to its broad host
range, its ability to form endospores and produce different biologically active compounds
with a broad spectrum of activity, B. subtilis as well as other Bacilli are potentially useful
as biocontrol agents (Ramette et al., 2003). B. megaterium from tea rhizosphere is able
to solubilize phosphate, produce IAA, siderophore and antifunga metabolite and thusiit helps
in the plant growth promotion and reduction of disease intensity (Chakraborty et al., 2006).



2.6. Enhanced stress resistance of diazotrophs

The most problematic environments for diazotrophs are marginal lands with low
rainfall, extremes of temperature, acidic soils of low nutrient status, and poor
water-holding capacity. The long-term goal of improving plant microbe interactions for
salinity affected fields and crop productivity can be met with an understanding of the
mechanism of osmoadaptation in Azospirillum sp. The synthesis and activity of
nitrogenases in A. brasilense is inhibited by salinity stress. Tripathi et al. (2002) reported
that in Azospirillum sp. there is an accumulation of compatible solutes such as glutamate,
proline, glycine betaine and trehalose in response to salinity/osmolarity; proline plays a
major role in osmoadaptation through increase in osmotic stress that shifts the dominant
osmolyte from glutamate to proline in A. brasilense. Sdeena et al. (2002) have studied the
diversity of indigenous Azospirillum sp. associated with rice cultivated along the
coastline of Tamil Nadu.

Field experiments performed in the 1980s have revea ed growth promoting effects
of Azospirillum on plants exposed to drought stress. Sarig et al. (1988) reported that
sorghum plants inoculated with Azospirillum were less drought stressed, having more
water in their foliage, higher leaf water potential, and lower canopy temperature than
non-inoculated plants. Total extraction of soil moisture by Azospirillum inoculated plants
is greater and water is extracted from deeper layers in the soil profile. Therefore,
sorghum yield increase in inoculated plants is attributed primarily to improved utilization
of soil moisture. Foliar application of a diazotrophic Klebsiella sp. could ameliorate
drought stress effects on wetland rice, as grain yield increased, together with increased
nutrient uptake and proline content. Proline is an important osmoregulator, accumulated
as a consequence of drought stress. Creus et al. (1997) studied the effects of A. brasilense
(Sp7) inoculation on water relations in two wheat cultivars. They found that Azospirillum
stimulated growth of wheat seedlings grown in darkness under osmotic stress, together
with a significant decrease in osmotic potential and relative water content at zero turgor.
Similarly, in a hydroponic system without nutrients, A. brasilense (Sp7) was found to
partialy reverse the negative effects that drought stress had on wheat seedlings, as it was
observed in the growth rate of coleoptiles (Alvarez et al., 1996).



Apart from alleviating osmotic stress in plants, inoculation with diazotrophs can
also enhance oxidative stress tolerance. By oxidative stress it is meant the oxidative
damage caused by reactive oxygen species (ROS) such as superoxide anion radical,
hydrogen peroxide, hydroxyl radical, and singlet oxygen (Staner et al., 1995).
These highly reactive oxygen species can be generated by the oxidative metabolism of
normal cells and by different stress situations. With the production of antioxidant
enzymes like superoxide dismutase (SOD), peroxidase, and catalase the cell can
neutralize and thus control free radical formation. Also, pigments such as carotenoids
could be involved in scavenging singlet oxygen and thus decrease oxidative stress
(Elstner et al., 1994). Inoculation with Azotobacter chroococcum is reported to improve
oxidative stress defense ability in sugar beet |eaves since inoculated plants showed
increased activities of superoxide dismutase, peroxidase, catalase and increased
chlorophyll and carotenoid content (Shan et al., 1992). High activities of antioxidant
enzymes (especialy SOD) are linked with oxidative stress tolerance. However, the
observed effects have not been linked yet to certain traits of the diazotroph. Therefore, it
is not clear whether this increase in oxidative stress tolerance is a direct effect of
inoculation or rather an indirect consequence of an overall healthier plant by inoculation
with Azotobacter .

Drought stress causes limitation to the plant growth and productivity of
agricultural crops particularly in arid and semi-arid areas. Inoculation of plants with
PGPR can enhance the drought tolerance (Figueiredo et al., 2008) that might be due to
the production of 1AA, cytokinins, antioxidants and ACC deaminase. Inoculation of seeds
of Phragmites australis with Pseudomonas asplenii improved germination and protect
the plants from growth inhibition (Bashan et al., 2008). PGPR are also reported as
beneficial to the plants like tomatoes and peppers growing on water deficit soils for
conferring resistance to water stress conditions (Aroca and Ruiz-Lozano, 2009). More
investigations into the mechanisms by which PGPR elicit tolerance to specific stress
factors would improve our knowledge on the use of these rhizobacteria in agriculture to

provide induced systemic tolerance to water stress.

The application of PGPRs in rhizoremediation technologies is now being
considered as effective, since inoculation of PGPR strains could aid remarkable



enhancement in plant growth and development on contaminated Agroclimatic conditions.
Rhizobacteria can directly assist rhizoremediation by producing IAA, biological nitrogen
fixation, solubilizing phosphorus and secreting siderophores (Denton 2007).
PGPR strains, pseudomonads and Acinetobacter enhance uptake of Fe, Zn, Mg, Ca, K
and P by crop plants (Sonmez et al., 2008). PGPR aong with AM fungi are now being
utilized in the nutrient poor agricultural soils to increase the solubility of heavy metals
and thereby increasing the chances of success in rhizoremediation. Besides,
investigations on the application of PGPR strains in decreasing the bioavailability of
toxicity resulting in better growth and development in heavy metal contaminated soils
through recycling of nutrients, maintaining soil structure, detoxifying chemicas and
controlling pests are also well studied (Denton 2007). The metal resistant diazotrophs
can serve as an effective meta sequestering and growth-promoting bioinoculant for
plants in metal stressed soil. The deleterious effects of heavy metals taken up from the
environment on plants can be lessening with the use of plant growth promoting bacteria
or mycorrhizal fungi (Rajkumar and Freitas, 2008). The soil microbes, plant growth
promoting rhizobacteria, P solubilizing bacteria, mycorrhizal-helping bacteria (MHB)
and arbuscular mycorrhizal fungi in the rhizosphere of plants growing on trace metal
contaminated soils plays an important role in phytoremediation. Phytoremediation
provides a cheap, energy efficient detoxification method that manipulates intrinsic plant
characteristics to concentrate the metal contamination in shoot biomass and reduce the
biocavailability of the heavy metas. Soil microbes mitigate toxic effects of heavy metals on
the plants through secretion of acids, proteins, phytoantibiotics, and other chemicals.
Jing et al. (2007) reviewed recent advances in effect and significance of rhizobacteriain
phytoremediation of heavy metal contaminated soils. Cadmium in soil induces plant-
stress ethylene biosynthesis and probably contributes to the accumulation of ACC in
roots, the PGPR protect the plants against the inhibitory effects of cadmium. ACC
deaminase lowers the ethylene production under cadmium stress condition when
measured in vitro ethylene evolution by wheat seedlings treated with ACC deaminase
positive isolates (Govindasamy et al., 2009).

Wu et al. (2006) carried a greenhouse study with Brassica juncea to critically

evaluate effects of bacterial inoculation on the uptake of heavy metals from Pb-Zn mine



tailings by plants. The presence of these beneficial bacteria stimulated plant growth and
protected the plant from metal toxicity; it had little influence on the metal concentrations
in plant tissues, but produced a much larger aboveground biomass and atered metal
bioavailability in the soil. As a consequence, higher efficiency of phytoextraction was
obtained compared with control treatments. The organism Pseudomonas putida is also
tolerant to number of heavy metals at higher levels. These characteristics make P. putida
an excellent candidate for field application in contaminated soil. P. fluorescens can
survive under dry conditions and hyperosmolarity. On the basis of mutational studies of
Azospirillum, Kadouri et al. (2003) proved the role of PHB synthesis and accumulation in
enduring various stresses viz., UV irradiation, heat, osmotic pressure, osmotic shock and
desiccation. Azospirillum inoculated wheat (T. aestivum) seedlings subjected to osmotic
stress developed significant higher coleoptiles, with higher fresh weight and better water
status than non inocul ated seedlings.

Numerous studies link the beneficial effects of inoculation with ACC deaminase
producing endophytic bacteria with increased stress tolerance and growth in suboptimal
conditions. The inoculation of tomato, cotton, groundnut, canola, maize and wheat
with the ACC deaminase producing bacteria Achromobacter piechaudii AVRS,
Klebsiella oxytoca RS-5, Serratia proteamaculans M35, Enterobacter cloacae CAL2
and Pseudomonas spp. increased host biomass production, lowered Na™ and enhanced K*
cell content compared to uninoculated plants (Newman and Reynolds, 2005).
Burkholderia phytofirmans PsIN is an intensively studied endophyte that has been
associated with growth promotion and enhanced stress tolerance in several plant species,
including potato, vegetables and grapevine (Sessitsch et al., 2002). B. phytofirmans PsIN
has ACC deaminase activity and the plant growth enhancement under environmental
stress has been postulated to be associated with ACC deaminase production by the
bacterium. The enhanced growth was associated with an increase in plant photosynthetic
capacity and starch content, as well as proline and phenolic contents in plant cells.
This indicated enhanced cold tolerance of plants by PsIN inoculation (Aroca and
Ruiz-Lozano, 2009). Inoculation of the alpine plant species Chorispora bungeaana
with endophytic Clavibacter sp. Enf12 isolated from the same plant growing under snow
enhanced plant growth both at 20°C and 0°C. It also significantly attenuated the



production of ROS, oxidative damage and electrolyte leakage. Inoculation also led to
elevated levels of antioxidant enzymes and proline, indicating improved control of
oxidative damage and increased hardiness (Desbrosses et al., 2009).

2.7. Effect of plant growth promoting diazotrophs on growth and yield of response

of cereals

Seed bacterization with plant growth promoting rhizobacteria has emerged as a
promising technique to induce enhanced growth of plants and simultaneously provide
protection from deleterious and pathogenic micro organisms. Plants play an important
role in selecting and enriching the type of bacteria by the constituents of their root
exudates. The bacterial community developing in the rhizosphere has an efficient system
for uptake and catabolisn of organic compounds present in root exudates
(Barraquio et al., 1997). Rice is one of the mgor staple food crops of the world's
population. Germinated rice seeds when inoculated with Azospirillum appeared to be taller
after 30-35 days when compared with non-inoculated controls. Burkholderia
viethamiensis when used to inoculate rice in field trial, it increased grain yield
significantly upto 5 per cent, shoot weight 33 per cent, root weight 57 per cent, leaf area
30 per cent and number of tillers 13 per cent (Tran van et al., 2000). Several studies
indicate that diazotrophs has the ability to improve plant growth and yield of crop.
In case of wheat, PGPR inoculation enhances the rate of seedling emergence, tiller
formation and plant dry weight. Azorhizobium caulinodans has been found to increase
the growth, dry weight and nitrogen content of wheat plant (Matthews et al., 2001).
It has been reported that seed inoculation with various Azotobacter cultures increases the
grain yield by 385 per cent, straw yield by 15.3 per cent, number of tillers by
12.5 per cent, spikelets by 10.7 per cent and 1000 grain weight by 7.3 per cent.

Pedraza et al. (2009) assessed the Azospirillum inoculation and N-fertilization
effect on grain yield and on the phyllosphere endophytic diversity of nitrogen-fixing
bacteria in a rice rainfed crop. Authors used cultivation-based techniques and
cultivation-independent methods involving PCR 16S rRNA and denaturing gradient gel
electrophoresis (DGGE). Results showed that grain yield was improved when inocul ated
with Azospirillum (depending on the genotype) and/or fertilized with urea. A similar



behavior was observed in total N-content in grain and the MPN determination, as the
highest values occurred when seeds were inoculated with A. brasilense REC3 (S1) than
with A brasilense 13-2C (S2). A positive nitrogenase activity and PCR-nifH amplification
suggests that the bacteria associated to inner tissues of rice phyllosphere could have
contributed to the different N-contents detected. Application of A. brasilense strains as
inoculants did not influence the dominant members of the endophytic microbia
communities in the phyllosphere, but improved N content and production of rainfed rice

crop.

Many members of genera Pseudomonas perform beneficial effects on plants
(Lifshitz, 1987). Among them P. putida and P.fluorescens are dominant group (Haas
and Defago, 2005). Diazotrophic Pseudomonads are commonly isolated from the
rhizosphere of wetland rice (Barraguio and Watanabe, 1983). De Freitas et al. (1997) observed
the enhanced growth of wheat plants inoculated with rhizobacteria Pseudomonas
fluorescens. Kloepper et al. (1980) reported that several strains of Pseudomonas
fluorescens when applied to seeds increased the plant growth of rice and cotton by 27 and
40 % respectively. Mirza et al. (2006) reported that the effect of nitrogen fixing
Pseudomonas strain K1 on rice grain yield was comparabl e to those of A. brasilense Wb3
and Zoogloea sp. Kyl for rice varieties such as Super Basmati and Basmati 38.
Inoculation of Pseudomonas strain increased rice yield by 55 % and 93% per cent
respectively for Super Basmati and Basmati 38. These results show that nitrogen-fixing

Pseudomonads deserve attention as potential PGPR inoculants for rice.

In rice, seed treatment with four different diazotrophic bacteria viz,
Azospirillum brasilense (Sp7), Herbaspirillum seropedicae (Z78), Enterobacter sp. (L2)
and Gluconacetobacter sp. showed the better plant growth with the ability of N fixation,
produces phytohormone indole-3-acetic acid in different concentration (Keyeo et al., 2011).

Inoculation of Sphingomonas sp. RFNB22 remarkably increased plant height and
dry biomass production compared with the control. However, the nitrogenase activity of
pure cultures of the strains did not correlate much with their performance in inoculated
rice plants was reported by Kim et al. (2005). Several reports revealed that inoculation

with free living diazotrophs like Azotobacter, Pseudomonas and Azospirillum increased



the yield of rice by 20-55% (Yanni and El- Fattah 1999 and Balandreau, 2002) and a
strain of diazotrophic Burkholderia increased the rice plant biomass by 69%
(Kennedy et al., 2004). Furthermore, inoculation with diazotrophic bacteria increased
the level of N accumulation in 45-day-old rice seedlings, which reached 20.2% in the
treatment with Herbaspirillum (Mirzaet al., 2006).

Baldani et al. (2000) reported that >N labelled strains of endophytic diazotrophs
Herbaspirillum seropedicae and Burkholderia inoculated rice seedlings showed the
increase in N content. Govindargjan et al. (2008) studied the effects of the Inoculation of
Burkholderia viethamensis and related endophytic diazotrophic bacteria on grain yield of
rice. Furthermore authors observed that higher nitrogen fixation in Rice (ADT-43) where
nearly 42% (field) and 40% (pot) of the nitrogen was derived from the atmosphere
(% Ndfa). Phan et al. (2009) studied the inoculation effect of plant growth-promoting
microorganisms enhance utilisation of urea-N and grain yield of paddy rice in southern
Vietnam.The results indicated that inoculation with BioGro, containing a
Pseudomonas, two bacilli and a soil yeast, significantly increased grain and straw
yields and totd N uptake in both seasons, aswell as grain quality in terms of percentage N.

Biswas et al. (2000) reported the increased mineral uptake by plants has been
suggested to be due to a general increase in the volume of the root system, as reflected by
an increased root number, thickness and length, and not to any specific enhancement of
the normal ion uptake mechanism Higher K and Fe uptake for instance are related to
thicker roots and higher P uptake to the presence of root hairs. On the other hand,
experiments with Azospirillum species have suggested that this organism specifically
enhances mineral uptake (Murty and Ladha, 1988). It has been demonstrated that
Azospirillum-inoculated plants take up minerals (N, P, and K) from solutions at faster
rates than uninoculated controls and, consequently, plants in the field accumulate dry
matter, N, P, and K, at higher rates.

PGPR can change the plant physiology and certain nutritional and physica
properties of rhizospheric soil and indirectly influence on the colonization patterns of soil
microorganisms in that particular region. Inoculation of rhizobacteria increased uptake of

nutrient elements like Ca, K, Fe, Cu, Mn and Zn by plants through stimulation of proton
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pump ATPase (Mantelin and Touraine, 2004). Reports are available on the combinations
of Bacillus and Microbacterium inoculants to improve the uptake of the mineral elements
by crop plants (Karlidag et al., 2007). Thisincrease in nutrient uptake by plants might be
explained through organic acid production by the plants and PGPRS, decreasing the soil
pH in rhizosphere. Ample evidences (Glass et al., 2002) are there on the maintenance of
soil fertility by the rhizobacterial isolates to increase the availability of nutrients for
plants. Solubilization of unavailable forms of nutrients is one of the essentia criteriain
facilitating the transport of most of these nutrients (Glick, 1995).

This review recognizes the role of biological nitrogen fixation as a non-polluting
and more cost-effective way to improve soil fertility. A wide diversity of diazotrophic
species both symbiotic and free living association with nonlegumes are found superior to
other systems with respect to N, fixing potential and adaptation to severe conditions.
These associations might have sufficient traits necessary to establish successful growth
and nitrogen fixation under the conditions prevailing in non-leguminous cropping system

of India.



Materials and Methods



CHAPTER I
MATERIALS AND METHODS

The present investigation was carried out to study the culturable diazotrophic
bacterial diversity of selected grass species which are naturally grown in various
physiographic regions. These diazotrophs were screened for nitrogen fixation and
identified based on 16S rRNA gene sequencing. The multiple growth promoting activities
and the tolerance to various abiotic stresses were also analyzed. Influence of diazotrophic
bacterial inoculation on the growth of rice was studied under in vitro conditions as well
as under field conditions. The details of the materials employed and methods followed
during the course of investigation are described in this chapter.

3.1. General
3.1.1. Location

All the laboratory experiments were conducted in the Department of Agricultura
Microbiology, Directorate of Natura Resource Management, Tamil Nadu Agricultural
University, Coimbatore, situated at an atitude of 426.7 m above mean sea level, 11°N
latitude and 77°E longitude. Field experiment was conducted in Wetland Farm,
Department of Farm Management, Tamil Nadu Agricultural University, Coimbatore.

3.1.2. Agroclimatic conditions

The mean minimum and maximum temperature during the investigation period at
Coimbatore were 20°C and 34.2°C, respectively. The mean relative humidity was

63.5 per cent and the average annual rainfall was 670 mm.
3.1.3. Glassware

The glasswares of Borosi| grade were used in al the experiments. Glasswares were
cleaned with soap solution, soaked in chromic acid solution (100 g potassium dichromate
dissolved in one litre of water with 500 ml of concentrated sulphuric acid) for 2 h, rinsed
twice with distilled water, dried and sterilized in an hot air oven at 180°C for 3 h before use.



3.1.4. Chemicals

All the chemicds used for the study were of Anaytical Reagent (AR) grade
obtained from M/S. Hi-media, Qualigens, Merck and Sigma Chemicals.

3.1.5. Enzymes and markers

All enzymes and primers used in molecular analysis were obtained from
M/s. Merck (Pvt.) Ltd, Bangalore and M/S. Sigma Aldrich, USA.

3.1.6. Composition of media, reagents, buffers and solutions

The composition of different media used and reagents are given in Annexure 1.

The solutions and buffers used for molecular studies are given in Annexure I11.
3.1.7. Sterilization techniques

The glasswares were sterilized in an hot air oven (Lab Companion, Korea) at 180°C
for 3 h. All growth media, broth and physiological salines were sterilized in an autoclave
at 15 Ibs pressure for 20 min in autoclave (Tomy, Japan). Vitamin solutions, growth
hormones and antibiotics were filter sterilized using 0.22 um nitrocellulose membrane filter
(Sartorius, US). Isolation, purification, inoculation and other microbiological works were

carried out in alaminar air flow chamber (Y orco Horizontal, New Delhi).
3.1.8. Standard cultures

1 For regular experiments, standard cultures of Azospirillum lipoferum (Az 204)
and Gluconacetobacter diazotrophicus (PAL5) maintained at the Bioinoculant
Production and Quality Control Laboratory, Department of Agriculturd
Microbiology, TNAU, Coimbatore-3 were used.

2 The plant growth promoting rhizobacterial (PGPR) strain, Pseudomonas fluorescens
(Pf1) was obtained from Department of Plant Pathology, Tamil Nadu Agricultural

University, Coimbatote-3, India.

3 For molecular studies, E. coli DH5a maintaining at Department of Agricultural
Microbiology, TNAU, Coimbatore-3 was used for the present study.



3.1.9. Seed materials

Rice seeds (variety. ADT 43) obtained from the Department of Farm Management,
Tamil Nadu Agriculturd University, Coimbatore were used for the gnotobiotic and field study.

3.1.10. Replications

All the in vitro and in vivo experiments were replicated thrice unless and

otherwise specified.
3.2. Sampling

Soil and plant samples were collected from different physiographic regions
experiencing various abiotic stresses. Based on their predominance in each region, a tota of
10 different grass species (Brachiaria reptans, Cenchrus glaucus, Saccharum spontaneum,
Panicum repens, Cyperus rotundus, Dactyl octenium aegyptium, Chloris barbata, Oryza
rufipogon, Cyanodon dactylon and Setaria verticillata) were sampled (Table 3).
Plants were uprooted carefully and the soil adhering to the root was separated in a sterile
petri dish and mixed thoroughly so as to make a composite sample for microbiological
anaysis. Plant samples and soil samples collected were transported to laboratory in ice
box for further analysis. The samples were used immediately for preiminary anayses and
stored at 4°C in arefrigerator for further studies (Pramer and Schmidt, 1966).

3.3. Physico-chemical and biological properties of soil collected from different

physiographic regions

3.3.1. Methods employed for physico-chemical analyses of soil

Soil property Method Reference
pH (Soil: Water =1: 2) glass electrode in the Cyber Scan 510 Jackson (1973)
Electrica conductivity o .
(dS m) (Soil: Water = 1: 2) ELICO conductivity bridge Jackson (1973)
, Na*
E;‘r%gi?gegtzﬁssgdo/“;m x 100 Saxenaet al. (1978)
P ag 0 Na++Ca+++Mg+++K+
Available N (kg ha®) Alkaline permanganate method S“bb'?fgagg Asja
: 1 0.5 M NaHCO; of pH 85 extract by
Available P (kg ha™) spectrophotometry Olsen et al. (1954)

Flame photometric method using neutral  Stanford and English

; -1
AvallableK (kg ha) normal ammonium acetate extract (1949)




Table 3. Details of Grass species from different physiographical regions of India used for the present investigation

Grass species Sampling site Latitude Longitude Phyi(;gi;(r;phi ¢
Brachiaria reptans (Water grass) Barrackpur, Kolkata,West Bengal 88°34'51"E  22°19 49.6" N I;?SV? alar;ﬁinc
Cenchrus glaucus (Buffel grass) Chadrapur Ganjam,Orissa 88°24° 228" E 19°24 21.09" N Eastern Ghats
f\f‘vﬁfgi “grgripa‘;ga”e“m Mad,a”ad“ﬂ;gdﬁrﬁbgf““ 79° 40 50.33"' E 22°51° 17.03' N Central highlands
Panicum repens (Torpedo Grass) Marutirgay;/peritdce;;ﬁaveri, 80°5938.86" E 16°30 39.7" N Deccan Plateau
Cyperus rotundus (Nut grass) Chickara|<siar1rirt<§raiaM andya, 77°3 359" E 12°17 34.78" N Reverainland form
gI?rrigs))/loctenium aegyptium (Crowfoot Kasargod, Kerala 75°7 59.81" E  12° 24" 31.4" N Kerdaplains
Chloris barbata (Finger grass) Thavalakuppam, Pudhucherry 76°46° 547" E 11°23 126" N Coastal plains
Oryza rufipogon (Wild rice) Gudalur, Ooty, Tamil Nadu 79°51" 33.1" E 11°54° 3252" N Western Ghats
Cyanodon dactylon (Bermuda grass) %a\éﬁ;;xﬁpl\%uu 79°46° 349" E 10° 33 21.32" N Reverainland form
Setaria verticillata (Bristly foxtail) Thirupoondi, Nagapattinam, - 7g0 53 376" E 10°46' 2567 N Coastal plains

Tamil Nadu




3.3.2. Enumeration of microbial population

Soil samples obtained from various physiographic regions were analyzed for
enumeration of total bacteria, fungi, actinobacteria and diazotrophs. Enumeration was done
by employing serial dilution and plating technique with appropriate media. Tenfold seria

dilutions were prepared for each soil sampletill appropriate dilution was obtained.
3.3.2.1. Enumeration of bacterial population (James, 1958)

Enumeration of bacteria was carried out in soil extract agar medium (Annexure 1)
using standard dilution plating technique. One g of soil sample was seridly diluted by 10 fold
series using sterile physiologica saline upto 107 and one ml of aiquot from 107 dilution was
taken and dispensed in sterile petriplates with soil extract agar medium. The bacterial
colonies were enumerated after 48 h of incubation (Lab Companion, Korea) at 37°C and
expressed as number of colony forming units (cfu) g™ dry weight of soil.

3.3.2.2. Enumeration of fungal population (Parkinson et al., 1971)

Enumeration of fungi was caried out in Martin Rose Benga Agar medium
(Annexure 11). One g of soil sample was seridly diluted by 10 fold series using sterile
physiological saline up to 10 and one ml of aiquot from 10 dilution was taken and
dispensed in sterile petriplates with Martins Rose Benga Agar medium. The fungal
colonies were enumerated after 5 days of incubation (Lab Companion, Kored) at 37°C
and expressed as number of colony forming units (cfu) g™ dry weight of soil.

3.3.2.3. Enumeration of actinobacterial population (Wellingtonn and Toth, 1963)

Enumeration of actinobacteria was carried out in Kenknight's Agar medium
(Annexure 11). One g of soil sample was seriadly diluted by 10 fold series using sterile
physiological saline up to 10 and one ml of aiquot from 10 dilution was taken and
dispensed in sterile petriplates with Kenknight's Agar medium. The actinobacteria
colonies were enumerated after 7 days of incubation (Lab Companion, Kored) at 37°C

and expressed as number of colony forming units (cfu) g™ dry weight of soil.



3.3.2.4. Enumeration of diazotrophic population (Dobereiner, 1989)

Enumeration of diazotrophs was carried out in modified Nfb medium (Annexure I1).
One g of soil sample was taken and 10 fold dilution series was prepared up to 10,
one ml of aliquots from 10" dilution was taken and dispensed in sterile Petriplates with
modified Nfb medium. The diazotroph colonies were enumerated after 5 days of
incubation (Lab Companion, Korea) and expressed as number of colony forming units

(cfu) g* dry weight of soil.
3.3.3. Soil enzyme activity
3.3.3.1. Fluorescein diacetate (FDA) hydrolysis (Schnurer and Rosswall, 1982)

The determination of FDA hydrolysis was carried out in 2 g of field moist sail,
where 15 ml of 60 mM potassium phosphate buffer (pH 7.6) was added. 100 pl of
substrate solution was added to samples. After 20 min of incubation, the reaction was stopped
by adding 15 ml of chloroform: methanol (2:1). After filtering the solutions
(Whaman No. 42), absorbance was measured at 490 nm on a UV Visible Spectrophotometer
(Cary 50 BIO, Varian) and calculated from the standargraph of fluorescein. The FDA
hydrolysis rate was expressed as pg flurescein g* h™.

3.3.3.2. Arginine deaminase (ADA) activity (Alef and Kleiner, 1986)

The determination of ADA activity was measured in wet soil samples
(40% WHC), where 0.2% arginine solution was added and then the samples were kept for
3 hoursin dark at 25°C. Then, the samples were frozen at —15°C during 24 h, in order to
stop ammonification process. After incubation, samples were de-frozen; the ammoniacal
nitrogen in samples was determined by the salicylate method (Kempers and
Zweers, 1986). In this method the aliquots of 2.5 ml from the sample were added to 1.25 ml
of Na-nitroprussside solution and vortexed briefly for few seconds. To this 0.5 ml of
dichloroisocynaourate was added and the samples were incubated for 30 min in dark.
The absorbance of the sample was measured a 625 nm on a UV Visble
Spectrophotometer (Cary 50 Bio, Varian) and calculated from the standard graph with
ammonium chloride. ADA was expressed as pg g™ soil h™.



3.4. Isolation of diazotrophs from rhizosphere soils of selected grass species

Diazotrophic microorganisms were isolated using serial dilution technique on four
selective N-free media viz, NFMM (Piao et al., 2005), LGI-P (Reis et al., 2000),
TDM (Dobereiner, 1989) and JNFb (Kirchhof et al., 1997) (Annexure 11). Aliquots
(0.1 ml) from the serialy diluted samples (10 to 10 °) were added to four different
media in Petri plates and kept in an incubator at 30°C. Five days after incubation,
colonies growing on N-free media were counted and grouped according to their
morphological characteristics. Single colonies were picked from the Petri dishes and
sub-cultured to obtain pure cultures. Stock cultures were made in nutrient broth
containing 50% (w/v) glycerol and stored at —80°C.

3.5. Isolation of diazotrophs from plant tissues of selected grass species

Plants were carefully removed from soil by repeated washing and separated into
stems and roots. The stems and roots were cleaned again thoroughly with tap water and
deionized water and drained on absorbent towels. All tissues were surface sterilized as
described by Stoltzfus et al. (1997). Ten grams of tissue was shaken for thirty minutesin
500 ml Erlenmeyer flask containing 250 ml sterile deionized water. The tissue was
washed with 70% ethanol for 30 seconds, washed with fresh sodium hypochlorite
solution (2.5% available chlorine) for 5 min and then sterilized with 0.1% HgCI, for
3 min for roots, 5 min for stems. The tissue was then washed ten times with sterile water.
To confirm that the sterilization process was successful, the diquots of the serile digtilled water
used in the final rinse were set on tryptic soy agar (TSA) medium plates. The plates were
examined for bacterial growth after incubation (Lab Companion, Korea) a 28°C for 3 days.

Specimen of washed roots, stems and leaves were macerated and 0.1 ml of serid
dilutionsin 4% (commercia) sugar solution up to 10°® and there dilutions were inoculated into
vids containing selective N-free semi solid media viz, NFb (Ddbereiner, 1989), JNFb
(Kirchhof et al., 1997), SM (Reinhold et al., 1985), SSM (Reinhold et al., 1986), Rennie
(Rennie, 1980), LGI (Reis et al., 2000) (Annexure-11). After four to six days of incubation at
30°C, the population sze was estimated by the MPN method and pellicle forming bacteria
were subjected to further purification by streaking on N free agar plates. Stock cultures were
made in nutrient broth containing 50% (w/v) glycerol and stored at —80°C.



3.5.1. Authentication of putative endophytes

To authenticate the endophytes from non endophytes, re-isolation step from
inoculated plants under controlled conditions was done. Rice seeds (variety ADT 43)
were gently dehulled, placed in 70% ethanol for five minutes, washed with sterile
distilled water, sterilized by addition of 0.2% HgCl, for 4 minutes and washed 6 times in
sterile distilled water. Seeds were placed on plates containing TY medium medium and
incubated at 30°C for two days to allow germination and check for contamination. Seeds
showing no contamination were placed in culture tubes containing 50 ml of modified
Fahraeus medium (Fahraeus, 1957).

Bacteria were re-isolated from the inoculated seedlings as follows. Seedlings were
grown for 21 days and carefully removed from the growth tubes. The roots and shoots
were separated and sectioned to small pieces. The tissues were placed in 100 ml
Erlenmeyer flasks containing 10 ml of sterile distilled water, shaken for 30 minutes and
washed with 10 ml sterile distilled water. The tissue was sterilized by adding 10 ml of
0.2% HgCl, for 30 seconds and washed six times with sterile distilled water.
Tissues were macerated in one ml sterile distilled water and 20 pl of macerate was spread
onto plates containing TY medium. The colonies from plates were purified and used for

further analysis.
3.5.2. Biochemical activities of the endophytes
3.5.2.1. Cellulase activity test (Rautela and Cowling, 1966)

The test isolates were spot-inoculated on the swollen cdlulose agar plates and
incubated for one week at 30°C. After incubation, the clear zone around the colonies after

flooding the plates with 1% ageous hexadecyl trimehtyl-ammonium bromide was observed.
3.5.2.2. Pectinase activity test (Cotty et al., 1990)

The test isolates were spot-inoculated on the pectin agar plates and incubated for
one week at 30°C. The plates then were flooded with 0.1% agueous Red ruthenium
solution for one hour, drained, rinsed with water and observed. Red ruthenium is bound
to unhydrolysed pectin and gives the red color. Halo zone around isolate's colony was

observed.



3.5.2.3. Motility test (Elbeltagy et al., 2000)

Each isolate was spot-inoculated on the centre of soft agar plates (0.2% agar) and
incubated at 30°C. The diffusion of colony was observed and recorded at 24 h.

3.6 Preliminary screening for diazotrophy of the isolates obtained from selected

grass species
3.6.1 Growth in N-free medium (Burris and Wilson, 1972)

The bacterial isolates were grown in Nfb broth without addition of NH4Cl as a
unique nitrogen source were incubated at 28°C for 7 days and bacterial growth was
observed as qualitative evidence of the atmospheric nitrogen fixation. The growth
measurement was taken in a UV- VIS spectrophotometer (Cary 50 Bio, Varian) a 660 nm and
expressed as- no growth (<0.100D) ; + (0.1t00.3); ++(0.3t00.5); +++(>0.5).

3.6.2. Estimation of total Nitrogen (Humphries, 1956)

Nitrogen free liquid malate medium was prepared dispensed into 100ml quantities
in 250ml Erlenmeyer flasks and sterilized. One ml of inoculum (10” cells mi™) was added
to each flask and incubated at 32°C under static conditions. After 7 days, 5 ml quantities
of the homogenized broth was withdrawn and digested with 5 ml quantities of sulphuric
acid, one drop of perchloric acid was added at the end and the digestion was continued
till the solutions turned as clean and colourless. After cooling, the contents were
transferred to a microkjeldahl distillation unit with the addition of 10 ml of 40 per cent
sodium hydroxide. Ammonia evolved was collected over 2 per cent boric acid (20 ml)
containing a drop of double indicator (83.3 mg of bromocresol green and 16.6 mg of
methyl red dissolved in 10 ml of 95 per cent ethyl alcohol) which was back titrated
against 1/500 N sulphuric acid (0.000028 g of N). The quantity of nitrogen content in the
medium was expressed as mg g of malate.

3.6.3. Estimation of ammonia excretion (Cappuccino and Sherman, 1992)

Bacterial isolates were tested for the excretion of ammonia in peptone water.
Freshly grown cultures of were inoculated in 10 ml peptone water in each tube and
incubated for 48-72 h at 30°C. Nessler's reagent (0.5 ml) was added in each tube.
Reaction was let to proceed for at least 10 min after adding Nessler’s reagent. Colour was



measured in sample by using UV VIS spectrophotometer (Cary 50 Bio, Varian).
The reddish brown hue typical of ammonia nitrogen was measured in the wavelength of
400 nm. The concentration of ammonia present in the sample was determined from
standard curve prepared using ammonia sol ution and expressed as mg ml™.

3.7. Acetylene Reduction Assay (Bergersen, 1980)

The nitrogen fixing capacity of the diazotrophic cultures was evaluated by
estimating the acetylene reduction assay using Gas chromotography. Twenty five ml of
modified N-free malate broth and semisolid Rennie medium were prepared in 100 ml vias
for rhizosphere and endophytic isolates respectively. The vias were inoculated with the
cultures and were incubated under static condition in an incubator at 28 + 2°C. After 5 days
of growth, the cotton plugs were replaced by rubber septa and capped with aluminium caps.
The head space volume was replaced by 5% (v/v) acetylene which was generated from
calcium carbide and water. The culture was incubated for 24 h. After incubation, 1 ml of
gas sample was withdrawn and injected into the Gas chromatograph (Chemito-7610)
equipped with FID detector and Porapak N column (6" x '4") . Temperatures of injector,
detector and column were maintained at 110°C, 120°C and 73°C respectively. Nitrogen gas
was used as carrier gas at the flow rate of 30 ml min™. The bacterial cells in the medium

were evenly mixed and the protein concentration was measured (Bradford, 1976).

3.8. Carbon substrate utilization pattern of diazotrophs from grass species

All the diazotrophic isolates were analyzed for growth in different carbon
substrate viz.,, D-glucose, D-xylose, amylose, fructose, mannitol, betaine, Ccitrate,
cellulose, starch, glyceral, tartrate and acetate. These carbon substrates were substituted
for malate in Nitrogen free liquid medium (Baldani and Débereiner, 1980) at 1 per cent
(w/v) level. Presence of growth was observed after 15 days of incubation at 30°C and
growth was compared to a negative control containing no added carbon source.
Carbon utilization pattern of the isolates was grouped based on the Jaccard’'s similarity
coefficient. In order to determine the similarity between the isolates, a binary matrix was
established recording the presence or absence of growth in respective carbon substrate
substituted medium. UPGMA agorithm was used for hierarchica cluster analysis.



Pair-wise comparisons were calculated using Jaccard’s coefficient (Jaccard, 1912) and
dendrogram was built using the UPGMA method (Nei and Li, 1979) using NTSY S-PC2
package (Numerical taxonomy analysis program package, External software, USA).

3.9. Intrinsic antibiotic resistance (IAR) profile of diazotrophs from grass species

Thirty two diazotrophic isolates were screened for resistance to a panel of thirty
six antibiotics by the disc diffuson method. Ready to use antibiotic discs
(Hi-media Dodeca Universal DEO 008) containing 12 antibiotic discs of 0.6 mm
diameter were used. The antibiotics used were representatives of the various classes of

antimicrobial agentsin common use (Annexure I1).

Hundred pl of log phase culture was spread evenly on solidified LB medium and
the surface was allowed to dry for few min. The antibiotic dodeca disc was placed on the
surface and the Petriplates were incubated at 28 + 2°C for 48 h. The susceptibility of the
isolate was indicated by development of clearing zone around each disc. Antibiotic
susceptibility profile of the isolates was grouped based on the Jaccard’s similarity
coefficient. UPGMA algorithm was used for hierarchical cluster analysis. Pair-wise
comparisons were calculated using Jaccard’ s coefficient (Jaccard, 1912) and dendrogram
was built using the UPGMA method (Nel and Li, 1979) using NTSY S-PC2 package

(Numerical taxonomy analysis program package, External software, USA).

3.10. Authentication of diazotrophs obtained from various grass species by 16S rRNA

gene sequencing
3.10.1. Isolation of total genomic DNA

The genomic DNA from 24 selected isolates, which showed positive for acetylene
reduction activity, was extracted using the standard protocol of hexadecyl-trimethyl
ammonium bromide (CTAB) method as given by Melody (1997) with minor
modifications. Overnight grown culture of 25 ml quantity was centrifuged at 6,000 rpm
for 5 min at 4°C. The supernatant was discarded, the pellet was suspended in 1 ml TE
buffer, added with 0.5 ml of 1-butanol, vortexed well to mix with the cells, followed by
centrifugation at 5000 rpm for 5 min at 4°C. The supernatant was discarded and the pellet

was resuspended in 2 ml of TE buffer and centrifuged again to remove all traces of



butanol. The pellet was resuspended in 1 ml TE buffer added with 100 pl lysozyme
(10 mg mi™? freshly prepared) and incubated a room temperature for 5 min.
After incubation, 100 pl of 10 per cent SDS and 25 pl of 100 pug mi™ proteinase K were
added, mixed well and incubated at 37°C for 1 h. To this, 200 pl of 5 M NaCl was added
and mixed well. CTAB (10 per cent CTAB in 4.1 per cent NaCl solution) (150 ul) was
added, mixed well and incubated at 65°C for 10 min. The extract was deproteinized
by 1 ml of phenol: chloroform mixture and centrifuged at 6000 rpm for 15 min at 4°C.
The agueous layer was transferred carefully to a new 2 ml microfuge tube and DNA was
precipitated by adding 0.6 volume of ice- cold isopropanal, incubated for 1 h to overnight
at -20°C. The DNA was pelletized by centrifugation at 12000 rpm for 15 min at 4°C and
the pellet was washed with 70 per cent ethanol, dried under vacuum for 10 min and
resuspended in 50 pl of TE buffer. One ul of DNAse free RNAse (10 mg mI") was added by
swirling and incubated at 37°C for 30 min. The DNA was stored at -20°C for further use.

3.10.2. 16S rRNA gene amplification

Full-length 16S rRNA gene (1500 bp) was amplified from the isolates by PCR
using the universal eubacteria forward primer fdl (5 AGA GTT TGA TCG TGG CTC
AG 3) and the reverse primer rp2 (5 ACG GCT ACC TTG TTA CCA CTT 3)
(Weisburg et al., 1991). The 45 pl PCR reaction mixture consisted of DNA template
50 ng, 1X Taq buffer, 0.2 mM of each of dNTP mixture, 1 uM of each primers, 2.5 mM
MgCl, and 2 U of Tag DNA polymerase (M/S Merck, India). PCR amplification was
performed in a thermocycler (Eppendorf Master cycler, Germany) with following
conditions: initial denaturation at 95°C for 1 min, 35 cycles consisting of 94°C for 1 min
(denaturation), 55°C for 1 min (annealing), 72°C for 1 min (primer extension) and fina
extension at 72°C for 10 min. The amplified products were analysed by electrophoresisin
1.5 per cent agarose gels. The gels were viewed and photographed using InGenius
(Syngene, UK) gel documentation and analysis system.

The band of the expected size was gel-purified using spin columns
(Bangalore genel, India) according to the manufacturer’s instructions and eluted using

sterile milli-Q water.



3.10.3. Cloning using T/A cloning vector in E. coli

The gel- purified PCR product of 16SrRNA gene of each isolate was cloned in to
T/A cloning vector, pGEM®-T (Promega, USA) according to the manufacturer's
instruction. The 12ul of ligation mixture contains 6 pl of 2X T4 DNA ligase buffer,
4.25 pl of PCR product, 0.75 pl of pGEM®-T vector, 1 pl of T4 DNA ligase and 4 pl of
water, mixed gently without pipetting and incubated at 16°C for overnight. The quantity
of 10 pl of ligation mixture was used for transformation in E. coli DH5a competent cells.
The transformation was performed by following CaCl, mediated transformation using
heat- shock at 42°C for 60 sec. The transformants, with insert displayed as white colonies
in LB agar plate supplemented with Ampicillin (100 pg mi™); X ga (20 mg ml™) and
IPTG (100 mM). The presence of insert was reconfirmed by colony- PCR using M13
forward and reverse primers (Fermentas, USA). In 20 pl of PCR mixture, (same composition
as 16S rRNA gene with M13 F and M13 R primers), a loopful of colony was transferred
using sterile toothpick and PCR was performed in thermocycler (Eppendorf Master cycler,
Germany) with the programme same as described for 16S rRNA gene.

The band of expected size (about 1700 bp) was visualized and photographed

using InGenius (Syngene, UK) documentation and analysis system.

3.10.4. Sequencing

Sequencing reactions were performed using ABI prism terminator cycle
sequencing ready reaction kit and electrophoresis of the products were carried out on an
Applied Biosystems (Model 3100) automated sequencer.

3.10.5. Phylogenetic analysis

The identity of 16S rRNA gene sequences was performed by similarity search
using BLAST tool (http://blast.ncbi.nim.nih.gov/Blast.cgi). The closest species,

strain and per cent similarity to the isolates were obtained from the BLAST result.

The phylogenetic tree was constructed with existing 16S rRNA gene sequences
from closely related bacteria, obtained from NCBI GenBank database. The phylogenetic
tree was constructed by neighbor-joining method of Saitou and Nel (1987) using MEGA
5.0 software (Tamuraet al., 2011).



3.10.6. Amplification of nifH

The genomic DNA of the isolates extracted and stored at -20°C was used as
template. The forward primer nifHbl (5 GGC TGC GAT CCC AAG GCT GA 3)
(Burgmann et al., 2004) and reverse primer CDHPnif723R (5 GAT GTT CGC GCG
GCA CGA ADT 3) (Steward et al., 2004) were used for amplification of partia nifH
gene (450 bp) (Buckley et al., 2007).

The 45 pl PCR reaction mixture contained 50 ng of DNA template, 1XTaq buffer,
0.2 mM of each of dNTP mixture, 1 uM of each primers, 2.5 mM MgCl, and 2U of Taq
DNA polymerase (Bangalore Genel, India). PCR amplification was performed in a
thermocycler (Eppendorf Master cycler, Germany) using conditions: initial denaturation
at 95°C for 5 min, 35 cycles consisting of 94°C for 1 min (denaturation), 60°C for 1 min
(annealing), 72°C for 1 min (primer extension) and final extension at 72°C for 5 min.
The amplified products were analysed by electrophoresis in 1.5 per cent agarose gels.
After separation of the PCR products in agarose gel, it was viewed and photographed
using InGenius (Syngene, UK) gel documentation and analysis system.

3.10.7. ARDRA

Approximately 1 ug of PCR-amplified 16S rRNA gene fragments were restricted
with endonuclease Haelll (Fermentas, USA) a 37°C for 3h and resolved by
electrophoresis in 2% metaphor agarose gels. Banding patterns were visualized by
ethidium bromide staining and documented in InGenius (Syngene, UK) documentation
and analysis system.

3.11. Plant growth promoting activities of diazotrophic isolates from grass species
3.11.1. Indole Acetic Acid (IAA) production (Chandramohan and Mahadevan, 1968)

One ml of the cultures at exponential stage was inoculated in 100 ml LB medium
containing filter sterilized L-tryptophan (0.01per cent wiv). All the flasks were wrapped
with black paper to avoid photo inactivation of the biologicaly active compounds.
The flasks were incubated at room temperature for 7 days. The cells were harvested by
centrifugation a 10,000 rpm for 5 min and the supernatant was collected and
concentrated to 25 ml. The culture filtrate was adjusted to pH 2.8 with 1IN HCI and equal



volume of ice cold (4°C) diethyl ether was added. The contents were shaken well and
allowed to stand in dark for 4 h with intermittent shaking. Using a separating funnel, the
agueous phase was separated from organic phase and the extraction was repeated 3 times.
Discarding the agueous phase, the organic phases were pooled and evaporated to dryness

inthedark. The residue was dissolved in 2 ml of absolute methanol.

The quantity of IAA produced was estimated using Salper’s reagent (1 ml of 0.5N
FeCl; mixed in 50 ml of 35per cent perchloric acid) (Gordon and Paleg, 1957).
A quantity of 0.5 ml methanol fraction was added to 1.5 ml of distilled water and 4.0 ml
of Saper's reagent and incubated in darkness for 1 h at 28°C. The intensity of pink
colour developed was read in spectrophotometer (Cary 50 Bio, Varian) at 535 nm against
a solvent reagent blank. The quantity of IAA was expressed in ug ml™ by referring to a

standard graph of IAA, prepared from a series of IAA solutions of known concentrations.
3.11.2. Gibberellic acid (GA3) production

One ml of the culture at exponential stage was inoculated in LB broth and
incubated for 7 days at room temperature. The cultures were centrifuged for 10 min at
10,000 rpm and the supernatant was collected. The cell pellet was re-extracted with
phosphate buffer (pH 8.0) and again centrifuged. Both supernatants were collected and
pooled, acidified to pH 2.0 with 5 N HCl and extracted with equal volumes of ethyl
acetate thrice. The ethyl acetate phase was evaporated at 32°C and the residue was redissolved
in2 ml of distilled water containing 0.05 per cent of Tween 80 (Borrow et al., 1955).

Two ml of zinc acetate solution (21.9 g zinc acetate was dissolved in 80 ml
distilled water containing 1 ml glacial acetic acid and made up to 100 ml) was added to
the dissolved residue. After 2 min, 2 ml of potassum ferrocyanide solution
(10.6 g potassum ferrocyanide dissolved in 100 ml distilled water) was added and the
mixture was centrifuged at 10,000 rpm for 10 min. Five ml of supernatant was added to 5 ml
of 30 per cent hydrochloric acid and the mixture was incubated at 20°C for 75 min.
The blank was prepared with 5 per cent hydrochloric acid. The absorbance was measured
at 254 nm in spectrophotometer (Cary 50 Bio, Varian) (Mahadevan and Sridhar, 1982).



3.11.3. ACC deaminase activity (Honma and Shimomura, 1971)

To measure ACC deaminase activity, diazotrophs were grown in 5 ml of LB
medium at 30°C for 2-3 days until they reached stationary phase. To induce ACC
deaminase activity, the cells were collected by centrifugation, washed twice with 0.1 M
TrissHCI (pH 7.5), suspended in 2 ml of modified M9 minima medium supplemented
with 5 mM fina concentration ACC and incubated at 30°C with shaking for another
36-40 hours. ACC deaminase activity was determined by measuring the production of
alpha-ketobutyrate generated by the cleavage of ACC by ACC deaminase. The induced
bacterial cells were harvested by centrifugation for 10 min at 10,000 pg, washed twice
with 0.1 M Tris-HCI (pH 7.5), and resuspended in 200 ul of 0.1 M Tris-HCI (pH 8.5).
The cells were labilized by adding 5% toluene (v/v) and then vortexed at the highest
speed for 30 seconds. Fifty ul of labilized cell suspension was incubated with 5 pl of
0.5 M ACC in an microfuge tube at 30°C for 30 min. The negative control for this assay
included 50 pl of labilized cell suspension without ACC, while the blank included 50 pl
of 0.1 M Tris-HCI (pH 8.5) with 5 pl of 0.5 M ACC. The samples were then mixed
thoroughly with 500 pL of 0.56 N HCI by vortexing, and the cell debris was removed by
centrifugation at 20,000 X g for 5 minutes.

A 500 pl aiquot of the supernatant was transferred to a 13 X 100 mm glass test
tube and mixed with 400 pl of 0.56N HCl and 150 pl of DNF solution
(0.1 g 2,4-dinitrophenylhydrazine in 100 ml of 2N HCI); and the mixture was incubated
at 30°C for 30 minutes. One ml of 2N NaOH was added to the sample before the
absorbance at 540 nm was measured in spectrophotometer (Cary 50 Bio, Varian).
The concentration of a-ketobutyrate in each sample was determined by comparison with
a standard curve generated as follows: 500 pl a-ketobutyrate solutions of 0, 0.01, 0.05,
0.1, 0.2, 0.5, 0.75 and 1 mM were mixed respectively with 400 ul of 0.56 N HCl and
150 ul DNF solution. One ml of 2N NaOH was added and the absorbances at 540 nm in
spectrophotometer (Cary 50 Bio, Varian) were determined as described above.
The values for absorbance versus a-ketobutyrate concentration (mM) were used to
construct a standard curve. The protein concentration of toluenized cells was determined
by the method of Bradford (1976). The ACC deaminase activity was expressed as nmoles

of a-ketobutyrate mg of protein per hour.



3.11.4. Siderophore production
Quialitative assay (Schwyn and Neilands, 1987)

Production of siderophores by the bacterial isolates were performed by plate
assay. The tertiary complex Chrome azurol S (CAS) / Fe** | hexadecyl trimethyl
ammonium bromide served as an indicator. Seventy two hour old culture of the strains
was streaked on to the succinate medium amended with indicator dye. The formation of
bright zone with yellowish fluorescent colour by the culture in the dark colored medium
indicated siderophore production. The result was scored either positive or negative to this
test, based on the colour change of the medium from blue to fluorescent yellow while no
colour change marks absence of siderophore production. The isolates with positive to

qualitative assay were further analyzed for quantitative assay.
Quantitative assay (Arnow, 1936)

The cultures were grown in modified Fiss minimal medium for seven days.
The supernatant was separated and collected by centrifugation for 5 min at 13,500 rpm
and was used for Arnow’s assay for the detection of catechol-type siderophore. To 1 ml
of culture supernatant the following solutions were added in order with constant stirring;
1 ml 0.5 N hydrochloric acid, 1 ml nitrate-molybdate reagent (10 g sodium nitrate and
10 g sodium molybdate in 100 ml distilled water), 1 ml 1 N sodium hydroxide, and distilled
water to bring the volume up to 5 ml and incubated a room temperature for 5 min.
The absorbance of the solution was measured a 500 nm in a UV VIS spectrophotometer
(Cary 50 Bio, Varian).

3.11.5. Hydrogen cyanide (HCN) production
Qualitative assay (Millar and Higgins, 1970)

The bacterid isolates were streaked separately on nutrient agar medium supplemented
with 4.4 g glycine I and filter paper discs soaked in picric acid solution (2.5 g of picric acid;
125 g of NaCOs;, 1000 ml of digtilled water) was placed in the lid of each Petri dish.
Dishes were seded with Parafilm areincubated at 28° + 1°C for 48 h. A changein colour of the
filter pgper discs from yellow to light brown, brown or reddish brown was recorded as an



indication of weak, moderate or strong in producing HCN by each drain, respectively.
Theisolates with positive to qualitative assay were further andyzed for quantitative assay.

Quantitative assay (Lorck, 1948)

The bacteria isolates were grown in 250 ml flasks containing nutrient broth and were
incubated at 32 + 1°C. Filter paper was cut into uniform strips of 10 cm length and 0.5 cm
wide saturated with akaline picrate solution and placed inside the conica flasks in a hanging
position. After incubation at 28 + 2°C for 48 h, the sodium picrate in the filter paper was
reduced to a reddish compound in proportion to the amount of hydrocyanicacid evolved. The
colour was euted by placing the filter paper strip in a clean test tube containing 10 ml of
digtilled water and absorbance was measured at 625 nm in a UV VIS spectrophotometer
(Cary 50 Bio, Varian). The HCN production was expressed as ug per mg of protein.

3.11.6. Antagonistic activity

The antagonistic activity of all the diazotrophic isolates against 4 plant pathogenic
organism viz., Xanthomonas oryzae (bacterial leaf blight), Rhizoctonia solani
(sheath blight),Pyricularia oryzae (blast) and Sarocladium oryzae (sheath rot) were
evauated. A mycedlial disc of the fungal pathogen (5 mm) was placed at one end of the
Petri plate containg PDA medium. The bacterial antagonists were streaked 1 cm away
from the periphery of the Petri plate just opposite to the mycelial disc of the pathogen by
dua culture technique (Dennis and Webster, 1971). For bacteria leaf blight (X. oryzae)
disc diffusion assay (Perez et al., 1990) was used to check the antagonistic activity of all
the diazotrophic isolates. Visual observation on the inhibition of the growth of pathogenic
organism was recorded after 96 h of incubation in comparison with the control PDA plate
simultaneously inoculated with fungal pathogen only. The inhibition of the growth of

pathogenic organism was recorded as positive.

3.12.6. Mineral solubilization by diazotrophic isolates from selected grass species
3.12.6.1. Assessment of phosphorus solubilization
Qualitative assay

The bacterid cultures were inoculated in to hydroxy apetite medium
(Sperber, 1958). The test organisms were inoculated on these media and incubated
(Lab Companion, Korea) at 30°C for 48 h. The diameter of the clearing zones around the



colonies were measured. The solubilizing efficiency was cadculated as indicated beow
(Srivadtav et al., 2004).

Diameter of solubilization zone — colony diameter

Solubilization efficiency (%) = x 100
Colony diameter

Quantitative assay

One ml of the culture containing 10° cell mi™ was inoculated into the flasks of
Pikovaskaya's broth containing 100 mg of tricalcium phosphate. An uninoculated control
was maintained. After 7 days incubation, the contents were centrifuged at 7000 rpm for
10 min and clear supernatant was used for soluble P estimation following method
described by Olsen et al. (1954). One ml of the culture filtrate was pipette into a 25 ml
volumetric flask and diluted to 20 ml with water. Four ml of reagent (1.056 g of ascorbic
acid in 200 ml of reagent A) was added and the volume was made up to 25 ml with
distilled water. The intensity of blue colour was read in spectrophotometer (Cary 50 Bio,
Varian) at 660 nm. The standard curve was prepared with orthophosphate (KH,PO,4) and
amount of P solubilized was calculated by referring to standard graph. The phosphorus
content was expressed in terms of mg of phosphorus mi™. Influence of phosphorus
solubilizing organisms on the pH and titrable acidity of growth medium was also

analyzed as per the standard protocol. The available P was expressed as mg ml ™.
Phosphatase assay

The phosphatase activity was determined based on the liberation of p-nitrophenol
from p-nitrophenol phosphate by colorimetric method (Morton, 1952). The positive isolates
of above assay were grown in Pikovskaya' s medium for 24 h in an environmental shaker.
The phosphatase activity was estimated by adding 1 ml of substrate solution (100 mg of
p-nitrophenol phosphate in 100 ml distilled water), 10 ml of acetate buffer (Annexure I1)
and 2 ml of enzyme source. The contents were thoroughly mixed and incubated at room
temperature. After 24 h of incubation, 10 ml of assay mixture was withdrawn, centrifuged
at 5000 rpm for 15 min. 1 ml of supernatant was mixed with 1 ml of fresh Folin’s reagent
(prepared by mixing one part of Folin-ciocalteau reagent and one part of distilled water)

and 2 ml of 20 per cent sodium carbonate were added and boiled exactly for 1 min. It was



immediately removed and the volume was made up to 10 ml and the colour was read in
spectrophotometer (Cary 50 Bio, Varian) at 600 nm. The phosphatase activity was
calculated and expressed as ug of p-nitrophenol released per ml of culture filtrate.

3.12.6.2. Assessment of potassium releasing potential
Quialitative assay

Bacterial cultures were streaked in the modified Aleksandrov medium containing
0.25 per cent potassum auminium silicate as insoluble source for potassium
solubilization. The plates were incubated in incubator (Lab Companion, Korea) at room
temperature for 48 h. The colonies exhibiting clear zones around them were considered as

positive result of solubilization.
Quantitative assay (Saxena, 1989)

The positive isolates of above assay were further assessed by growing the culture
in basal liquid medium supplemented with 0.25 per cent potassium aluminium silicate.
The culture containing 2 x 10° cells mi™ was inoculated into 50 ml broth taken in
Erlenmeyer flask and incubated at room temperature. An uninoculated control was
maintained. After 7 days incubation, the contents were filtered and centrifuged to remove
cells and debris. The clear supernatant was analysed for the potassium content using
flame photometric method (Systronics flame photometer 128). 5 ml of culture filtrate was
taken in polythene beakers to which 1 ml of reagent A (50 ml of conc. HCl was mixed
with 50 ml of distilled water) and 2 ml of reagent B (Ammonium molybdate, 10 g was
dissolved in 100 ml of distilled water) were added. After 10 min, 1.5 ml of reagent C
(Oxadlic acid, 10 g was dissolved in 100 ml of distilled water) was added and mixed
thoroughly. The yellow colour developed was read a 420 nm in flame photometer.
The unknown were calculated from a standard curve. Influence of potassium solubilizing
organisms on the pH and titrable acidity of growth medium was also analyzed as per the

standard protocol. The available K was expressed as mg ml™.
3.12.6.3. Assessment of zinc solubilization

The zinc solubilization potential of the isolates was assessed both qualitatively

and quantitatively under in vitro conditions.



Qualitative assay

The bacterial cultures were inoculated into Bunt and Rovira agar medium containing
0.1 per cent of ZnO (Bunt and Rovira, 1955). The test organisms were inoculated on
these media and incubated (Lab Companion, Korea) at 30°C for 48 h. The diameter of the
clearing zones around the colonies was measured. The solubilizing efficiency was calculated
(Srivastav et al., 2004).

Quantitative assay

The postive isolates of above assay were further analyzed for their Zn
solubilizing efficiency by growing them in 100 ml Erlenmeyer flasks containing 50 ml of
basal liquid medium supplemented with 0.1percent ZnO. In this, 1 ml of 36 h old broth
culture containing 1x10° cells mi™ of various isolates was inoculated. Appropriate
uninoculated controls were maintained and al the treatments were replicated.
The bacterial cultures were withdrawn after 7" day of incubation at room temperature for
the estimation of soluble Zn. The bacterial cultures were centrifuged at 10,000 rpm for
10 min to remove the debris and cells. Ten ml of this solution was fed to Atomic
Absorption Spectrometer (Varian H 240, Austraia) to determine the available zinc
content (Manib et al., 1986). Influence of zinc solubilizing organisms on the pH and
titrable acidity of growth medium was aso analyzed as per the standard protocol. The

available Zn was expressed as mg ml™.

3.13. Stress tolerance by diazotrophic isolates from selected grass species
3.13.1. Salt tolerance

The diazotrophic cultures were inoculated on LB broth containing different
concentrations of NaCl viz, 1, 25, 5 and 7.5 per cent and incubated in incubator
(Lab Companion, Korea) a 37°C for 2 days. The population was analyzed by serid dilution
and plating a 12 hinterval upto 48 h and expressed asthe number of viable cellsml™,

3.13.2. Temperature tolerance

To andyse the temperature tolerance of the diazotrophic isolates, the cultures were
inoculated on LB broth and incubated in incubator (Lab Companion, Korea) at different
temperatures viz., 40°C, 45°C, 50°C and 55°C for 2 days. The population was andyzed by serid
dilution and plating at 12 hinterval upto 48 h and expressed as number of viable cellsml ™.



3.13.3. Dessication tolerance

Oven dried soil (10g) was placed in 30 ml screw capped via. Soil was sterilized
by autoclaving (Tomy, Japan) at 121°C for 2h on two successive days. Soil in these vials
were maintained at two moisture levels viz., field capacity (1BAR) and permanent wilting
point (15 BAR) based on soil moisture release curve determined by the pressure plate
method (Richards, 1954) using pressure plate apparatus.

Each vid was adjusted to one of the two moisture levels by inoculating (10° cells mi™)
of inoculum and a variable volume of sterile water. The inoculated soil was thoroughly
mixed and incubated at 37°C in an incubator (Lab Companion, Korea). Each treatment
was replicated three times with a completely randomized design. The number of viable
cells was determined at 15 days intervals by seria dilution and plating on LB agar
medium up to 60 days. Popul ation were expressed as number of viable cells g™ soil.

3.13.4. Heavy metal tolerance

The maximum tolerance concentration (MTC) of various heavy metas by
diazotrophic isolates was determined. For this, stock solutions of selected heavy metals viz,
Cd** , Hg* , zn** ,Co*" and Ni** were prepared by dissolving the respective sdts i.e.
CdCly, HgCly, PB(NOs),, ZnSos, CoCl, and NiCl, in distilled water so asto obtain pg mi™
concentration of each heavy metal. From this, appropriate quantity was added to LB medium
to obtain 100, 200, 400, 600, 800 and 1000 pg mi™ concentration. The cultures were streaked
onto LB plates and incubated at 30°C for 4 days and growth was observed.

3.14. Impact of diazotrophic isolates with multifaceted growth promoting activity on

the growth of rice plants under in vitro condition

To study the impact of diazotrophic isolates on the growth of rice plants, 15 isolates
were selected based on the multiple beneficial characters viz., nitrogenase activity,
presence of nifH gene, production of plant growth promoting substances, antagonistic

activity and tolerance level to various stress conditions.

Dehulled seeds of rice (cultivar- ADT 43) were surface sterilized by immersion in
70 % ethanol for 30 seconds, followed by soaking in 0.2 % mercuric chloride for 30 seconds
and then washed with severa times with Sterilized distilled water. The surface sterilized



seeds were germinated aseptically in 1 % sucrose agar medium. Three days old seedlings
that were free of any visual bacteria and funga contamination were used for inoculation with
diazotrophic isolates. The elite multi-functional diazotrophic trains were grown in
LB broth (Annexure 11) till the population reached to 10™ cells ml™. The cells were then
harvested by centrifugation at 6000 rpm for 5 min a room temperature. The cell pellets were
washed twice with 20 ml of phosphate buffer and resuspended in 1.5 ml of phosphate buffer.
Seeds were treated with the selected bacterial inoculants for 15 min. Pre-germinated seeds
were placed at the rate of one seed in each 200 ml boiling tube containing 40 ml of N-free
Fahraeus medium. The seedlings were grown in a growth chamber at 27°C (HECO plant

growth chamber). An uninoculated plant served as control.
3.14.1. Biometric observation of rice seedlings

The whole plant from each treatment was uprooted on 21 DAS after sowing, dried
in sunlight for 2 days and then dried in an oven at 60°C until constant weight was
obtained and weight was expressed in mg plant™. The shoot length of the rice plant was
measured from the collar region to the tip of the plant and expressed in cm and the root
length was measured from the collar region to the bottom of the root and expressed in cm.

3.14.2. Observation of endophytic bacterial colonization of rice seedlings by scanning

electron microscopy (SEM)

The roots and culms from 15 days old fresh rice seedlings were cut, fixed with 3 %
(v/v) glutaraldehyde, for 2 h at 4°C and washed with 0.1M phosphate buffer (pH 7.2) at
room temperature for 10 min (three times). The samples again post fixed in 1% (w/v)
osmium tetroxide in the same buffer for 2 h at 4°C. The fixed samples were dehydrated in
a graded ethanol series (30%, 50%, 70%, 80%, 90%, 75% and 100%) for 5 minutes in
each concentration. Then the samples were treated with CO, and mounted on an
aluminum cylinder with silver paste, and finaly covered with a steam of carbon and
ionized gold (Nowell and Parules, 1980). The samples were examined under a SEM
(ICON, anaytical FEI Quanta 200, USA) operated at 15 kV a an 8-10 mm distance.
Colonizing ability of the endophytic isolates in rice seedlings were documented as

microphotographs.



3.15. Effect of elite diazotrophic isolates on the growth of rice (variety- ADT 43)

under field condition

Field experiment was conducted in the Wetland Farm, Department of Farm
Management, Tamil Nadu Agricultural University, Coimbatore during rabi
(February-may) 2013. The experiment was carried out in randomized block design (RBD)

with three replications for each treatment. The treatment details are given below.

T1-Klebsiella sp.(CG1)+75% RDF T7- Serratia sp. (CRE9)+75% RDF
T2-Bacillus sp. (CG5)+75% RDF T8- Pseudomonas sp.(CRE10)+75% RDF
T3- S marcescens (CD1)+75% RDF T9- P. agglomerans (ORE9)+75% RDF
T4- Serratia sp. (CB2)+75% RDF T10- A. lipoferum (Az 204)* +75%RDF
T5- K. pneumoniae (CR2)+75% RDF T11-100% RDF

T6- Serratia sp.(OR3)+75% RDF T12-Control (Absolute control)

Physico-chemical properties of experimental field were, pH-8.17, eectrica
conductivity- 4.32 dSm™, organic carbon- 0.99%, available nitrogen-225.6 kgha,
available phosphorus- 18.6 kg ha' and available potassum-345.7 kg ha'.
The experimental field was prepared as per the recommendations. Fourteen days old
seedlings obtained from nursery were transplanted at the rate of one seedling hill* a 25 cm x
25 cm spacing. Irrigation, weed management and plant protection were done as per the
recommendation whenever applicable. The elite multi-functional diazotrophic strains
were grown in LB broth (Annexure II) till the population reached to 10™ cells ml™.
Seeds were treated with the above bacterial inoculants after preparing semisolid slurry by
mixing with carboxy methyl cellulose as an adhesive and shade dried for 30 min before
sowing. The crop was harvested when most of the plants turned yellow and attained
physiologica maturity. The biometric observations were recorded at tillering, panicle
initiation, flowering and harvesting stages of the crop. For assessing the effect of
diazotrophic isolates on yield attributes such as panicle length (cm), test weight (g), grain
yield (kg ha') and straw yield (kg ha™) were recorded at the time of harvest. Soil enzyme
activity viz., fluorescein diacetate (FDA) hydrolysis, arginine deaminase (ADA) activity



were measured as described in 3.5. The nitrogen content in the plant sample on dry
weight basis was estimated by Micro Kjeldhal Method as suggested by Subbiah and
Asija (1956) and expressed as kg ha™.

3.16. Statistical analyses

All the data were subjected to dtatistical analysis with softwares, SPSS
(Kirkpatrick and Feenay, 2005) and Microsoft Excel for Windows 2007 add-ins with
XLSTAT Version 2010.5.05 (XLSTAT, 2010). Statistically significant differences
between the treatments were analyzed using anaysis of variance (ANOVA) and
Duncan’s Multiple Range Test (DMRT) at 5 % significance level. To revea similarities
and differences between sample plots and the relationships between different variables,
principa component analysis (PCA) (Wold et al., 1987) was performed on al data.
In a PCA model, the objects (samples) are represented by their scores and the variables
are represented by their loadings. The scores and loadings can be presented in a graph
where two components are plotted against each other. In ascore plot, similar samples will
be positioned close to each other and in loading plots, positively correlated variables will
be positioned close to each other and negatively correlated will be opposite to each other.
Samples that are high in a specific variable will be pulled towards the area of the score
plot where the variable in the corresponding loading plot is located. The number of
variables was reduced by excluding those explained to less than 50 % by the significant

components.



Experimental Results



CHAPTER IV

EXPERIMENTAL RESULTS

In the present study, diazotrophic bacteria were isolated from rhizosphere and
internal tissuses of ten selected grass species. The diazotrophic bacteria were screened and
identified using 16S rRNA gene sequencing. The presence of nif gene was detected by PCR
using universa primers. These cultures were found to produce multiple plant growth
promoting substances and tolerance to various abiotic stresses. Gnotobiotic experiment
was conducted to screen the efficient diazotrophic isolates on the growth of rice. Further, the
efficient cultures were evaluated for their performance in rice by fiedd experiment.

The results obtained are presented below.

4.1. Physio-chemical and biological properties of rhizosphere and non-rhizosphere soil

samples obtained from selected grass species

Based on their predominance in each region, a total of 10 different grass species
viz ., Brachiaria reptans, Cenchrus glaucus, Saccharum spontaneum, Panicum repens,
Cyperus rotundus, Dactyloctenium aegyptium, Chloris barbata, Oryza rufipogon,
Cyanodon dactylon and Setaria verticillata aong with the soil (rhizosphere and non -

rhizosphere) were sampled (Fig. 3 and Platel).

The samples collected from different locations were analysed for soil reaction and
salt concentrations. Accordingly soils were grouped as dlightly acidic, highly acidic,
alkaline, saline, saline —sodic and acid sulphate. The various grass species that dominated
the different soil groups are C. glaucus (slightly acidic), O. rufipogon (highly acidic),
C.dactylon (alkaline), B. reptans, S. spontaneum, P. repens, C. Barbata, S. verticillata
(saline), C. rotundus (saline-sodic) and D. aegyptium (acid sulphate) (Table 4).

The soil microbial population of selected grass species from different regions
were enumerated and presented in Table 5. From the results, it was found that
the rhizosphere soil samples from B. reptans harboured more number of bacteria
(8.64 + 0.18 log cfu g™ dry weight of soil) and actinobacteria (4.30 + 0.81 log cfu g™* dry
weight of soil). The maximum funga population (5.31 + 0.31 log cfu g™ dry weight of soil) and
diazotrophs (5.18 + 0.53 log cfu g™ dry weight of soil) were recorded from P. repens and



Table 4. Physio-chemical properties of rhizosphere and bulk soil samples of

physiographic regions

grass species collected from different

: : I
Gresspecies Source oH EC_l ESP 0% Available Nutrients (kg ha™)
(dSm™) N P K

B. reptans R 7.2 (£ 0.18)' 45 (+0.23)° 105 (£ 0.67)° 1614 (+235)° 275(+x126)9 134.2(+13.8)

' B 74(£028)"  46(x024)%® 107 (+0.34)° 1504 (+ 215"  235(x12.8)"  127.2(+12.2)

C. glaucus R 6.2 (+ o.osf 2.7 (+ 0.98)° 4.2 (+0.34)' 128.8 (+ 13.1)°  405(+12.7)* 2953 (+ 24.1)

B 6.2 (+ 0.08) 2.7 (+ 0.98)° 4.2 (+0.34)' 1265 (+125)%  395(x13.7)°  285.3(x 23.1)"

S, spontaneum R 82(+0.28¢  45(+0.56)° 8.1 (+ 0.45)' 184.7 (+ 12.8)*  39.3(+14.7)°  230.5(+ 45.7)°

B 85(+0.26)°  4.6(+x0.36)* 8.3 (+ 0.45)" 180.7 (+ 23.8)>  34.2(+12.7)° 2135 (+47.9)°

Panicum repens R 7.3+0.23)" 4.7 (+ 0.14)° 8.5 (+ 0.42) 1198 (+ 159"  195(+x16.9)°  117.4(+ 135)°

B 7.5+ 0.45)" 45 (+0.13)° 8.5 (+ 0.23)" 1038 (+12.9° 145(+12.9°  109.4 (+ 11.4)"

C. rotundus R 87 (x0.22%®  4.2(x0.12) 185 (+ 0.41)°  156.8(+23.6)° 29.0(+189)°  159.5(+ 15.2)"

B 88(+0.32%  4.3(x0.24) 185(+0.54)°  1288(+16.8)°  27.0(+x17.9)" 1345 (+ 12.1)"

D aegyptium R 38(x0.26)" 0.8 (x0.06)" 1.2 (£ 0.78)° 1405(+ 16.8)  25.0(x15.9)  188.7 (x 14.4)i
' B 39(x026)"  0.8(x0.07)" 1.3 (+ 0.78)° 1386 (+ 1.11) 234 (+x16.7)™ 180.7 (+ 12.4)

C barbata R 7.7(£045)° 63 (+0.24)" 75 (* o.45)'k 149.5 (+ 23.6)"‘ 280 (+16.8)" 2149 (+22.7)

B 7.7(x045°  6.6(x0.24)? 7.7 (£ 0.45) 1475 (+ 466)  22.6(+16.8)"  213.9(+215)°

O.rufipogon R 53(+0.67)  0.72(x0.04)" 1.5 (£ 0.35)" 1324 (+ 12.7)"  26.8(+14.4)  170.4 (+ 23.8)

B 5.6(x057)  0.77 (x 0.04)" 1.8 (+0.38)" 1304 (£ 10.7)°  24.8(+126)  168.3 (% 21.9)

C.dactylon R 8.6(£0.18)®  0.18(x 0.06)f 25.0 (+ 0.13)° 152.4 (£ 16.8)'  19.3(+12.6)% 2785 (+ 13.1)°

' B 8.8(+0.18*  0.20 (+ 0.08) 27.0(x0.34% 1604 (+16.8)" 183(+10.4) 2689 (+ 12.1)°

Sverticillata R 75(+0.89)°  58(+0.67) 8.2 (+ 0.67)" 1483 (+ 189  255(+32.6)  154.6 (+ 31.8)"

B 76(x 095 57 (+0.78)° 8.4 (+ 0.79)" 1333 (+189™  215(+326)°  1435(+32.8)°

Values are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as
detected by DMRT (p < 0.05); R- Rhizosphere; B-Bulk soil; EC- Electrical conductivity ; ESP- Exchangeable sodium percentage



Table 5. Population of culturable soil microbial communities from rhizosphere and bulk soil samples of grass species collected

from different physiographic regions

Culturable soil microbial population (log cfu g dry weight of soil)

Grass species Source Bacteria Fungi Actinobacteria Diazotrophs
B. rentans R 8.64 (+ 0.18)* 5.23 (+ 0.23)® 4.30 (+ 0.81)* 5.01 (+ 0.45)%®
Tep B 8.29 (+ 0.34)*' 5.12 (+ 0.20)"¢ 4.05 (+ 0.20)° 4.48 (+ 0.51)"
C. alaucus R 8.38 (+ 0.08)*° 5.13 (+ 0.10)>¢ 3.60 (+ 0.15)' 5.03 (+ 0.40)®
9 B 8.23 (+ 0.38)°¢ 5.08 (+ 0.12)*¢ 3.30 (+ 0.08)° 4.60 (+ 0.45)'
S spontanedm R 8.35 (+0.25)¢ 5.11 (+ 0.13)*¢ 3.91 (+ 0.73)*™ 4.97 (+ 0.45)*¢
¥ B 8.16 (+ 0.88)%¢ 4.98 (+ 0.20) 3.90 (+ 0.21)™ 4.70 (+ 0.58)'
B repens R 8.44 (+ 0.03)® 5.31 (+ 0.31)? 3.92 (+ 0.58)* 4.72 (+ 3.53)%¢
Tep B 8.12 (+ 0.86)" 5.04 (+ 0.36)*¢ 3.72 (+ 0.45)¢ 4.78 (+ 0.15)*
C. rotundus R 8.08 (+ 0.58)%" 5.16 (+ 3.18)*° 3.70 (+ 0.52)% 4.82 (+ 0.28)°"
' B 7.95 (+ 0.15)" 5.03 (+0.23)"¢ 3.85 (+ 0.53)* 4.75 (+ 0.84)*
D. aervotium R 8.16 (+1.25)%9 5.20 (+ 0.33)®° 3.92 (+ 2.33)"™ 5.03 (+ 0.28)®
- aep B 7.93 (+ 0.28)" 5.03 (+ 0.56)"" 3.80 (+ 0.87)** 4.90 (+ 0.55)"
C barbata R 8.40 (+ 0.20)® 5.18 (+ 0.24)*° 3.95 (+ 0.65)®° 5.03 (+ 0.24)®
' B 8.24 (+ 0.82)%¢ 4.96 (+ 0.20)" 3.79 (+ 0.67)* 4.78(+ 0.56)*
0. rufinodon R 8.20 (+ 0.73)*¢ 5.08 (+ 0.15)*¢ 3.98(+0.73)° 5.18 (+ 0.53)*
- TUpog B 8.09 (+ 0.45)%" 4.97 (+ 0.18)° 3.93 (+0 58)™ 4.75 (+ 0.76)%
c. dactvion R 8.27 (+ 0.23)*" 5.04 (+ 0.35)°¢ 3.78 (+ 0.08)¢ 4.98 (+ 0.20)®°
- dacy B 8.16 (+ 0.25)%¢ 5.01 (+0.23)%9 3.70 (+ 0.53)" 4.80 (+ 0.86)°"
S verticillata R 8.37 (+0.45)*° 5.15 (+ 0.35)*° 3.82 (+ 0.32)* 4.97 (+ 0.42)®°
B 8.31 (+ 0.20)**° 5.02 (+0.16)%9 3.78 (+ 0.43)* 4.88 (+ 0.25)"°

Values are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as

detected by DMRT (p < 0.05); R- Rhizosphere; B-Bulk soil.
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Plate 1. Grass species selected for analysing the diazotrophic diversity. A. Brachiaria reptans
B. Cenchrus glaucus; C. Saccharum spontaneum; D. Panicum repens ; E. Cyperus
rotundus; F. Cyanodon dactylon; G. Oryza rufipogon; H. Chloris barbata; |. Setaria
verticillata; J. Dactyloctenium aegyptium


//upload.wikimedia.org/wikipedia/commons/f/fb/Saccharum_spontaneum_-_Indian_Botanic_Garden_-_Howrah_2012-09-20_0174.JPG
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O. rufipogon respectively. In general the rhizosphere soil of grass species harboured more

number of total bacteria, fungi, actinobacteria and diazotrophs.

The soil biochemical activity was quantified by using fluorescein diacetate (FDA)
hydrolysis and arginine deaminase (ADA) activity. The FDA hydrolysis rate was higher
in the rhizosphere soil of C. glaucus (14.09 +0.30 pg fluorescein g*h™) and C. rotundus
(13.88 +0.16 ug fluorescein g* h™) .While, the least in the bulk soil of S verticillata
(2.22 +0.02 pg fluorescein g* h!) (Fig. 4A and B).

The arginine deaminase activity was found to be maximum in rhizosphere soil of
C. glaucus (4.4 +0.17 pg ammonia released g* soil h™) which was on par with
rhizosphere soil of O. rufipogon (4.3 +0.09 pg ammonia released g™ soil h™). The lower
arginine deaminase activity were observed in bulk soil of S verticillata (2.0 £0.32 ug
ammonia released g™ soil h™). The soil biochemical activity were found to be less with

the bulk soil when compared to rhizosphere soil of all the sasmplestested (Fig. 4A and B).

4.2. lIsolation of rhizosphere and putative endophytic diazotrophs from selected

grass species

Sixty diazotrophic isolates were obtained by using four N-free media after 5 days
of incubation (Table 6). The highest number of diazotrophs were isolated from the soil
samples of O. rufipogon and NFMM (N-free malate medium) gave the maximum amount
of diazotrophic isolates (32) followed by LGI (28) medium.

Thirty-six of endophytic isolates were obtained from the tissues of ten selected
grass species and Rennie semisolid media gave the maximum amount of endophytes (12).
These 36 isolates were used for further re-infection study (Koch's postulates). Only 22

bacterial isolates were re-isolated from gnotobiotically grown rice seedlings (Table 7).

Among the twenty two isolates, seven isolates were positive for pectinase activity,
ten were able to grow on cellulose medium and 12 isolates showed the motility in
semisolid agar medium. Six isolates recorded positive for both cellulase and pectinase

activity and only oneisolate (ORE7) was positive for all the three activity (Table 8).



Table 6. Selected diazotrophic isolates from rhizosphere of grass species collected
from different physiographic regions

Grass soecies Isolate Isolation Number of Total number
P code media diazotrophs of diazotrophs

NFMM 3

B. reptans BR LGI 1 5
JINFb 1
NFMM 5

C. glaucus CG 7
LGI 2
NFMM 3

S spontaneum SS LGI 1 5
TDM 1
NFMM 2

P .repens PR LGI 2 5
JINFb 1
NFMM 3

C. rotundus CR 6
LGl 3

b . DA JINFb 1 )

. aegyptium

TDM 1
NFMM 3

C. barbata CB LGI 2 7
JINFb 2
NFMM 5

O. rufipogon OR LGI 3 10
JINFb 2
NFMM 4

C. dactylon CD 7
LGI 3
NFMM 4

S verticillata SV 6
TDM 2

NFMM - N free malic acid medium; Nfb- N free bromothymol blue medium;
JINFb - Junior N free bromothymol blue medium; DM-total diazotroph medium



Table 7. Selection of putative endophytic diazotrophs from grass species collected
from different physiographic regions

Putative Total
Samole name Isolate Isolation Diazotrophic diazotrophic  number of
P code media endophytes endophytes putative
diazotrophs
Nfb 1 0
B. reptans BRE 0
Rennie 1 0
Nfb 3 2
C. glaucus CGE 4
Rennie 2 2
S spontaneum SSE JINfb 2 1 1
Nfb 2 1
P. repens PRE 2
LGI 2 1
Nfb 3 2
C. rotundus CRE 4
Rennie 2 2
D. aegyptium DAE LGI 1 0 0
LGI 2 1
C. barbata CBE _ 2
Rennie 1 1
SM 4 2
O. rufipogon ORE SSM 1 1 7
Rennie 4 4
LGI 2 1
C. dactylon CDE 1
Rennie 2 0
S verticillata SVE JINfb 1 1 1

Nfb - N free bromothymol blue medium; IJNFb- Junior N free bromothymol blue
medium; SM- Semi solid malate medium; SSM -Soil saturation extract semi solid malate
medium



Table 8. Characterization of the putative endophytic diazotrophs from grass species
collected from different physiographic regions

|solates Cellulase Pectinase Motility
CGE1 T N -
CGE2 + - +
CGE3 + + )
CGE4 ; ] +
SSE5 ] . ]
PRE1 ; ] +
PRE2 ] . ]
CRE7Y - B} +
CRES + + )
CRE9 } ) )
CRE10 - - +
CBES + ) )
CBE9 + + )
CBE10 ] + N
ORE7 + + N
ORE9 + ] +
ORE10 ] ) )
ORE11 + . )
ORE12 + . )
ORE13 + + )
CDE4 - B} +
SVE9 ] ] 4
G.diazotrophicus (PALS )* + + +

+ positive; - Negative; *standard strain
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4.3. Preliminary screening for diazotrophy of the isolates obtained from selected

grass species
4.3.1. Growth of diazotrophic isolates in N- free medium

The diazotrophic isolates from ten selected grass species were tested for ther
ability to grow in N-free medium as qualitative evidence of the atmospheric nitrogen
fixation (Table 9). Out of sixty diazotrophic isolates, thirty seven isolates recorded
positive growth in N- free medium whereas among the twenty two endophytic isolates,
twenty one isolates recorded positive growth in N-free medium (Table 9).

The isolates with positive growth in N- free medium were further analyzed for the

presence of total Nitrogen and ammonia.
4.3.2. Total Nitrogen (N) and ammonia production by the diazotrophic isolates

Total N of rhizosphere diazotrophs varied from 1.8+0.36 to 14.7+0.12 mg N g™of
malate. Among the rhizosphere diazotrophs tested, isolate CD1 produce the maximum
amount (14.7 + 0.12 mg N g™ of malate) of nitrogen. Theisolate BR2 (1.8 + 0.36 mg N g* of
malate) produced the least amount of total nitrogen. The quantity of ammonia production
by rhizosphere diazotrophs varied between 1.1+ 0.04 to 4.2 + 0.26 mg ml™*. Among the
isolates, CB2 produced maximum quantity of ammonia (4.2 + 0.24 mg ml™) (Table 10).

In endophytic isolates, CRE9 was found to produce the highest amount
(11.7+0.23 mg N g of malate) of total N content. The quantity of ammonia production
varied between 1.1 + 0.08 to 54 + 0.37 mg ml™. The endophytic isolate CRE10

(5.4+0.37mg ml™) registered the maximum amount of ammonia production (Table 11).

Based on total nitrogen and ammonia production, twenty eight rhizosphere

isolates and twenty endophytic diazotrophs were selected for secondary screening.

4.4. Secondary screening for diazotrophy of the isolates obtained from selected grass

species
4.4.1. Nitrogenase enzyme activity of diazotrophic isolates

The nitrogen fixing ability was determined by acetylene reduction assay and the
results are reported in Table 12 and 13. The nitrogenase enzyme activity of the rhizosphere



Table 9. Growth pattern of rhizosphere diazotrophic isolates in N- free medium

Growth Growth Growth
Isolate (Aesonm) Isolate (Aesonm) |solate (Aesonm)
Rhizosphere diazotrophs
BR1 +++ CR2 ++ OR5 +
BR2 + CR3 ++ OR6 +
BR3 - CR4 - OR7 +
BR4 - CR5 - OR8 +
BR5 - CR6 - OR9 +
CG1 ++ DA1 - CD1 ++
CG2 - DA2 ++ CD2 +++
CG3 +++ DA3 - CD3 ++
CG4 + DA4 - CD4 -
CG5 + DA5S + CD5 -
SS1 - CB1 ++ CD6 -
SS2 - CB2 +++ CD7 -
SS3 - CB3 ++ Sv1 ++
SA ++ CB4 ++ Sv2
SS5 - CB5 +++ Sv3
PR1 ++ CB6 + SV4 +
PR2 ++ CB7 + SV5 -
PR3 - OR1 ++ SV6 -
PR4 - OR2 +++ Alipoferum (Az 204)* ++
PR5 - OR3 + Control -
CR1 ++ OR4 +
Endophytic diazotrophs
CGE2 + CRE9 +++ ORE13 +
CGE3 + CRE10 + CBES ++
CGE4 ++ ORE7 +++ CBE9 ++
SSE5S + ORES8 - CBE10 ++
PRE1 ++ ORE9 + CDE4 ++
PRE2 + ORE10 ++ SVE9 ++
CRE7 . ORE11 ¥ G.d ?Ffzt[‘;g’f' cus -
CRES8 ++ ORE12 + Control -

no growth (< 0.10 OD) ; + (0.1to 0.3);

++ (0.3t00.5); +++ (>0.5), *standard strain



Table 10. Total nitrogen and ammonia production by diazotrophic isolates from
rhizosphere of grass species collected from different physiographic regions

|solate Total nitrogen (mg g~ of malate) Ammonia (mg ml™)
BR1 13.2 (+ 0.58)*° 3.0(+0.19)°
BR2 1.8 (+ 0.36)"™ 2.7 (+ 0.28)*
CG1 10.2 (+ 0.12)% 3.0 (+0.24)°
CG3 7.4 (+ 0.58)% 2.7 (+ 0.56)™
CG4 ND ND
CG5 10.3 (+ 0.16)* 1.2 (+ 0.13)¥
S34 9.8 (+ 0.35)° 2.3 (+ 0.23)®
PR1 9.3 (+ 0.35) 2.2 (+ 0.23)*
PR2 5.1 (+ 0.45) 2.1 (+0.14)*9
CR1 6.5 (+ 0.78)%* 2.2 (+ 0.14)%
CR2 12.6 (+ 0.23)™ 1.9 (+ 0.14)%"
CR3 10.1 (+ 0.69)%* 1.7 (£ 0.12)"
DA2 ND ND
DA5 ND ND
CB1 7.1 (+ 0.45)% 1.2 (+ 0.08)%
CB2 13.8 (+ 0.89)® 4.2 (+ 0.26)%
CB3 10.9 (+ 0.98)%* 2.2 (+ 0.13)%
CB4 11.7 (+ 0.42)“ 2.1 (+0.23)%
CB5 3.2(+0.798) 1.1 (+ 0.09)
CB6 ND ND
CB7 2.1 (+ 0.20)™ 2.0 (x 0.08)¢
OR1 2.0 (+ 0.48)'™ 1.9 (+ 0.20)%"
OR2 ND ND
OR3 11.6 (+ 0.14)“ 3.0(+0.12)°
OR4 2.7 (+0.18)™ 1.1 (+ 0.04)*
OR5 6.3 (+ 0.53)™ 1.4 (+ 0.10)%
OR6 ND ND
OR7 9.4 (+ 0.10)% 2.3 (+ 0.24)%
ORS8 ND ND
OR9 ND ND
CD1 14.7 (+ 0.12) 2.7 (+0.17)™
CD2 9.3 (+ 0.01)* 2.1(+0.16)*9
CD3 6.6 (+ 0.14)%* 2.1 (+0.14)%9
svi 7.5 (+ 0.24)" 1.9 (+ 0.12)*"
Sv2 7.2 (+ 0.84)%" 1.2 (+ 0.07)¥
sv3 6.4 (+ 0.70)%* 2.4 (+0 .15)™
sv4 ND ND

A. lipoferum (Az 204)* 5.50 (+ 0.60)" 1.8 (+ 0.13)"
Control 0.04 (+ 0.01)° 0.09 (+ 0.01)

Vaues are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly

different from each other as detected by DMRT (p < 0.05); ND : Not detected; * standard strain.



Table 11. Total nitrogen and ammonia production by endophytic diazotrophs from

grass species collected from different physiographic regions.

|solate Total nitrogen (mg g™ of malate) Ammonia (mg mi™)
CGE2 5.1 (+ 0.16)" 1.5 (+ 0.10)"
CGE3 10.5 (+ 0.65)° 3.0(+0.19)°
CGE4 7.3(x0.11)° 1.4 (+ 0.14)
SSE5 2.3 (+ 0.69)° 1.1 (£ 0.12)
PRE1 5.1(+ 0.45)" 1.1 (+0.08)
PRE2 9.0 (+ 0.20) 1.7 (£ 0.14)
CRE7 10.4 (+ 0.46)®° 1.7 (+ 0.07)"
CRES 2.2 (+0.12)° 1.8 (+ 0.11)
CRE9 11.7 (+ 0.23)* 3.0 (+ 0.19)°
CRE10 11.0 (+ 0.85)® 5.4 (+ 0.37)
ORE7 9.8 (+ 0.60)°™ 1.9 (+ 0.12)°
ORE9 11.4 (+ 0.19)® 2.3 (+ 0.14)°
ORE10 5.4 (+ 0.18)f 1.2 (+ 0.07)"
ORE11 ND ND
ORE12 8.3 (+ 0.50)%* 2.6 (+ 0.06)°
ORE13 1.2 (+ 0.40)" ND
CBES 7.6 (+ 0.85)° 1.2 (+ 0.05)
CBE9 2.5 (+ 0.51)¢ 1.9 (+ 0.20)°
CBE10 5.7 (+ 0.10)f 1.6 (+ 0.12)"
CDE4 ND ND
SVE9 5.7 (+ 0.88)' 1.4 (£ 0.12)
A. lipoferum (Az 204)* 5.5 (+ 0.60)" 1.8 (+ 0.13)7
Control 0.04 (+ 0.02)’ 0.03 (+ 0.02)

Values are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly
different from each other as detected by DMRT (p < 0.05);ND : Not detected; * standard strain.



Table 12. Nitrogenase activity of diazotrophic isolates from rhizosphere of grass
species collected from different physiographic regions

Nitrogenase activity

Isolate (n moles of ethylene mg™* of protein h?)
BR1 84.45 (+ 3.98)"
BR2 ND

CG1 107.37 (+ 14.35)°
CG3 99.58 (+ 6.41)
CG5 120.5 (+ 21.65)"
S4 133.0 (+9.23)°
PR1 ND

PR2 ND

CR1 ND

CR2 131.79(+ 14.46)"
CR3 89.20 (+ 5.43)"
CB1 ND

CB2 99.58 (+ 4.89)
CB3 75.45 (+ 4.29)
CB4 127.7 (+ 14.40)°
CB5 ND

CB7 ND

OR1 ND

OR3 172.25 (+ 13.95)2
OR4 ND

OR5 50.83 (+ 3.28)"
OR7 131.57 (+ 12.57)"
CD1 151.58 (+ 16.27)°
CD2 95.91 (+ 5.41)
CD3 ND

svi 108.4 (+ 8.45)°
Sv2 ND

sv3 ND

A. lipoferum (Az 204)* 48.29 (+ 1.03)"

Values are mean (= SE) (n=3) and values followed by the same letter in each column are
not significantly different from each other as detected by DMRT (p < 0.05); *standard
strain; ND- not detected



Table 13. Nitrogenase activity of endophytic diazotrophs in grass species collected
from different physiographic regions

Nitrogenase activity

|solate 1 !
(n moles of ethylene mg ™ of protein h™)

CGE2 ND

CGE3 171.45 (+ 11.80)2

CGE3 ND

SSE5 ND

PRE1 ND

PRE2 91.33 (+ 6.51)'

CRES ND

CRE9 163.45 (+ 21.56)°

CRE10 155.35 (+ 15.41)°

CBES ND

CBE9 87.33 (+ 4.14)°

CBE10 ND

ORE7 116.16 (+ 20.8)°

ORES ND

ORE9 125.79 (+ 23.24)"

ORE10 ND

ORE11 ND

ORE12 ND

ORE13 ND

CDE4 ND

SVE9 83.37 (+ 4.67)"

G. diazotropicus (PAL5) * 47.0 (+ 3.41)"

Values are mean (= SE) (n=3) and values followed by the same letter in each column are
not significantly different from each other as detected by DMRT (p < 0.05); ND : not
detected; * standard strain



diazotrophic isolates ranged from 48.29 + 1.03 to 172.25 +1.95 n moles ethylene mg™
protein h™’. The highest nitrogenase activity was exhibited by isolate OR3 (172.25 +13.95 n
moles ethylene mg™* protein h™) followed by CD1 (151.58 +13.27 n moles ethylene mg™*
protein h%). The standard culture A. lipoferum (Az 204) showed comparatively lower
ARA activity (48.29 +1.03 n moles ethylene mg™ protein h™) than the other isolates
(Table 12).

From the endophytic diazotrophs, highest ARA activity was found in CGE3
(171.45 +11.80 n moles ethylene mg™* protein h'™). The standard culture G.diazotrophicus
showed the least nitrogenase activity of 47.0 +1.41 n moles ethylenemg™ protein h(Table 13).

Based on the nitrogenase activity, 16 isolates from rhizosphere and 8 isolates
from endophytes were selected and used for further studies.

4.5. Morphological characterization of diazotrophic isolates from selected grass species

The selected both rhizosphere and endophytic diazotrophic bacterial colonies
were characterized by cell shape, morphology, Gram reaction (Table. 14). Among the
Sixteen isolates, four were Gram positive and remaining isolates were Gram negative.
In endophytes three were Gram positive and the rest were Gram negative. In general
all the diazotrophs were rod shaped cells of varying length. The colony morphology
varied from small, round, circular, raised or irregular. The isolates exhibited varied

colony colours viz., white, off-white, dull white, yellow, orange and cream.
4.6. Metabolic diversity of diazotrophs isolated from selected grass species
4.6.1. Differential carbon substrate utilization by diazotrophs

The growth of diazotrophic isolates in modified nitrogen free medium
supplemented with different carbon substrates was recorded as presence or absence of
growth after seven days of incubation (Table 15). Differences were observed in the
carbon substrate utilization profile among the isolates. The dendrograms showing the
relatedness of 24 rhizosphere and endophytic diazotrophs are depicted in Fig.5.
In dendrogram, the Jaccard's similarity coefficient (> 0.75) clustered the both

rhizospheric and endophytic diazotrophs into 7 different groups. The results revealed that



Table 14.

species collected from different physiographic regions

Morphological characterization of diazotrophic isolates from grass

Isolate M ;glh%rll)(;gy Colony Colour Cell Shape  Gram reaction
Rhizosphere diazotrophs

BR1 irregular creamy white rod -
CG1 circular creamy white rod -
CG3 irregular cream rod -
CG5 round creamy white rod +
SHA irregular dull white rod +
CR2 round white rod -
CR3 small round creamy white rod -
CB2 round cream rod -
CB3 circular creamy white rod +
CB4 round orange rod -
CD1 circular dull white rod -
CD2 small round dull white rod +
OR3 small round creamy white rod -
OR5 irregular creamy white rod -
OR7 circular creamy white rod -
Svi circular white rod -
Endophytic diazotrophs

CGE3 circular creamy white Clrjg\éid -
PRE2 circular pale yellow rod -
CRE9 circular cream rods +
CRE10 irregular creamy white rod -
CBE9 circular creamy white rod +
ORE7 round creamy white rod -
ORE9 circular dull white rod -
SVE9 irregular white rod +

+ Gram positive; - Gram negative



Table 15. Differential carbon substrate utilization pattern of diazotrophic isolates of grass species collected from different
physiographic regions

Carbon source®

Isolate . , ,
D-Glucose  D-Xylose  Fructose  Mannitol Amylose Betaine Citrate  Cellulose  Sarch  Glycerol  Tartrate  Acetate

Rhizosphere diazotrophs

CG1 + - - + + - + + + + + +
BR1 + + - + + - + + + + + +
CG3 + + - + + - + + + + + -
CG5 + + - + + + - + + + + +
CD1 + - + + - - + + + - - +
CD2 + + - + + - - + + + + +
CB2 + + - - + + + + + + - +
CB3 + + - + - + + + - - - -
CB4 + - - + + + + + + - +
CR2 + - - + + + + + + - - +
CR3 + + - + - + + + - - + -
Svi1 + + + + + - + + + - + -
SS4 + - + + - + + - - + -
OR3 + + - - + + + + + - - +
OR5 + - + + - + + + + + +
OR7 + - + + - - + + - - + +
Endophytic diazotrophs
CGE3 + + - + - + + + + - -
PRE2 _ - + + - + + + + + -
ORE7 + + - + - + + + - - - +
ORE9 + + - + - - + - + + + -
CBE9 + + - + - + + + - - - +
CRE9 + - + + - - + + - - - +
CRE10 + + - + + - + + + + + +
SVE9 + + + + + - + + + - - +

& Carbon substrates were supplemented in modified N free medium at 1% (w/v);+ Presence of growth; - Absence of growth
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Fig. 5. Dendrogram showing relatedness of diazotrophic isolates from grass species of different
physiographic region using differential carbon substrate utilization profiling. The binary data
showing presence or absence of growth in different carbon substrates were used for clustering the
isolates by Jaccard’s similarity index. The coefficient 20.75 was used to group the isolates into different
groups.



group | comprised of nineisolates. Group I, IV, and V comprised of each 2 isolates. One
isolate ORE9 formed group 111 and the Group VI consists of CRE9, S$4, CD1 and OR7
and group VIl comprised of four isolates.

4.6.2. Intrinsic antibiotic resistance (IAR) of diazotrophs

The presence or absence of inhibition zone around the antibiotic discs was
observed to validate the susceptibility or resistance of the isolates to 12 different
antibiotics (Table 16). Using the similarity index (> 0.75), clustering of the isolates was
calculated and represented as dendrogram (Fig. 6). In dendrogram, the Jaccard's
similarity coefficient & 0.75) clustered the rhizospheric and endophytic diazotrophs into
7 different groups. The results showed that group | comprised of ten isolates and group
Il clustered to seven isolates. The group Il and VII consist of each two isolates only.
Thegroup 1V, V and VI have only oneisolate.

4.7. ldentification of rhizosphere and endophytic diazotrophic isolates by 16S rRNA

gene sequence homology and phylogeny construction

The total genomic DNA of all the 24 isolates from rhizosphere and endophytic
were extracted to amplify the 16S rRNA (Plate 2). High concentration of good quality
genomic DNA with A260 / A280 value ranging between 1.8 and 2.0 was obtained.
In order to gain insights about the bacterial identity, the full length DNA amplification
and sequencing of 16S rRNA gene was performed (Plate 3). The 16SrRNA geneof dl the
24 isolates was amplified using universd primers FD1 and RP2. All amplified products
produced a single band with approximately 1500 bp length and the differences among

them were not visible in 1 per cent agarose gel.

Comparative BLAST anayses which include the closest species, and per cent
homology of full length 16S rRNA revealed the presence of diversity of Gamma
proteobacteria and Firmicutes (Table 17). The isolates CR2, CR3 SV1 showed close
similarity to K. pneumonia and the isolates CG1, CB4, OR7 found close similar to
Klebsiella sp. The isolates BR1, CG3 and ORE7 were found to be closely similar to
Enterobacter sp. The isolate SVE9 and CD1 belong to E. sacchari and S marcescens
respectively. The isolates CB2, OR3 and CRE9 showed high resemblance to Serratia sp.
The isolate CB3 was closely resemble to B. subtilis. The isolates CG5 and CD2 which



Table 16. Intrinsic antibiotic resistance (IAR) profile of diazotrophic isolates of
grass species collected from different physiographic regions

Antibiotics

Isolates -
At C Au Ce Cs Cu E P Cf Cw C(Cqg

Rhizosphere diazotrophs
BR1 - -
CG1 - -
CG3 - -
CG5 - -
SHA - -
CR2 - -
CR3 - -
CB2 - -
CB3 - -
CB4 - -
OR3 - -
OR5 - -
OR7 - -
CD1 - -
CD2 - -
Svi1 - - - -

+ + + 4+ o+ + o+ o+ o+
+

+ 4+ 4+ + 4+
+
+ 4+ + + + + + + + + + + + + o+ 4+

+ 4+ + + + + + + 4+ 4+ + o+ o+ o+ o+ 4
+ 4+ + + + + + + 4+ 4+ + o+ o+ o+ o+ 4

+ 4+ + + + + + + + + + + 4+
1
1

Endophytic diazotrophs
CGE3 - -
PRE2 - -
ORE7Y - -
ORE9 - -
CBE9 - -
CRE9 - -
CRE10 - -
SVE9 - -

+ + + 4+ + + + 4+
+ o+ o+
+ + + 4+ + o+ + 4+

+ + + + + 4+ + 4+
+ + + + + 4+ o+ 4+
+
1

1
1
+ + + + o+

+

+ Presence of growth; - Absence of growth
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Fig. 6. Dendrogram showing relatedness of diazotrophic isolates from grass species of different
physiographic region using intrinsic antibiotic resistance (IAR). The binary data showing
presence or absence of growth in different carbon substrates were used for clustering the isolates by

Jaccard’s similarity index. The coefficient 20.75 was used to group the isolates into different groups.
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Plate 2. Agarose gel electrophoresis of genomic DNA extracted from diazotrophs
isolated from grass species. M- 1kb DNA ladder; 1 to 16- Rhizosphere
diazotrophic isolates; 17-24- Endophytic diazotrophs.
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Plate 3. Agarose gel electrophoresis of amplicons of 16S rRNA gene from diazotrophic
isolates from grass species. M- 1kb DNA ladder; 1 to 16- Rhizosphere diazotrophic
isolates; 17-24- Endophytic diazotrophs.



smilar to Senotrophomonas $p. and Bacillus sp. respectively. The isolates PRE2 and ORE9
closely related to Pantoea sp. and P. agglomerans respectively. The percentage smilarity
of al the isolates to the closest sequence in the Genbank ranged from 94-100 per cent except
the isolates CGE3 (Pseudomonas sp.) and CRE 10 (Pseudomonas sp.) were found 85 and
86% homology respectively. The 16S rRNA gene sequences from the diazotrophic isolates
and the availablel6S rRNA gene sequences from NCBI were aigned and used for
construction of phylogenetic tree (Fig. 7).

4.8. Screening of diazotrophic isolates for the presence of gene (nifH)

The diazotrophic isolates from selected grass species were screened for the presence of
nifH gene by detection of partia amplification of nifH gene. The universal primers nifHb1 and
CDHPnif723R which could amplify 550 bp, were used for screening the isolates by PCR
amplification. The agarose gel of PCR amplification of nifH of al the 24 isolates are presented
in Plate 4. The nifH amplification could be clearly detected in 10 isolates from rhizosphere viz,
Klebsdla sp.(CG1) Enterobacter $.(CG3), Bacillus sp. (CG5), K. pneumoniae (CR2),
K. pneumoniae (CR3), Serratia p.(CB2), B. aubtilis (CB3), S marcescens (CD1), K.
pneumonia (SV1), Serratia $p.(OR3) and 5 isolates from endophytes Pseudomonas p.
(CGE3), Sarratia sp. (CRE9), Pseudomonas sp. (CREL0), Enterobacter $p.(ORE7) and
P. agglomerans (ORED9).

The amplified nifH products were further digested with Haelll enzyme and the
banding pattern were observed (Plate 5). From the results it was clearly showed that, al
diazotrophic isolates having the similar banding patterns. Since there is no difference of

nifH gene among the diazotrophic isolates.

4.9. Plant growth promoting characteristics of diazotrophs isolated from different

grass species
4.9.1. Production of plant growth promoting substances

All the rhizosphere and endophytic diazotrophic isolates gave positive result with
regard to IAA production (Fig. 8A and 8B). Among the rhizosphere diazotrophs, the
maximum amount of IAA was produced by S marcescens (CD1) (30.80 +1.14 pug mg™
protein) followed by K. pneumoniae (CR2) (25.60 + 2.23 pg mg™ protein). In endophytic
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Fig. 7. Neibhour-joining phylogenetic tree based on partial 16S rRNA gene of diazotrophic isolates showing
similarity with bacteria from different groups (Accession numbers are in parentheses). The percentage of
1000 bootstrap replicates are shown at the nodes when at least 50%. The scale bar indicates one changes per 100 bp

nucleotides.
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Multiple Range Test.



Table 17. Authentication of diazotrophic isolates from grass species of different

physiographic regions by 16S rRNA gene sequence homology

Isolate  Grass species Species homology® Percent GenBank
homology” Accession No

Rhizosphere diazotrophs

BR1 B. repens Enterobacter sp. 99 KF906826

CG1 C. glaucus Klebsiella sp. 9 KF906827

CG3 C. glaucus Enterobacter sp. 98 KF906828

CG5 C. glaucus Bacillus sp. 99 KF906830

SHA S spontaneum Senotrophomonas sp. 98 NS

CR2 C. rotundus Klebsiella pneumoniae 98 NS

CR3 C. rotundus Klebsiella pneumoniae 99 KF906829

CB2 C. barbata Serratia sp. 99 KF906831

CB3 C. barbata Bacillus subtilis 98 NS

CB4 C. barbata Klebsiella sp. 98 NS

OR3 O. rufipogon Serratia sp. 96 KF906832

OR5 O. rufipogon Saphylococcus saprophyticus 99 KF906833

OR7 O. rufipogon Klebsiella sp. 98 KF906834

CD1 C. dactylon Serratia mar cescens 97 KF906835

CD2 C. dactylon Bacillus sp. 99 NS

Sv1 Sverticillata Klebsiella pneumoniae 99 KF906836

Endophytic diazotrophs

CGE3 C. glaucus Pseudomonas sp. 85 NS

PRE2 P. repens Pantoea sp. 98 KF906837

CRE9 C. rotundus Serratia sp. 99 KF906838

CRE10 C.rotundus Pseudomonas sp. 86 KF906839

CBE9 C. barbata Bacillus sp. 99 KF906840

ORE7  O. rufipogon Enterobacter sp. 97 KF906841

ORE9 O. rufipogon Pantoea agglomerans 94 KF906842

SVE9 Svetricillata Enterobacter sacchari 99 KF906843

2 Species identified based on the 16S rRNA gene sequence similarity by BLAST ; ° Per cent

similarity of the isolate's sequence in BLAST result; NS-Sequence not submitted
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Plate 4. Agarose gel electrophoresis showing nifH gene amplified from diazotrophs isolated
from selected grass species. M- 100 bp DNA ladder; 1- Klebsiella sp. (CG1),
2- Enterobacter sp. (CG3), 3- B. subtilis (CG5), 4- Stenotrophomonas sp. (SS4),
5- K. pneumoniae (CR2), 6- Klebsiella sp. (CB4), 7- K. pneumoniae (CR3),
8- Serratia sp.(CB2), 9  B. licheniformis (CB3), 10-Serratia sp. (OR3),
11- S. marcescens (CD1), 12- K. pneumoniae (SV1), 13- Klebsiella sp. (Or5),
14- Klebsiella sp. (OR7), 15- Bacillus sp. (CD2), 16- Pseudomonas sp.(CGE3),
17-Serratia sp. (CRE9), 18 - Pseudomonas sp.(CRE10), 19 - Enterobacter
sp.(BR1), 20- B.licheniformis (CBE9), 21- Enterobacter sp (ORE7), 22- E. sacchari
(SVE9), 23- P. agglomerans (ORE9), S- Az 204-A. lipoferum.
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Plate 5. ARDRA profile of nifH gene of diazotrophs isolated from selected grass species.
The amplified 16S rRNA gene from the isolates were digested with Hae 111 and
resolved in 1.5% agorose. M - 100 bp DNA ladder; 1- Klebsiella sp. (CG1),
2-Enterobacter sp. (CG3), 3-B.subtilis (CG5), 4- K. pneumoniae (CR2),
5-K. pneumoniae (CR3), 6-Serratia sp.(CB2), 7- B. licheniformis (CB3), 8-Serratia
sp. (OR3), 9-S. marcescens (CD1), 10-K. pneumoniae (SV1), 11-Pseudomonas sp.
(CGE3), 12-Serratia sp. (CRE9), 13-Pseudomonas sp.(CRE10), 14-Enterobacter sp
(ORET7), 15- P. agglomerans (ORE9), S-Az 204-A. lipoferum.



diazotrophs, the maximum amount of IAA was produced by P. agglomerans (ORE9)
(32.8+ 2.28 ug mg'* protein).

All but one isolate from rhizosphere produced GA where, the highest amount was
produced by S. marcescens (CD1) (24.60 + 2.13 pg mg™ protein) and the least produced
by Bacillus sp. (CD2) (4.10 + 0.04) ug mg™ protein. Among the endophytic diazotrophs,
the highest amount of GA was produced by Pseudomonas sp. (CRE10) (32.9 + 2.12ug mi™)
(Fig. 8A and 8B).

4.9.2. ACC deaminase activity

Among the rhizosphere diazotrophic isolates, seven were able to produce ACC
deaminase where the isolate K. pneumoniae (CR2) registered the highest activity of 92.5 +
8.12 n moles a-ketobutyrate mg™ h™. The least ACC deaminase activity was produced by
standard culture P. fluorescens (Pf1) of 66.9 + 4.61 n moles a-ketobutyrate mg * b (Table 18).

Among the endophytic diazotrophs, five were able show the ACC deaminse activity.
The isolae P.agglomerans (ORE9) recorded maximum ACC deaminse activity
(1235 + 8.17 n moles of a-ketobutyrate mg ™ h) followed by Enterobacter sp. (ORE7)
(105.8 +9.56 n moles of o-ketobutyrate mg * h%) (Table 18).

4.9.3. Siderophore and HCN production

All the rhizosphere and endophytic diazotrophic isolates were able to produce
siderophore. The maximum siderophore production was recorded in S. marcescens (CD1)
(66.30 +3.21 ng mg* protein) followed by K. pneumoniae (CR2) (54.6 + 2.14 pug mg™
protein). Among the endophytic diazotrophs, the maximum (35.5 + 1.22 pg mg™* protein)
siderophore was produced by Pseudomonas sp. (CRE10) followed by Bacillus sp.
(CBE9) (28.5 + 0.30 ug mg ™ protein) (Table 18).

Seven isolates from rhizosphere and five isolates from endophytes were reported
positive results for HCN production which was further quantified. The result showed that the
isolate S. marcescens (CD1) recorded higher hydrogen cyanide production of 68.70+1.13 of
ug mg™ protein followed by Serratia sp. (CB2) and K. pneumoniae (CR2) that showed
62.4 +1.58 and 60.80 +1.18 ug mg * protein respectively (Table 18). Among the
endophytes, maximum HCN production was recorded in Pseudomonas sp. (CRE10)



Table 18. Plant growth promoting activities of diazotrophic isolates from
rhizosphere of grass species

. Siderophore
ACC deaminse ( CaIecholT type) HCN
Isolate (nmoles of a-ketobutyrate M 1 .
mg * protein h%) (g mg (ngmg™ protein)
protein)

Rhizosphere diazotrophs
Enterobacter sp.(BR1) ND 209 (+ 1.15) ND
Klebsiella sp.(CG1) ND 135(+ 1.18) &" 30.6 (+ 1.56)"
Enterobacter sp.(CG3) ND 224 (+ 1.10)® 354 (+ 1.24)°
Bacillus sp. (CG5) 74.3 (£ 7.98)° 384 (x1.19)" 445 (+ 1.37)*
Senotrophomonas p. (S4) ND 189 (+ 1.24)" ND
K. pneumoniae (CR2) 92,5 (£ 8.12)* 54.6 (+ 2.14)° 60.8 (+1.18)°
K. pneumoniae (CR3) ND 135 (+ 1.13)™" ND
Serratia sp. (CB2) 83.9 (+ 4.96)® 235 (+ 2.11)* 624 (+ 1.58)"
B.subtilis (CB3) 87.9 (+ 3.29)* 184 (+ 1.70)"" ND
Klebsiella sp.(CB4) ND 204 (+ 2.24)" ND
Serratia sp.(OR3) 76.8 (+ 2.98)° 66.3 (+ 3.21)° 68.7 (+ 1.13)%
S saprophyticus (OR5) ND 209 (+2.26)" ND
Klebsiella sp.(OR7) ND 493 (+ 2.27)° ND
S marcescens (CD1) 85.3 (+ 6.78)* 224 (+1.24)% 405 (+1.19)*
Bacillus sp.(CD2) 86.9 (+ 9.45)% 56 (+ 0.13) ND
K. pneumoniae (SV1) ND 98 (+ 1.10)" ND
Endophytic diazotrophs
Pseudomonas sp.(CGE3) ND 17.3(+ 1.24) ND
Pantoea sp. (PRE2) ND 16.8 (+ 1.16)" ND
Serratia sp. (CRE9) 95.8 (+ 8.56)° 19.2 (+ 1.25)® 438 (+ 2.54)°
Pseudomonas sp.(CRE10) 67.9 (+ 3.10)° 355 (+ 1.22)% 684 (+ 6.58)°
Bacillus sp. (CBE9) ND 285 (+ 1.30)° ND
Enterobacter sp.(ORE7) 105.8 (+ 9.56)° 16.3 (+ 1.64) 54.9 (+ 5.18)"
P.agglomerans (ORE9) 123.5 (+ 8.17)? 17.5(+ 1.32)° 338 (+ 2.54)"
E. sacchari (SVE9) 63.5 (+ 4.04)° 16.4 (£ 1.24)° 434 (+ 1.19)°
P. fluorescens (Pf1) * 66.9 (+ 4.61)° 294 (+ 2.18)" 333 (+ 1.34)"

Vaues are mean (= SE) (n=3) and values followed by the same letter in each column are not
significantly different from each other as detected by DMRT (p < 0.05);* standard strain; ND- not

detected



(68.4+6.58 ng mg™ protein) followed by Enterobacter sp. (ORE7) (54.9+1.18 pg mg*
protein) (Table 18).

4.9.4. Antagonistic activity

The antagonistic activity of all the diazotrophic isolates against 4 plant pathogenic
organism viz, bacterid leaf blight (Xanthomonas oryzae), sheath blight (Rhizoctonia solani),
blast (Pyricularia oryzae) and sheath rot (Sarocladium oryzae) were evaluated. Among
the 16 isolates, 1 isolate Enterobacter sp. (BR1) inhibited the X. oryzae, 11 isolates
inhibited the R. solani, 9 were found to inhibite the S. oryzae and 9 isolates were effective
against P. oryzae. Four isolates wereinhibited three pathogens except P. oryzae (Table 19).

Among the endophytes, only 7 isolates were effective against R. solani and
6 isolates were able to inhibit the S. oryzae and 4 were found effective against P. oryzae.
None of the endophytic isolates have antagonistic activity against X. oryzae (Table 19).

4.10. Mineral solubilization by diazotrophic isolates from selected grass species
4.10.1. In vitro phosphorus solubilizing potential of diazotrophic isolates

In the qualitative assay, al the sixteen rhizosphere diazotrophs were found to be
positive where, Serratia sp. (CB2) and S marcescens (CD1) exhibited maximum
solubilization efficiency of 250 and 233 per cent respectively (Table 20). The solubilizing
efficiency of endophytic diazotrophs was ranged from 75 to 250 per cent (Table 21) where
Serratia $p. (CRE9) exhibited maximum solubilization efficiency (250 + 2.58 per cent).

Influence of phosphorus solubilizing organisms on the pH titrable acidity, available
phosphorus and phosphatase enzyme production was studied and the results are given in Table
22 and 23. In generd, pH of the medium was decreased with growth of al phosphorus
solubilizing isolates. Among the sixteen rhizosphere isolates, not much variation pH reduction
was observed but for the titrable acidity increased due to the growth of phosphorus solubilizing
organisms. Maximum titrable acidity of 3.4 £0.01 per cent was found with S marcescens
(CD1). The amount of available phosphorus was sgnificantly higher in Klebsiela sp. (OR7)
(0.96 + 0.09 pug mi™) compared to the other isolates. The phosphatase activity was higher in
Saphylococcus saprophyticus (OR5) (12.9 +0.10 pg of PNP released mi™ day™) followed by
Klebsidlla sp. (OR7) (10.90 + 0.29 pg of PNP released ml™ day™) (Table 22).



Table 19. Antagonistic activity of diazotrophic isolates from grasses species against rice
plant pathogens

Rice plant pathogens
|solate

X. oryzae R. solani S oryzae P. oryzae

Rhizosphere diazotrophs
Enterobacter sp.(BR1) + - - -
Klebsiella sp.(CG1) -
Enterobacter sp.(CG3) -
Bacillus sp. (CG5) -
Senotrophomonas sp. (S$4) -

+ + + o+ o+
1
1

1
+

K. pneumoniae (CR2) -
K. pneumoniae (CR3) - - +
Serratia sp. (CB2) - + +
B.subtilis (CB3) - - +
Klebsiella sp.(CB4) - + +

+

+

Serratia sp.(OR3) - -
S saprophyticus (OR5) - +
Klebsiella sp.(OR7) - - -
S marcescens (CD1) - + -

+ + + + + + + o+

Bacillus sp.(CD2) - + +

—+
+
1

K. pneumoniae (SV1) -

Endophytic diazotrophs

K. pneumonia (CGE?3) -
Pantoea sp. (PRE2) -
Serratia sp. (CRE9) -
Pseudomonas sp.(CRE10) -
B.licheniformis (CBE9) - -
Enterobacter sp.(ORE?) - +
P.agglomerans (ORE9) - -
E. sacchari (SVE9) - +
P. fluorescens (Pf1)* - +

+ + o+ 4+

+ 4+ 4+ 4+ 4+ 4+ o+ 4+

+ antagonistic activity; - no antagonistic activity, *standard strain



Table 20. Mineral solubilizing potential of diazotrophic isolates from rhizosphere of grass species collected from different
physiographic regions

Phosphorus Potassium Zinc
Isolate d?;fgé Solubilization  Solubilization d(f:r;oert‘é Solubilization  Solubilization d?;fgé Solubilization  Solubilization
(mm) zone (mm) efficiency (%) (mm) zone (mm) efficiency (%) (mm) zone (mm) efficiency (%)

Enterobacter sp.(BR1) 5.0 12 140 (+ 11.64)7 ND ND ND ND ND ND
Klebsiella sp.(CG1) 9.0 12 33 (+ 0.98)" ND ND ND 3.0 8.0 167 (+ 11.98)™
Enterobacter sp.(CG3) 4.0 6.0 50 (+ 2.17)" ND ND ND ND ND ND
Bacillus sp. (CG5) 5.0 8.0 60 (+ 1.14)" ND ND ND ND ND ND
%gt;tror)homnas . 4.0 13 225 (+ 12.16)% ND ND ND ND ND ND
K. pneumoniae (CR2) 3.0 9.0 200 (+ 2.64)™ 2.0 5.0 150 (+ 13.18)® 4.0 9.0 125 (+ 11.64)°
K. pneumoniae (CR3) 4.0 10 150 (+ 11.19)% ND ND ND ND ND ND
Serratia sp. (CB2) 4.0 14 250 (+ 13.53) 1.0 3.0 200 (+ 13.63)* 4.0 12 200 (+ 13.16)™
B.subtilis (CB3) 4.0 9.0 125 (+ 11.29)" ND ND ND 4.0 13.0 225 (+12.15)®
Klebsiella sp.(CB4) 4.0 10 150 (+ 12.10)* ND ND ND ND ND ND
Serratia sp.(OR3) 3.0 10 233 (+1 3.10) 3.0 6.0 100 (+ 12.17)° 2.0 4.0 100 (+ 12.04)*
S saprophyticus (OR5) 3.0 8.0 167 (+ 11.54)® ND ND ND ND ND ND
Klebsiella sp.(OR7) 3.0 9.0 200 (+ 12.64)™ ND ND ND ND ND ND
S marcescens (CD1) 8.0 14 75(x1.14)" 2.0 4.0 100 (+ 12.14)° 2.0 7.0 250 (+ 13.11)*
Bacillus sp.(CD2) 5.0 10 100 (+ 13.19)%" ND ND ND ND ND ND
K. pneumoniae (SV1) 3.0 8.0 167 (+ 12.63)* ND ND ND 3.0 8.0 167 (+ 12.24)™
P. fluorescens (Pf1* 5.0 15 200 (+ 12.69)™ ND ND ND ND ND ND
G. diazotrophicus b b

. . +11. . . + 12,
(PALSY 3.0 9.0 200 (+ 11.45)> ND ND ND 4.0 12.0 200 (+ 12.11)"

Values are mean (x SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as detected by DMRT (p < 0.05) ;
standard strain; ND-not detected



Table 21. Mineral solubilizing potential of endophytic diazotrophs isolated from selected grass species collected from different
physiographic regions

Phosphorus Potassium Zinc
|solate Colony  solubilization  Solubilization Colony solubilization Solubilization Colony solubilization  Solubilization
diameter zone(mm)  efficiency (%) | diameter(mm)  zone (mm) efficiency (%) | diameter zone(mm)  efficiency (%)
(mm) (mm)

Pseudomonas sp. 40 7.0 75 (+ 11.45)° ND ND ND 40 12 200 (+ 12.74)
(CGE3)
Pantoea sp. (PRE2) 3.0 10 233 (+12.26) ND ND ND ND ND ND
Serratia sp. (CRE9) 40 14 250 (+12.58) 3.0 6.0 100 (+ 11.16)" 3.0 7.0 133 (+12.10)
Pseudomonas ¢ b d
& (CREL0) 40 7.0 75 (+ 21.45) 2.0 4.0 100 (% 22.10) 2.0 4.0 100 (+ 12.16)
B.licheniformis b
(CBEY) 3.0 8.0 167 (+12.94) ND ND ND ND ND ND
Enterobacter 3.0 8.0 167 (+12.94)° ND ND ND ND ND ND
5.(ORE7) : ' e
(F’éalggg)’mans 2.0 6.0 200 (+12.10)® 3.0 7.0 133 (+ 12.14) 2.0 5.0 150 (+ 2.14)™
E. sacchari (SVE9) 40 8.0 100 (+ 21.17)° ND ND ND ND ND ND
P. fluorescens (PF1)* ND ND ND ND ND ND 4.0 11 175 (+12.54)®
G. diazotrophicus 3.0 9.0 200 (+ 1.45)™ ND ND ND 4.0 12.0 200 (£12.11)™

(PAL5)*

ND- solubilization not detected. Vaues are mean (= SE) (n=3) and values followed by the same letter in each column are not
significantly different from each other as detected by DMRT (p < 0.05); * standard strain



Table 22. In vitro P- solubilizing potential of diazotrophic isolates from the rhizosphere of grass species collected from
different physiographic regions

Isolate pH TA (%) Available P (ugml™)  Phosphatase (ug of PNP released mi™ day™)
Enterobacter sp.(BR1) 4.0 (£ 0.04) 2.4 (£ 0.01)°¢ 0.47 (+ 0.04)%" 5.8 (+ 0.16)*
Klebsiella sp.(CG1) 4.0 (+ 0.03) 3.0 (+ 0.03)** 0.69 (+ 0.03)* 5.3 (+ 0.10)™
Enterobacter sp.(CG3) 4.0 (£ 0.04) 2.1 (+ 0.05)" 0.81 (+ 0.01)® 5.3 (+ 0.11)*
Bacillus sp. (CGY) 4.4 (+ 0.04) 1.8 (+ 0.01)* 0.36 (+ 0.03)" 5.3 (+ 0.15)™
Stenotrophomonas sp. (S$4) 4.0 (+ 0.01)? 1.9 (+ 0.01)%" 0.68 (+ 0.02)°" 2.4 (£ 0.14)°
K. pneumoniae (CR2) 4.0 (+ 0.01)2 1.8 (+ 0.04)" 0.56 (+ 0.06)%¢ 45 (£ 0.11)'
K. pneumoniae (CR3) 4.0 (+ 0.00) 2.9 (+ 0.04)*¢ 0.86 (+ 0.0)® 6.5 (+ 0.08)™
Serratia sp. (CB2) 4.2(+ .001)2 2.3 (+ 0.03)*¢ 0.68 (+ 0.04)°" 5.4 (+ 0.34)™
B.subtilis (CB3) 4.3 (+ 0.01)2 3.1(+0.14)* 0.54 (+ 0.01)%0 4.4 (£ 0.21)
Klebsiella sp.(CB4) 4.0 (+ 0.04) 2.2 (+0.05)°" 0.25 (+ 0.02) 5.6 (+ 0.26)™
Serratia sp.(OR3) 4.0 (+ 0.04) 3.4 (+ 0.01)? 0.26 (+ 0.02) 5.3 (+ 0.25)™
S saprophyticus (ORS) 4.0 (+ 0.06) 2.9 (+ 0.04) & 0.35 (+ 0.03)’ 4.5 (+ 0.04)'
Klebsiella sp.(OR7) 4.0 (+ 0.14) 3.2 (+0.02)* 0.36 (+ 0.02)" 4.4 (x0.16)'
S marcescens (CD1) 4.0 (+ 0.01)? 2.3 (+0.05)*¢ 0.85 (+ 0.04)® 12.9 (+ 0.10)2
Bacillus sp.(CD2) 4.0 (+ 0.05)° 3.1 (+ 0.06)* 0.96 (+ 0.09)? 10.9 (+ 0.29)°
K. pneumoniae (SV1) 4.0 (+ 0.07) 2.8 (+ 0.08)*® 0.48 (+ 0.03)" 7.5 (£ 0.24)°
P. fluorescens (Pf1)* 4.0 (+ 0.03) 2.3 (+0.02)*¢ 0.75 (+ 0.01)*™ 5.6 (+ 0.08)™
Control 6.6 (+ 0.01)° 0.2 (+ 0.06) 0.02 (+ 0.04) 0.05 (+ 0.02)"

Values are mean (= SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as
detected by DMRT (p < 0.05); *standard strain



Table 23. In vitro P- solubilizing potential of endophytic diazotrophic isolates of grass species collected from different

physiographic regions
|solate pH TA (%) Available P (ug mi™) Phosphatase (g of PNP mi™ day™)
Pseudomonas sp. (CGE3) 4.1 (* 0.02)° 2.6 (+ 0.01)>™ 0.56 (+ 0.02)° 8.0 (+ 0.07)®
Pantoea sp. (PRE2) 4.4 (+ 0.02) 2.4(+ 0.04)>™ 0.36 (+ 0.04)% 7.3 (£ 0.09)°
Serratia sp. (CRE9) 4.0(x0.01) 2.5 (+ 0.08)™ 0.56 (+ 0.03)° 6.4 (+ 0.15)™
Pseudomonas sp.(CRE10) 42 ( 0.04)* 2.9 (+ 0.01) 0.78 (+ 0.01)? 7.6 (£ 0.11)°
Bacillus sp.(CBE9) 4.3 (+ 0.05) 2.4 (+ 0.08)>™ 0.40(+0.02)° 3.3(+0.11)°
Enterobacter sp.(ORE7) 4.2 (x 0.04) 2.4 (+ 0.09)>™ 0.65(+ 0.05)™ 5.5 (+ 0.04)™
P.agglomerans (ORE9) 42 (£ 0.02* 2.6 (+ 0.04)™ 0.56 (+0.04)° 8.6 ( 0.11)
E. sacchari (SVEQ) 4.3 (+ 0.05)° 2.7 (+0.02)™ 0.23 (+ 0.01)° 2.8 (+ 0.10)°
P. fluorescens (pf1) * 4.6 (+ 0.01)° 2.1 (+ 0.08)™ 0.58 (+ 0.03)° 8.1 (+ 0.16)®
Control 6.6 (+ 0.01)° 0.2 (+ 0.06)° 0.02 (+ 0.04)" 0.05 (+ 0.02)f

Values are mean (£ SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as

detected by DMRT (p <0.05); *standard strain



Among the ten endophytic isolates, Serratia sp. (CRE9) caused maximum
(4.0 £ 0.01) pH reduction. The titrable acidity was found to be increased due to the
growth of phosphorus solubilizing organisms. Maximum titrable acidity of 2.9 +0.01 per
cent was present in the culture filtrate of Pseudomonas sp. (CRE10) (Table. 23) after nine
days of incubation. The amount of available P was high in Pseudomonas sp. (CRE10)
which produced 0.78 + 0.01 pg ml™. The phosphatase activity was the highest in the isolate
P. agglomerans (ORE9) (8.6+0.11 g of PNP released ml™ day™).

4.10.2. In vitro potassium solubilizing potential of diazotrophic isolates

The ability of rhizosphere and endophytic diazotrophs to solubilize potassium was
determined by observing solubilization zone in Alexandrov medium. Only 4 rhizosphere
diazotrophs were able to solubilize potassium. Maximum solubilzation efficiency was
recorded in Serratia sp. (CB2) (200 + 13.63 percent) (Table 20). Among the endophytes,
three isolates showed positive result for K solubilization. Highest solubilzation efficiency
was observed in P. agglomerans (ORE9) (133 £+ 12.14 percent) (Table 21).

Influence of potassium solubilizing organisms on pH, titrable acidity and
available potassium growth medium are mentioned in Table 24. In general, the pH of the
growth medium was decreased by the growth of all potassum solubilizing isolates.
Maximum titrable acidity of 2.9 + 0.02 per cent and 2.7+0.01 was present in the culture
filtrate of Serratia sp. (CR2) and Serratia sp.(OR3) respectively. The available potassum
was found to be highest in K. pneumoniae (CR2) (0.35+0.03ug mi™) (Table 24).

Similarly, pH of the growth medium was decreased by the growth of all
potassium solubilizing endophytic isolates and the decline in the pH increased with
incubation period. Among the isolates, Serratia sp. (CRE9) (4.0 = 0.04) caused
maximum decline in the pH. Maximum titrable acidity of 2.5 + 0.03 and 2.4 + 0.02 per
cent was present in the culture filtrate of P. agglomerans (ORE9) and Pseudomonas sp.
(CREL10) respectively. The isolate P. agglomerans (ORE9) registered maximum amount
of the available K (0.14+0.04 ug mi™) (Table. 24).



Table 24. In vitro potassium releasing potential of diazotrophic isolates from

grass species

|solate pH TA (%) Available K (pg mi™)

Rhizosphere diazotrophs

S. marcescens (CD1) 43(+0.01)*  24(+004)° 0.12 (+ 0.01)°
Serratia sp. (CB2) 4.4(+0.022  2.0(+0.05"° 0.13 (+ 0.02)°
K. pneumonia (CR2) 42 (x0.01)* 29(x0.02?* 0.35 (+ 0.03)*
Serratia sp.(OR3) 43(x0.01)* 2.7 (x0.01)? 0.12 (+ 0.01)"
Endophytic diazotrophs

P.agglomerans (ORE9) 4.1(x0.04% 24(x0.02)?2 0.14 (+ 0.04)?
Serratia sp. (CRE9) 40(+0.047°%  21(+005% 0.12 (+ 0.04)°
Pseudomonas sp.(CRE10) 43(x0.01)2 25(x0.03)? 0.13 (+ 0.03)°
Control 5.4 (+0.01)° 0.7 (+x0.02)° 0.04 (+ 0.01)°

Vaues are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly
different from each other as detected by DMRT (p < 0.05).

4.10.3. In vitro zinc solubilizing potential of diazotrophic isolates

It was observed that 7 isolates out of total 16 were able to solubilize zinc oxide.
The highest solubilization efficiency was found with Klebsiella sp. (OR5) (250 +
13.11%) (Table 20). Among the endophytes, Pseudomonas sp. (CGE3) showed
maximum solubilizing efficiency of 200 + 2.74 per cent (Table 21).

Influence of Zinc solubilizing organism on pH, titrable acidity and available zinc
of the medium are presented in table 25. The isolate Serratia sp. (OR3) caused maximum
declinein the pH (3.8 £0.04) while, the titrable acidity of the medium showed an increase
due to the growth of zinc solubilizing organisms. Maximum titrable acidity of (2.8 +
0.08) per cent was present in the culture filtrate of Staphylococcus saprophyticus. (OR5)
and the maximum available zinc was observed in Staphylococcus saprophyticus (OR5)
(0.60 +0.04 pg mi™) (Table. 25).

In endophytes, the maximum decline in pH (4.0 + 0.04), increase in titrable
acidity (2.8+0.04 per cent) and maximum amount of available zinc was found in Serratia
sp. (CRE9) (0.60 + 0.04 pg ml™) (Table 25).



Table 25. In vitro zinc solubilizing potential of diazotrophic isolates from grass species

|solate pH TA (%) Available Zinc (ug mi™)
Rhizosphere diazotrophs

Enterobacter sp.(BR1) 4.6 (+ 0.04)° 2.1 (+ 0.03)> 0.22 (+ 0.04)*
K. pneumoniae (CR2) 4.8 (+ 0.08)° 1.9 (+ 0.01)% 0.32 (+ 0.03)¢
Klebsiella sp. (CB4) 4.6 (+ 0.02)° 1.7 (+ 0.05)° 0.20 (+ 0.06)*"
Serratia sp. (OR3) 3.8 (+ 0.04) 2.4 (+ 0.10)*¢ 0.56 (+ 0.06)"
S. saprophyticus.(OR5) 4.9 (+ 0.04)° 2.8 (+ 0.08)% 0.60 (+ 0.04)%
S marcescens (CD1) 4.2 (+ 0.06)° 2.0 (+ 0.06)°% 0.22 (+ 0.06)*
Bacillus sp.(CD2) 4.3 (+0.04)° 2.1 (+ 0.04)>° 0.21 (+ 0.05)%¢
Endophytic diazotrophs

Pseudomonas sp.(CGE3) 5.2 (+ 0.04)° 2.0 (+ 0.05)° 0.12 (+ 0.04)°
P. agglomerans (ORE9) 5.1 (+ 0.01)° 2.3 (£ 0.03® 0.22 (+ 0.01)°
Serratia sp. (CRE9) 4.0 (+ 0.04) 2.8 (+ 0.04) 0.60 (+ 0.04)%
Pseudomonas sp.(CRE10) 4.0 (+ 0.04) 2.7 (+ 0.04) 0.54 (+ 0.04)
G.diazotrophicus (PAL5 )* 4.3 (+ 0.07)® 2.7 (+ 0.05) 0.43 (+ 0.04)°
Control 5.1 (+ 0.04)° 0.6 (+ 0.01)° 0.03 (+ 0.02)

Values are mean (x SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as
detected by DMRT (p < 0.05); *standard strain



4.11. Stress tolerance by diazotrophic isolates from selected grass species
4.11.1. Salt stress on growth of diazotrophic isolates

The salt tolerance ability of the diazotrophic isolates were tested by their growth
a different salt concentrations viz.,, 1%, 2.5%, 5.0% and 7.5%.From the results it was
observed that, all the 16 isolates were promising for their ability to tolerate upto 5%,
especidly three isolates viz, Bacillus sp. (CG5), Stenotrophomonas sp. (S$4) and Bacillus sp.
(CD2) registered their remarkable ability to tolerate upto 7.5%. (Table 26). Among the
endophytes, 3 isolates namely E. sacchari (SVE9), Bacillus sp. (CBE9) and Serratia sp.
(CRE9) were able to tolerate salt concentration of 7.5% while the remaining were able to
tolerate up to 5% (Table 27).

From the results it was observed tha the diazotrophic population significantly
influenced by various sdts concentrations. The diazotrophic population load a different sdt
concentration with different timeinterva (0, 12, 24, 36 and 46 h) are given in annexurell.

4.11.2. Temperature stress on growth of diazotrophic isolates

The temperature had profound influence on the population of diazotrophs. It was
observed that the five cultures Bacillus sp (CG5), Senotrophomonas sp. (S$4),
K. pneumoniae (CR3), Bacillus sp.(CD2) and B. subtilis (CB3) were highly temperature
tolerant with growth even at 55°C (Table 28). Among the endophytes three isolates
namely, Serratia sp. (CRE9), Enterobacter sp. (ORE7) and E. sacchari (SVE9) were able
to tolerate upto 55°C. (Table 29). From the results it was observed that the diazotrophic
population significantly influenced by various temperature levels. The diazotrophic
population load at different temperature with different time interva (0, 12, 24, 36 and 46 h)

are given in annexure |.
4.11.3. Soil moisture potential on survival of diazotrophic isolates

From the results, it was observed that Enterobacter sp. (CG3) recorded the maximum
population (7.23 = 0.36) at moisture potential of 1 BAR (field capacity). Among endophytes
Pseudomonas sp. (CGE3) produced the higher population (7.62 + 0.46 log cfu ml™) at
moisture potential of 15 BAR (permanent wilting point). However these two moisture



Table 26. Effect of salt (NaCl) concentrations on the growth of diazotrophic isolates from the rhizosphere of grass species

Population (log cfu mi™) at different levels salt concentration

Isolate 1% NaCl 2.5% NaCl 5.0% NaCl 7.5% NaCl
Enterobacter sp.(BR1) 6.79 (+ 0.28)° 5.12 (+ 0.49)" 3.98 (+ 0.48)" ND
Klebsiella sp.(CG1) 6.45 (+ 0.45)° 5.82 (+ 0.29) % 4.31 (+ 0.34)° ND
Enterobacter sp.(CG3) 6.17 (+ 0.56)%¢ 6.04 (+ 0.34)" 4.88 (+ 0.32)* ND
Bacillus sp. (CG5) 5.78 (+ 0.88) 4.72 (+0.42)" 3.95 (+ 0.39) 3.60 (+ 0.17)"
Senotrophomonas sp.(S4)  6.14 (+ 0.78)%¢ 5.67 (+ 0.45)¢ 457 (+ 0.56)" 2.42 (+ 0.45)"
K. pneumoniae (CR2) 5.91 (+ 0.88)" 5.03 (+0.56)™ 4.97 (+ 0.35)™ ND
K. pneumoniae (CR3) 6.25 (+ 0.34)% 4.78 (+ 0.34)M 5.06 (+ 0.56)" ND
Serratia sp. (CB2) 6.23 (+ 0.67)™ 5.48 (+ 0.98)™ 4.67 (+ 0.43)" ND
B.subtilis (CB3) 6.42 (+ 0.23)™ 5.52 (+ 0.56)"™ 3.72 (+ 0.46) ND
Klebsiella sp.(CB4) 6.37 (+ 0.68)™ 4.70 (+ 0.78)" 3.82 (+ 0.86)" ND
Serratia sp.(OR3) 6.16 (+ 0.20)%¢ 5.46 (+ 0.58)™ 4.14( 0.58)" ND
S saprophyticus (OR5) 6.74 (+ 0.37)° 5.45 (+ 0.49)™ 3.67 (+ 0.38)" ND
Klebsiella sp.(OR7) 6.08 (+ 0.67)"" 5.44 (+ 0.23)™ 3.98 (+ 0.56)" ND
S marcescens (CD1) 6.22 (+ 0.60)% 6.28 (+ 0.56)°* 3.95 (+ 0.45) ND
Bacillus sp.(CD2) 5.95 (+ 0.63)" 4.98 (+ 0.24)™ 3.76 (+ 0.27)" 2.68 (+ 0.22)"
K. pneumoniae (SV1) 6.30 (+ 0.29)™%* 5.73 (+ 0.34) 4.22 (+ 0.45)% ND
Alipoferum (Az 204)* 6.03 (+ 0.56)%" 5.51 (+ 0.48)™ 0.00 (+ 0.56)* ND

SEd CD (p<0.05)

|solates 0.23 0.47**

Conc. 0.21 0.42**

X C 0.47 0.93**

Vaues are mean (+ SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by DMRT
(p<0.05); * standard strain



Table 27. Effect of salt (NaCl) concentration on the growth of endophytic diazotrophic isolates from grass species

Population (log cfu mi™) at different level of salt concentration (NaCl %)

Isolate
1% NaCl 2.5% NaCl 5.0% NaCl 7.5% NaCl
Pseudomonas sp. (CGE3) 6.35 (+ 0.58) 5.64 (+ 0.34)°% 4.03 (+ 0.67)" ND
Pantoea sp. (PRE2) 5.59 (+ 0.67)% 5.79 (+ 0.29)™ 4.73 (+ 0.85) ND
Serratia sp. (CRE9) 5.47 (+ 0.23)"" 5.37 (+ 0.78)™" 4.98 (+ 0.47) 3.79 (+ 0.22)°
Pseudomonas sp.(CRE10) 5.31 (+ 0.25)" 452 (+ 0.45)™ 4.41 (+ 0.45)™° ND
Bacillus sp.(CBE9) 4.99 (+ 0.45) 456 (+ 0.23)" 4.37 (+ 0.37)™ 2.64 (+ 0.45)"
Enterobacter sp.(ORE7) 5.71 (+ 0.24)> 4.43 (+ 0.54)™° 5.44 (+ 0.22)"" ND
P.agglomerans (ORE9) 5.71 (+ 0.22)* 5.26 (+ 0.34)" 4.14 (+ 0.21)™ ND
E. sacchari (SVE9) 5.74 (+ 0.45)> 453 (+ 0.67)™ 3.94 (+0.37)® 2.85 (+ 0.24)"
G. diazotropicus (PAL5)* 5.53 (+ 0.56)%¢ 5.16 (+ 0.56) 4.27 (+ 0.22)® ND
SEd CD (p<0.05)
Isolates 0.25 0.51*
conc. 0.23 0.45**
X C 0.51 1.01%*

Values are mean (x SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by DMRT

(p < 0.05); * standard strain



Table 28. Effect of temperature on the growth of diazotrophs isolated from the rhizosphere of selected grass species

Population (log cfu mI™) at different temperature levels

Isolate 40°C 45C 50°C 55C
Enterobacter sp.(BR1) 6.53 (+ 0.34)" 5.10 (+ 0.45)° 5.47 (+ 0.34)" ND
Klebsiella sp.(CG1) 6.87 (+ 0.54)° 5.58 (+ 0.38)'™ 3.95 (+ 0.47)" ND
Enterobacter sp.(CG3) 6.26 (+ 0.34)" 6.14 (+ 0.54)" 4.29 (+ 0.67)" ND
Bacillus sp. (CG5) 6.15 (+ 0.45)" 6.01( 0.23)* 4.86 (+ 0.56)" 3.59 (+ 0.34)"
Stenotrophomonas sp. (SS4) 6.51 (+ 0.34)" 4.89 (+ 0.34)" 4.15 (+ 0.48)" 4.29 (+ 0.51)"
K. pneumoniae (CR2) 5.94 (+ 0.88)" 5.63 (+ 0.56)'™ 491 (+ 0.54)* ND
K. pneumoniae (CR3) 6.70 (+ 0.38)* 5.01 (+ 0.67)™ 4.95 (+ 0.18) 2.38 (+ 0.52)"
Serratia sp. (CB2) 6.89 (+ 0.57) 4.89 (+ 0.45) 4.81 (+ 0.26)" ND
B.subtilis (CB3) 6.63 (+ 0.52)¢ 5.67 (+ 0.51)"™ 4,61 (+ 0.58)° 2.67 (+ 0.23)
Klebsiella sp.(CB4) 6.30 (+ 0.50)" 5.50 (+ 0.53)™ 4.04 (+ 0.52)" ND
Serratia sp.(OR3) 6.29 (+ 0.23)" 5.29 (+ 0.45)° 3.61 (+ 0.45)" ND
S. saprophyticus (OR5) 6.63 (+ 0.35)% 5.47 (+ 0.34)" 4.01(x 0.98)" 2.67 (+ 0.21)
Klebsiella sp.(OR7) 6.51 (+ 0.45)" 5.70 (+ 0.67)' 3.64 (+ 0.51)" ND
S marcescens (CD1) 6.83 (+ 0.37)™ 6.24 (+ 0.46)" 3.93(+ 0.34)" ND
Bacillus sp.(CD2) 5.94 (+ 0.32)" 6.50 (+ 0.16)" 3.88 (+ 0.45)" ND
K. pneumoniae (SV1) 6.51 (+ 0.28)' 5.13 (+ 0.52)° 3.71 (+ 0.53)" ND
Allipoferum (Az 204)* 6.37 (+ 0.17)%" 7.10 (£0.23)° 9.10 (+ 0.34)* ND

SEd CD (p<0.05)
|solates 0.25 0.49**
Conc. 0.22 0.44**
| X C 0.49 0.98**

Values are mean (£ SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by
DMRT (p < 0.05); *standard strain



Table 29. Effect of temperature on the growth of endophytic diazotrophs isolated from the selected grass species

Population (log cfu mi™) at different level of temperature

Isolate
40°C 45°C 50°C 55°C
Pseudomonas sp. (CGE3) 6.26 (+ 0.34)% 5.60 (+ 0.22)% 4.28 (+ 0.21)° ND
Pantoea sp. (PRE2) 5.48 (+ 0.23)%¢ 5.56 (+ 0.45)% 5.00 (+ 0.25) ND
Serratia sp. (CRE9) 5.43 (+ 0.43)"" 5.36 (+ 0.45)%" 4.95 (+ 0.48)"™ 4.04 (+ 0.54)°
Pseudomonas sp.(CRE10) 6.18 (+ 0.56)% 453 (+ 0.56)" 4.41 (+ 0.78)™ ND
Bacillus sp.(CBE9) 5.71 (+ 0.46)™ 4.43 (+ 0.23)™ 5.59 (+ 0.46)% 3.01 (+ 0.48)
Enterobacter sp.(ORE7) 5.55 (+ 0.43)% 453 (+ 0.34)" 4.37 (+ 0.24)™ ND
P.agglomerans (ORE9) 5.83 (+ 0.43)™ 5.11 (+ 0.45)% 4.32 (+ 0.45)° ND
E. sacchari (SVE9) 5.48 (+ 0.68)¢ 4.43 (+ 0.34)™ 4.05 (+ 0.34)° 3.25 (+ 0.37)"
G. diazotropicus (PAL5)* 6.28 (+ 0.89)* 5.16 (+ 0.34)" 3.22 (+ 0.23)° ND
SEd CD (p<0.05)
|solates 0.25 0.49*
Conc. 0.22 0.44**
X C 0.50 0.98**

Values are mean (£ SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by
DMRT (p < 0.05); * standard strain



Table 30. Effect of different soil moisture potentials on the growth of diazotrophic isolates from rhizosphere of grass species

Population (log cfu mi™) at different level of moisture potential

|solate

Field capacity (1 BAR) Permanent wilting point (15 BAR)
Enterobacter sp.(BR1) 6.77 (+ 0.34)* 6.56 (+ 0.31)%"
Klebsiella sp.(CG1) 6.93 (+ 0.42)"™ 7.00 (+ 0.36)™
Enterobacter sp.(CG3) 7.23 (+ 0.36)° 7.09 (+ 0.58)®
Bacillus sp. (CG5) 6.85 (+ 0.56)°* 6.09 (+ 0.42)™
Senotrophomonas sp. (S4) 6.72 (+ 0.45)%9 6.54 (+ 0.36)"

K. pneumoniae (CR2) 6.67 (+ 0.43)"" 6.01 (+ 0.47)"
K. pneumoniae (CR3) 6.99 (+ 0.34)™ 6.57 (+ 0.57)%
Serratia sp. (CB2) 6.98 (+ 0.23)™ 6.89 (+ 0.79)°%*
B.subtilis (CB3) 6.75 (+ 0.21)* 6.62 (+ 0.57)""
Klebsiella sp.(CB4) 6.27 (+ 0.47)™™ 6.44 (+ 0.39)"
Serratia sp.(OR3) 6.32 (+ 0.45)™ 6.23 (+ 0.31)™P
S saprophyticus (OR5) 6.44 (+ 0.78)" 6.63(+ 0.28)""
Klebsiella sp.(OR7) 6.45 (+ 0.46) 6.87 (+ 0.45)°*
S marcescens (CD1) 6.44 (+ 0.34)" 6.77 (+ 0.46)*
Bacillus sp.(CD2) 6.49 (+ 0.56)' 6.11 (+ 0.68)°
K. pneumoniae (SV1) 6.39 (+ 0.46)K™ 6.58 (+ 0.54)%"
Alipoferum (Az 204) * 6.24 (+ 0.33)™P 6.20 (+ 0.43)"P
SEd CD (p < 0.05)
|solates 0.42 0.83
Conc. 0.26 0.52
X C 0.59 1.16

Values are mean (+ SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by DMRT (p <
0.05); * standard strain



Table 31. Effect of soil moisture potential on the growth of endophytic diazotrophs isolated from selected grass species

Population (log cfu ml™) at different level of moisture potential

Isolate Field capacity (1 BAR) Permanent wilting point (15 BAR)
Pseudomonas sp. (CGE3) 7.34 (+ 0.34)° 7.62 (+ 0.46)°
Pantoea sp. (PRE2) 6.24 (+ 0.45)" 6.61 (+ 0.57)""
Serratia sp. (CRE9) 6.13 (+ 0.34)' 6.48 (+ 0.64)"
Pseudomonas sp.(CRE10) 6.91 (+ 0.26) 7.10 (+ 0.45)°
Bacillus sp. (CBE9) 6.21 (+ 0.43)" 6.70 (+ 0.78)%
Enterobacter sp. (ORE7) 6.27 (+ 0.56)’ 6.48 (+ 0.89)"
P. agglomerans (ORE9) 6.51 (+ 0.65)%" 6.47 (+ 0.47)"
E. sacchari (SVE9) 5.99 (+ 0.56) 6.09 (+ 0.58)'
G. diazotropicus (PAL5) * 5.88 (+ 0.46)’ 6.11 (+ 0.59)'
SEd CD (p < 0.05)
Isolates 0.37 0.73
Conc. 0.23 0.46
X C 0.51 1.03

Values are mean (+ SE) (n=3) and values followed by the same letter are not significantly different from each other as detected by DMRT (p <
0.05); * standard strain



potentia were not found to significantly influence the population of diazotrophs (Table 30
and 31). The diazotrophic population load at different level of moisture potential in 1, 15, 30,
45, 60 daysinterval aregivenin Annexurel.

4.11.4. Heavy metal tolerance by diazotrophic isolates

The maximum tolerable concentration (MTC) of 5 different heavy meta ionsviz.,
Cd**, Hg?*, Co*", Ni** and Zn?* by diazotrophic isolates was estimated by streaking the
cultures on to LB medium containing heavy metal ions. The isolates were found to have
very low resistance to Co** and Hg?* than the other metals. Among the 16 isolates, 9 were able

to exhibit the resistance to Zn** while 8 were resistance against Co*™, Ni%* (Table 32).

From the results, it was observed that endophytes were less resistant to Ni** and
more resistant were observed against Cd** Hg?*, Co*" and Zn?** (Table 32).
4.12. Effect of growth promoting diazotrophs inoculation on the growth parameters
of rice seedlings (cultivar- ADT 43) under in vitro condition
In order to evaluate the performance of 15 multiple growth promoting
diazotrophic isolates (Table 33), rice seedlings were raised under gnotobiotic conditions

along with commercia strain (A. lipoferum - Az 204) as standard (Plate 6).

4.12.1. Effect of on biometric characteristics of rice seedlings

Among the isolates the maximum shoot length was observed in Pseudomonas sp.
(CRE10) (19.5 +1.21cm) inoculated treatment. The uninoculated control recorded the
lower shoot length (11.9 £1.22 cm) while, higher root length was recorded in
Pseudomonas sp. (CRE10) and K. pneumonia (CR2) that were onpar with 9.6 cm.
The least root length was observed in control (5.8+0.59 cm). Plant dry matter production
was higher in S. marcescens (CD1) (50.0 £0.02mg). The growth attributes of rice
seedlings are presented in Fig. 9.

4.12.2. Localization and distribution of endophytic bacteria on roots and culms of

rice seedlings

The endophytic colonization in the rice seedlings (roots and culm) were examined
by SEM analysis. Results indicated that endophytic bacteria were preferentially colonized
in the rhizoplane of rice roots (Plate7a-d). Diazotrophic cells were observed in the

longitudinal and horizontal sectioned roots and culms.



Table 32. Maximum tolerable concentration (MTC) of heavy metals by diazotrophic isolates from grass species

Heavy metal (ug ml™)

|solates

Cd* Hg™ Zn” Co* NiZ*
Rhizosphere diazotrophs
Enterobacter sp.(BR1) ND ND Gsoo ND Gio
Enter obacter Sp(CGS) ND 100 ND Gino G o0
Bacillus Sp. (CGS) Gioo Gioo Gioo Gono ND
Senotrophomonas sp. (S$4) ND ND Gio Gio Gio
K. pneumoniae (CR2) ND Gioo ND ND ND
K. pneumoniae (CRB) ND G om0 Gsoo Gino ND
Serratia sp. (CB2) ND ND ND ND ND
Klebsiella sp.(CB4) ND ND ND ND Gio
Serratia Sp(ORS) ND ND ND Gino Gioo
S. saprophyticus (OR5) ND ND G Gio ND
S marcescens (CD1) ND ND ND ND ND
Bacillus Sp(CDZ) G600 ND G]_oo GlOO ND
K. pneumoniae (SV1) Goo G Gio ND ND
Ali pOfe" um (AZ 204) * ND Gioo Gooo ND Guoo
Endophytic diazotrophs
Pseudomonas sp. (CGE?3) ND ND ND Gioo ND
Pantoea sp. (PRE2) Gioo ND ND Gooo ND
Serratia Sp. (CREQ) GlOO ND G200 G]_oo ND
Pseudomonas Sp(CRElO) ND Gioo Gono Gioo ND
Bacillus Sp. (CB E9) ND GlOO GlOO Gzoo Gzoo
Enterobacter sp.(ORE?7) Gooo ND ND ND ND
P.agglomerans (ORE9) Gio Gio Gaoo ND ND
E. sacchari (SV E9) Guno Gono Gioo ND Gono
G.diazotropicus (PAL5) * Gioo Gioo ND ND ND

The subscript numera succeding the aphabet G indicate the maximum tolerable concentration of heavy meta by the isolate ; * standard strain; ND-
not detected



Table 33. Multifaceted plant growth promoting activities of diazotrophic isolates used for gnotobiotic study in rice

N-fixation Plant growth promoting activity Minera Stress tolerance
|solate solubilisation
nifH . a Temperature  Salt Drought °Heavy
ARA e |/AA GA ACCD Siderophore HCN “ANT| P K Zn | ‘TRo'eV® (o500 (15BAR)  metal
Klebsiella sp.(CG1) + + + + ND + + + | + ND + + + + +°
Enterobacter sp.(CG3) + + + o+ ND + + + + ND ND + + + +3
Bacillus sp (CG5) + + + 4+ ND + + + + ND ND + + + +2
S marcescens (CD1) + + + o+ + + ND + | + + o+ + + + +
Serratia sp. (CB2) + + + + + + + +2 + o+ o+ + + + +2
B.subtilis (CB3) + + + + ND + ND + | + ND + + + + +
K. pneumoniae (CR2) + + + + + + + +2 + + + + + + +
K. pneumoniae (CR3) + + + o+ ND + + + + ND ND + + + +2
K. pneumoniae (SV1) + + o+ 4 + + ND + | + ND + + + + +2
Serratia sp.(OR3) + + + + + + + +2 + o+ o+ + + + +3
Serratia sp. (CRE9) + + + + ND + + +2 + o+ o+ + + + +2
Pseudomonas 3 4
s0.(CRE10) + + + + + + + + + + + + + + +
Pseudomonas sp.(CGE?3) + + + o+ ND + ND + + ND + + + + +
P.agglomerans (ORE9) + + + + + + + +2 + o+ o+ + + + +2
Allipoferum (Az 204) * + + |+ ND + + ND [ND ND ND ND + + +
P.fluorescens (Pf1) * + ND| + o+ + + + + | + ND ND ND ND ND ND
G.diazotrophicus (PAL5) * + ND |ND ND ND ND ND ND | + ND + ND + + +2

*standard strain,? The + sign followed by number in superscript indicate the number of plant pathogens to which the isol ate shows antagonistic activity ;
® The + sign followed by number indicate the number of heavy metals to which the isolate is tolerant; ND- not detected; ANT- Antaganism
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Fig 9. Effect of inoculation diazotrophic isolates on growth of rice seedlings. Data are

presented as mean + SE (n=3); For each panel, different letters indicate significantly
different at P<0.05 according to Duncan’s Multiple Range Test.



Plate 6. Gnotobiotic experiment to study the effect of inoculation of diazotrophic
isolates on the growth of rice (cultivar-ADT 43)



The diazotrophic isolates Klebsiella sp.(CG1) Enterobacter sp.(CG3), Bacillus sp.
(CGb), S marcescens (CD1), Serratia sp. (CB2), B. subtilis (CB3), K. pneumonia
(CR2), K. pneumonia (CR3), K. pneumonia (SV1), Serratia sp.(OR3), Serratia sp.
(CRE9), Pseudomonas sp.(CRE10), Pseudomonas sp.(CGE3) and P. agglomerans
(ORE9) showed the better performance than the standard strain (Az 204) in gnotobiotic
conditions. On the basis of in vitro performance the above isolates were taken for field
study.

4.12. Crop response study to evaluate the efficiency of elite bacteria under in vivo

conditions

A field experiment was carried out at the Wetland Farm, Department of Farm
Management, Tamil Nadu Agricultural University, Coimbatore to evaluate the efficiency
of elite bacteria on the growth and yield of rice (cultivar- ADT 43) under lowland
ecosystem (Plate 8). The results of the experiments are elucidated in the following

sections.
4.12.1. Effect of diazotrophic isolates on growth of rice

The plant height (cm) increased with the advancement of crop growth from
tillering stage and it reached the maximum at harvest but after flowering stage the rate of
increase was rather negligible. From the results, taller plants were observed in T4 —with
Serratia sp. (CB2) (58.54+2.27 cm). However, the treatments T1, T8, T9 and T10 were
on par. Similar trend were maintained at panicle imitation stage. At maturity stage higher
plant height was observed in T1 and T8. The treatment T12 (absolute control) produced
shorter plants at all the growth stages of observation (Table 34).

The number of tillers increased up to panicle initiation and thereafter flowering
stage a slight increase was observed. The treatment T4 - Serratia sp. (CB2) (9.00+£0.34)
registered more number of tillers at all the stages of growth. However the treatment T6,
T8 and T1llwere on par with T4 at tillering stage. At panicle initation stage higher
numbers of tillers were recorded in T4 -Serratia sp. (20.14+0.78) and T11 (19.60£1.35).
The least number of tillers were observed with the treatment T12 (absolute control) at all
the growth stages of observation (Table 35).



Table 34. Effect of inoculation of diazotrophic isolates on plant height (cm) of rice (cultivar-ADT43) at different growth stages

Plant height (cm)
Isolate
Tillering Panicle initiation Maturity
T1-Klebsiella sp.(CG1)+75% RDF 54.30 (+ 4.32)° 91.43 (+ 8.53) 120.04 (+ 4.78)°
T2-Bacillus sp. (CG5)+75% RDF 49.40 (+ 2.94)® 80.24 (+ 3.63)° 113.04 (+ 3.45)°
T3- S marcescens (CD1)+75% RDF 48.43 (£ 5.27)® 78.35 (+ 5.26)™ 103.96 (+ 2.56)°
T4- Serratia sp. (CB2)+75% RDF 58.54 (+ 2.27)2 94.46 (+ 4.96) 118.84 (+ 7.89)*
T5- K. pneumoniae (CR2)+75% RDF 49.56 (+ 3.42)® 76.25 (+ 5.68)™ 112.76 (+ 8.97)°
T6- Serratia sp.(OR3)+75% RDF 47.67 (£ 2.99)® 79.23 (+ 4.56)™ 114.94 (+ 6.78)°
T7- Serratia sp. (CRE9)+75% RDF 48.75 (+ 4.99) @ 84.29 (+ 6.90)° 106.72 (+ 8.67)°
T8- Pseudomonas sp. (CRE10)+75% RDF 56.15 (+ 5.85)° 92.30 (+ 6.09) 123.83 ( 4.67)°
T9- P. agglomerans (ORE9)+75% RDF 53.35 (+ 3.85)2 91.53 (+ 3.45) 110.68 (+ 3.45)°
T10- Allipoferum (Az 204)* +75%RDF 51.43 (+ 3.70)2 84.52 (+ 5.46)° 110.87 ( 2.56)°
T11-100%RDF 53.62 (+ 1.77)2 87.51 (+ 3.45)° 109.63 (+ 8.90)°
T12-Control (Absolute control) 40.53 (* 4.26)° 73.62 (+ 4.67)° 101.82 (+ 5.78)°

Values are mean (x SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as

detected by DMRT (p < 0.05); RDF- Recommended Dose of Fertilizer; * standard bioinocul ant
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Plate 7a. Colonization of diazotrophic bacterial strain (Serratia sp. CRE9) on rice seedlings.
A- Longitudinal section of culm; B- Surface of the root; C,D- Longitudinal section
of root. Arrow heads show the presence of bacteria



Plate 7b. Colonization of diazotrophic bacterial strain (P. agglomerans - ORE9) on
rice seedlings. A- longitudinal section of culm; B- surface of the root;
C,D- longitudinal section of root. Arrow heads show the presence of bacteria



mag
0 m | 6000 x

Plate 7c. Colonization of diazotrophic bacterial strain (Pseudomonas sp. CRE10) on rice
seedlings. A- longitudinal section of culm; B- surface of the root;
C- longitudinal section of root; D- transversal section of root. Arrow heads show the
presence of bacteria



Plate 7d. Colonization of diazotrophic bacterial strain (Enterobacter sp. ORE7) on rice
seedlings. A- longitudinal section of culm; B- surface of the root;
C,D- longitudinal section of root. Arrow heads show the presence of bacteria



Plate 8. View of field experiment to evaluate the efficiency of diazotrophic isolates on
rice (cultivar- ADT 43)



4.12.2. Effect of diazotrophic isolates inoculation on vyield attributes, soil enzyme

activity and N uptake

Application of diazotrophic isolates had a marked influence on number of
effective tillers during the crop growing stages, were the maximum number (20.8+0.81)
was observed in T4 - Serratia sp. while, the least was observed in treatment T12
(absolute control) (8.0+0.31) (Table 36). The panicle length and test weight were not
significantly influenced by application of diazotrophic isolates (Table 36).

Application of diazotrophic isolates had significant influence on the grain yield
(kg ha?) and the treatment T5 - K. pneumoniae (4997.72+344 kg ha) recorded higher
grain yield which was on par with T4- Serratia sp. (4967.64 + 192.81kg ha™) while, the
least grain yield was obtained in the absolute control (T12) (3034.90 +118.56 kg hal)
whereas, application of diazotrophic isolates exhibited not significant difference in straw
yield (kg hat) (Table 37).

The higher amount of FDA was produced in the treatment T4- Serratia sp. (CB2)
(18.86 + 0.11 pg fluorescein g* h™) at maturity stage followed by T5- K. pneumoniae
(CR2) (Fig. 10A and 10B). At maturity stage, maximum amount of ADA was recorded in
the treatment T5 - K. pneumoniae 8.67+1.12 pg ammoniareleased g™ soil h™ followed by
T8- Pesudomonas sp. (8.33+0.10 g ammonia released g™ soil h™) (Fig. 10A and 10B).
Results showed that application of diazotrophic isolates made significant impact on
uptake of nitrogen that was more in T4 - Serratia sp. (78.45 + 3.04 kg ha®), while the
next best trestment was T5 - K. pneunmoniae (72.56 + 5.01 kg ha). The lowest nitrogen uptake
was registered with trestment T12 (absolute control) (40.04+1.55 kg ha') (Fig. 11).



Table 35. Effect of inoculation of diazotrophic isolates on number of effective tillers of rice (cultivar-ADT43) at different
growth stages

Number of tillers

Isolate
Tillering Panicle initiation Maturity
T1-Klebsiella sp. (CG1)+75% RDF 4.90 (+ 0.38) 19.45 (+ 1.55)® 20.42 (+ 1.26)®
T2-Bacillus sp. (CG5)+75% RDF 5.45 (+ 0.32)™ 17.34 (+ 1.03)® 18.10 (+ 1.36)®
T3- S marcescens (CD1)+75% RDF 6.34 (+ 0.68)" 18.23 (+ 1.98)® 19.01 (+ 2.13)®
T4- Serratia sp. (CB2)+75% RDF 9.00 (+ 0.34)? 20.14 (+ 0.78) 20.48 (+ 1.23)
T5- K. pneumoniae (CR2)+75% RDF 6.23 (+0.42)° 18.46 (+ 1.27)® 19.21 (+ 1.45)®
T6- Serratia sp.(OR3)+75% RDF 8.34 (+ 0.53) 19.23 +1.20)® 19.47 + 2.23)®
T7- Serratia sp. (CRE9)+75% RDF 4.00 (+ 0.50)° 15.13 (+ 1.55) 16.41 (+ 2.34)™
T8- Pseudomonas sp. (CRE10)+75% RDF 8.45 (+ 0.40) 18.46 (+ 1.92)® 18.98 (+ 1.89)%
T9- P. agglomerans (ORE9)+75% RDF 6.34 (+ 0.88)" 13.24 (+ 0.82)° 14.12 (+ 1.86)°
T10- A. lipoferum (Az 204)* +75%RDF 4.24 (+ 0.31)° 12.25 (+ 0.72)° 12.61 (+ 1.74)°
T11-100%RDF 8.50 (+ 0.58)* 19.60 (+ 1.35)2 19.78 (+ 1.46)°
T12-Control (Absolute control) 4.25 (+ 0.16)° 18.56 (+0.92)® 18.98 (+ 1.96)%

Vaues are mean (+ SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as detected by
DMRT (p < 0.05); RDF- Recommended dose of fertilizer;* standard bioinocul ant



Table 36. Effect of inoculation of diazotrophic isolates on yield attributes of rice (cultivar-ADT43)

Isolate No of effectivetillers Panicle length (cm) Thousand grain wt (g)

T1-Klebsiella sp.(CG1)+75% RDF
T2-Bacillus sp. (CG5)+75% RDF

T3- S marcescens (CD1)+75% RDF
T4- Serratia sp. (CB2)+75% RDF

T5- K. pneumoniae (CR2)+75% RDF
T6- Serratia sp.(OR3)+75% RDF

T7- Serratia sp. (CRE9)+75% RDF
T8- Pseudomonas sp.(CRE10)+75% RDF
T9- P.agglomerans (ORE9)+75% RDF
T10- A. lipoferum (Az 204)* +75%RDF
T11-100%RDF

T12-Control (Absolute control)

16.8 (+ 1.34)™
18.6 (+ 1.11)®
18.7 (+ 2.03)®
20.8 (+ 0.81)%
19.8 (+ 1.37)®
18.8 (+ 1.18)®
12.6 (+ 1.29)¢
13.8 (+ 1.44)™
14.0 (+ 0.87)™
14.0 (+ 1.05)™
18.0 (+ 1.24)®

8.0 ( 0.31)°

265 (+ 2.11)°
23.7 (+ 1.41)
26.3 (+ 2.86)°
27.9 (+ 1.08)
27.8 (+ 1.92)
25.4 (+ 1.59)
22.6 (+ 2.32)
25.8 (+ 2.69)°
24.8 (+ 1.54) 2
25.8 (+ 1.93) 2
24.6 (+ 1.70)

23.4 (+ 0.91)

18.9 (+ 1.50)°
19.3(+1.97)°
18.1 (+ 0.70)°
20.6 (+ 2.30) °
29.4 (+ 1.23)
19.7 (+ 1.03) °
18.9 (+ 2.03)°
19.5 (+ 1.19)°
19.2 (+ 1.43)°
19.1 (+ 1.30)°
18.8 (+ 0.09)°

16.8 (+ 0.65)°

Values are mean (x SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as

detected by DMRT (p < 0.05); RDF- Recommended Dose of Fertilizer;* standard bioinoculant



Table 37. Effect of inoculation of diazotrophic isolates on yield of rice (cultivar-ADT43)

solate Grainyield % increase over control Straw ylfl d % increase over control
(kg ha') (kg ha™)

T1-Klebsiella sp. (CG1)+75% RDF 3456 (+ 275.08)° 87 3874 (+ 308.32)° 8.2
T2-Bacillus sp. (CG5)+75% RDF 3897 (+ 232.25)™ 28 3890 (+ 231.82)? 8.1
T3- S marcescens (CD1)+75% RDF 4012 (+ 436.60)™ 5.9 3906 (+ 425.01)? 8.5
T4- Serratia sp. (CB2)+75% RDF 4967 (+ 192.81) 310 3086 (+ 154.74)? 108
T5- K. pneumoniae (CR2)+75% RDF 4997 (+ 344.75)? 320 3945 (+ 272.19)° 9.6
T6- Serratia sp. (OR3)+75% RDF 4645 (+ 290.96)® 26 3784 (+ 236.99)° 5.1
T7- Sarratia sp. (CRE9)+75% RDF 3086 (+ 369.37) 5.0 3689 (+ 377.96)° 25
T8- Pseudomonas sp. (CRE10)+75% RDF 35,5 (1 934 73)° 6.4 3478 (+ 362.41)° 34
T9- P. agglomerans (ORE9)+75% RDF 3534 (4 261 40)° 14 3567 (+ 221.21)° 08
T10- A. lipoferum (Az 204)*+750RDF 3134 (+ 129.23)° 17 3445 (+ 257.97) 4.2
T11-100%RDF 3789 (+ 122.68)™ i 3508 (+ 275.85)° i

T12-Control (Absolute cortrol) 3034 (+ 118.56)° 19 3016 (+ 126.43)° 16

Values are mean (x SE) (n=3) and values followed by the same letter in each column are not significantly different from each other as

detected by DMRT (p < 0.05); RDF- Recommended Dose of Fertilizer;* standard bioinoculant
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Fig 10. Effect of inoculation of diazotrophic isolates on soil enzymes, arginine deaminase

activity (A) and fluorescein diacetate activity (B) at different stages of rice
cultivation. Data are presented as mean = SE (n=3); For each panel, different letters
indicate significantly different at P<0.05 according to Duncan’s Multiple Range Test.
T1-T12: Treatments enforced as detailed in table 38.
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Discussion



CHAPTER V
DISCUSSION

Microbes have been shown to be important partners in mitigating the effect of
virtually every known environmental stress that can affect the plant (Reid and Greene, 2012).
Enrichment of soil with diazotrophs possessing useful plant growth-promoting (PGP) traits
ads in the reduction of nitrogenous - fertilizer requirement and thereby the fertilization costs
aswell asminimizing the risk of nitrate pollution. Plant-associated bacteria play key rolesin
their host’s adapting to changing environments in various ecosystems. These interactions
between plants and beneficid bacteria can significantly affect the generd plant heath and
soil qudity. In legumes, plant specific enrichment of microflora in the rhizosphere milieu
has been exploited under nitrogen limiting conditions. Likewise, non-leguminous crops select
specific bacteria groups in the rhizosphere (Lemanceau, 1995). Studies predict the possible
role of diazotrophic bacteria in maintaining soil fertility and N input in disturbed ecosystems
(Purushothaman et al., 1980 and Barraquio et al., 1997). Apart from soil bacteria severa
endophytic bacteria enhance growth and improve generd plant hedth (Stoltzfus et al., 1997).

Hence, the present investigation was carried out to isolate culturable diazotrophic
bacteria associated with ten selected grass species, which are normally grown in various
physiographic regions of India. These diazotrophs were screened for high nitrogen
fixation and the isolates were identified based on 16S rRNA gene sequencing. Further,
the multiple plant growth promoting traits and tolerance level to various abiotic stress
conditions were examined. The influence of diazotrophic bacterial inoculation on growth
of rice was also studied both under in vitro and in vivo conditions. The results obtained
from these experiments are discussed in this chapter.

5.1. Physico-chemical and biological properties of the soils hosting the grass species

The rhizosphere is the narrow region of soil influenced by the root exudates and
associated soil microorganisms.  The rhizosphere region is a highly favourable habitat for the
proliferation, functioning and metabolic activity of numerous microorganisms. It is
characterized by greater microbiological activity near rhizosphere than the soil away from
plant roots (Berg et al., 2002). Rhizodeposits make the rhizosphere a desirable niche for



microbia communities to proliferate. A better understanding of these processesis critica for
maintaining the hedth of plant and feeding the organism that live on it (Moorissy et al., 2004).
The results of the present study confirmed that the rhizosphere had predominant influence on
physico-chemica aswell asbiologica properties of the soil. It is now established that greater
number of bacteria, fungi, actinobacteria and diazotrophs are present in the rhizosphere soil
than in bulk soil and there are innumerable reports in literature to substantiate this fact.
The present study aso reveaed higher Fluorescein diacetate (FDA) hydrolysis and arginine
ammonification rates in the rhizosphere soils and found to have postive correation with soil
microbia activity. FDA hydrolysis rates have been used to estimate total microbid activity
(Bandick and Dick 1999 and Schnurer and Rosswall, 1982). FDA is a subdrate for a wide
variety of enzymes, including proteases, lipases, and esterases. Severd factors such as soil type,
moisture, pH and temperature and the age and condition of plants are known to influence the
rhizosphere effect. Plant genotypes differ in their capacity to convert non-available forms of
nutrients to available forms and to take them up. Factors underlying the differentiad capacities
of plant genotypes to access soil nutrients include differences in the surface area of contact
between roots and soil  (Sadana et al., 2002) and in the composition and amount of root
exudates (Jones et al., 2004) and rhizogphere microflora, resulting in differences in the
chemistry and biology of the rhizosphere. The nutrient availability in the rhizosphere is
controlled by the combined effects of soil properties, plant characteristics and the interaction of
roots with microorganisms (Jones et al., 2004). The concentration of nutrients and thar
availability to plants differ between the rhizosphere and the bulk soil (Marschner, 1995). Nutrient
availability for microbid growth is higher in rhizosphere compared to non rhizosphere soil.

Fluorescein diacetate hydrolysis rate and arginine ammonification are the
widely accepted accurate and simple methods for measuring total microbial activity
in aerobic soils. Because they are mediated simultaneously by protease, esterase and
lipase and thereby reflect the activities of these enzymes in soil (Adam and Duncan, 2001
and Alef and Kleiner, 1986). Since 90% of energy flow in a system passes through
microbial decomposers and heterotrophic microorganisms are predominant in soil,
FDA hydrolysis is thought to reflect overall soil microbiological activity (Schnurer
and Rosswall, 1982). Similar dynamic trend is also revealed in the determination of

total soil microbial activity as shown in Fig.4. In the present study, 50% of soils



from selected grass species were saline and recorded lower enzyme activity which
revealed that arginine ammonification rate and FDA hydrolysis rate are all
negatively correlated with salinity. A Similar study showed that, salt affected arid
soils in China have lower FDA hydrolysis rate and arginine ammonification rate
(Rietz and Haynes, 2003).

5.2. Richness of rhizospheric and endophytic diazotrophs in grass species

Different diazotrophic growth media such as N-Free malate medium, JNFb, LGlI,
SSM, TDM, SM and Rennie medium were used to isolate the diazotrophic bacterial
species. The results showed that, 53% of rhizosphere diazotrophic population appeared
on N-Free malate medium without addition of NH,4Cl as a nitrogen source similar result
has been also reported by Sgroy et al. (2009). The endophytic isolations were made in
nitrogen-free semisolid media with different carbon sources and pH values. This
semisolid nitrogen free media offer the possibility for diazotrophic bacteria to find the
right niche for nitrogen fixation. In the present study, 33% of endophytes were obtained
by using N-free modified Rennie medium. The incluson of N-free modified Rennie
medium for isolation of diazotrophs turned out to be very useful, as the endorhizosphere
bacteria could only be detected on this medium, indicating that these bacteria may
be adapted to high sat concentrations. The present finding are in agreement with
Barraquio et al. (1997) and Elbeltagy et al. (2001) who reported on the isolation of
nitrogen fixing bacteria from N-free media. To test the endophytic nature of bacteria,
experiments were performed to fulfill Koch's postulates and to examine their endophytic
competence (infection and persistence characteristics). The results indicated that 61% of
diazotrophic endophytic bacteria could be isolated from the selected grass tissues, which

were capable of re-colonizing their host when re-inocul ated onto sterile rice seedlings.

Twenty seven percent of endophytic isolates showed both pectinase and cellulase
producing ability which are required for penetration and spread inside the plant.
Pectinase, is akey enzyme for colonization. Pectinolytic activity has been proposed to be
responsible for root invasion by Azospirillum spp., through middie lamellae and points of
emergence of lateral roots (Patriquin et al., 1983).



For active penetration, endophytic bacteria have to be well-equipped with cdlulolytic
enzymes which hydrolyze the plant's exoderma cdl wals. In vitro production of these enzymes
has been reported for many endophytes (Compant et al., 2005 and Reinhold-Hurek et al., 2006).
The expresson of endoglucanase, the main cellulase responsible for hydrolysis of B (1-4)
linkage in cdlulose, is detected at the primary sites of entry of Azoarcus sp. BH72
(Reinhold-Hurek et al., 2006). By entering a plant through natural cracks at the
region where the lateral roots appear, bacteria remain "invisible" for the plant's
immune system. This mode of entry (often combined with active penetration) has
been suggested for Azoarcus sp. BH72 (Reinhold-Hurek and Hurek, 1998) and
Burkholderia viethamiensis (Govindargan et al., 2008) in rice, B. phytofirmans PsIN in
grape (Compant et al., 2005) and Gluconacetobacter diazotrophicus in sugar cane
(James et al., 1994) and Herbaspirillum seropedicae Z67 in rice (James et al., 2002).
Furthermore, Bekri et al. (1999) mentioned that besides gaining entry into the plant through
natural openings and wounds, endophytic bacteria actively penetrate plant tissues using

hydrolytic enzymes like cellulase and pectinase.
5.3. Nitrogen fixing potential of diazotrophs obtained from selected grass species

The diazotrophic isolates were grown in chemically defined nitrogen-free
medium. The results showed 61% of rhizosphere isolates and 95% of endophytic
diazotrophs are recorded pogtive growth in N- free medium and this capability could be
attributed to the acquisition of atmospheric nitrogen by biologica fixation. Doty et al. (2009)
reported a high percentage of the diazotrophic endophytes from the native black
cottonwood and willow, are able to grow on this nitrogen-free medium. In another work,
Forchetti et al. (2007) isolated endophytic Achromobacter xylosoxidans and Bacillus
pumilus from sunflower (Helianthus annuus L.) roots and found both are capable of
growing in chemicaly defined medium without nitrogen source. Gyaneshwar et al. (2001)
characterized nitrogen fixation by using nitrogen-free dextrose medium and isolated the

endophytic diazotrophic strain Serratia marcescens from rice.

In similar experiments, free-living nitrogen fixing Lysinibacillus fusiformis isolated
from rhizosphere of different crops exhibited highest nitrogenase activity in controlled
experimental conditions (Park et al., 2005). The nitrogen fixing abilities of B. subtilis,



B. pumilus, Brevibacterium halotolerans and P. putida have been reveded by growing themin
nitrogen free medium, as quditative evidence of amospheric nitrogen fixation
(Sgroy et al., 2009). The isolates showing growth in N- free medium were further
subjected to ammonia production and analysed for total nitrogen content. The results
showed that 75% of rhizosphere and 95% endophytic diazotrophic isolates produced
ammonia and total nitrogen content. Similarly, Barua et al. (2012) reported that al the
diazotrophic isolates from saline habitats of sunderbans fixed the dinitrogen.
Islam et al. (2009) reported ammoniaproduction in al diazotrophs isolated from paddy fidds.

The discovery that the nitrogenase enzyme responsible for No-fixation aso
reduced C,H; (acetylene) to C,H, (ethylene) (Dilworth, 1966) provided a useful tool for
the assessing No-fixation process. In the present study, all the selected diazotrophs were
subjected to acetylene reduction assay, of which, 57% of rhizosphere diazotrophic
isolates and 42% endophytic diazotrophic isolates recorded acetylene reduction. The rest
recorded no acetylene reduction activity. Similar to our results, Ribbe et al. (1997)
reported that, microbes that could grow in nitrogen-free medium yet were negative in the
acetylene reduction assay. One possible explanation is that the test conditions may not be
optimized for these isolates even though other isolates showed acetylene-reducing activity
under the same conditions. Brighnigna et al. (1992) demonstrated that some epiphytic isolates
could grow in nitrogen-free medium athough they were acetylene reduction negative.

Differences in the composition of culture media and incubation time may have led to
the contradictory results on nitrogenase activity in pure culture. Han and New (1998)
reported that Azospirillum isolates had a wide range of nitrogenase activity
(0.0-154.9 n moles ethylene mg™ protein h') while Malik et al. (1997) found a high
nitrogenase activity (686 n moles ethylene mg* protein h'). Venieraki et al. (2011)
reported the acetylene reduction activity ranged from 4.5+0.2 to 44.3+5.7 nmoles
ethylene mg™ protein h™* for the 11 isolatesfrom field grown barley, oat and wheat.

The acetylene reduction of pure culture is commonly performed with afavourable
carbon source and the evidences in this study which showed that most isolates were
obtained from different growth media. The low nitrogenase activity in this work thus

might be due to an inappropriate carbon source.



In the present study the rhizosphere diazotrophic isolate OR3 (Serratia sp.) and
endophytic isolate CGE3 (Pseudomonas sp.) showed increased activity (250% and 263%
respectively) when compared to acetylene reduction by the standard culture. ISlam et al.
(2009) isolated free-living diazotrophic bacterium Serratia sp. which has appreciably
high nitrogenase activity (115 n moles ethylene mg™* protein h™) from paddy fields. Diazotrophy
in Serratia §p. was confirmed on the basis of nitrogenase activity which produced 12.5 nmol of
ethylene h 10° bacteria® (Gyaneshwar et al., 2001).

Mirza et al. (2006) isolated a marine Pseudomonas alcaligenes having potentia of
diazotrophy and good supply of nitrogen to rice plants when inoculated in non-sterile soils.
Similar diazotrophy has also been reported earlier in Pseudomonas stutzeri isolated from
rice roots. Similarly, Barraquio and Watanabe (1983) reported that nitrogen fixing and
hydrogen utilizing Pseudomonas sp. was predominant in wetland rice roots.

5.4. Diversity of diazotrophs isolated from grass species
5.4.1. Metabolic diversity

The presence of diverse groups of nitrogen-fixing bacteria was established by
assessing various morphologica characteristics of the diazotrophic isolates from selected
grass species. The morphological characters such as cell shape, colony morphology and
Gram staining reveaed the presence of diverse groups of bacteria. The results of Gram
reaction disclosed that 83% diazotrophic bacteria were Gram negative and remaining
17% are Gram positive. Zinniel et al. (2002) obtained almost equal distribution of Gram

positive and Gram negative isolates from maize and sorghum.

The carbon substrate utilization profile of the isolates, used in this study also
exhibited high divergence among the isolates. The data obtained from this profiling were
subjected for cluster analysis of the diazotrophs. The 24 diazotrophic isolates from
rhizosphere clustered into 7 different groups. The differences in the ability to utilize various
carbon sources may be due to the presence or absence of specific operons and structura
genes required for the breakdown of the specific carbon substrate. Clustered and principal
component analysis of BIOLOG data also used the designation of 8 physiologically distinct
strain groupings from salt marsh grass study by Bagwell et al., (2013). Similarly, the tests on
antibiotic resistance showed that high proportion of the diazotroph isolates intrinsically



resstant to the 10-12 antibiotics tested (Bagwell et al., 2013). Based on the result the 24
isolates are clustered into 7 different groups. Gilbert et al. (1993) dso found a high
proportion of rhizosphere bacteria resistant to antibiotics. PGPR bioinoculants resistant to
high level of antibiotics might have ecological advantage for survival in the rhizosphere.

In the present study, diazotrophs Klebsiella sp., B. licheniformis, Serratia sp., and
Pseudomonas sp. were found to be resistant to more number of antibiotics than other
isolates. Evidence of increasing resistance to antibiotics in soil and other natural isolates
highlights the importance of horizontal transfer of resistance genes in facilitating gene
flux in bacteria. Horizontal gene transfer in bacteria is favoured by the presence of
mobile genetic elements and by the organization of bacteria genomes into
operons alowing for the cooperative transfer of genes with related functions.
For example, Nathisuwan et al. (2008) reported that Klebsiella with the ability to produce

extended-spectrum beta-lactamases, possessed resistance to many classes of antibiotics.
5.4.2. Molecular diversity

Identification of new isolates based on phenotypicd and physiological criteria
however is difficult, if the features displayed by a particular isolate are not fully identical with
a described species. Based on16S rRNA gene sequence anaysis, the diazotrophic bacteria
found in the selected grasses belonged to Enterobacteriaceae (75%), Bacillaceae (16%) and
Pseudomonaceae (8%).

Nearly 20% of diazotrophic isolates showed similarity to Klebsiella sp. and 16%
of isolates closely resembled K. pneumoniae. Chelius and Triplett (2000) reported that
K. pneumoniae as an endophyte in maize. In wheat, Iniquez et al. (2004) demonstrated
and confirmed the nitrogen fixing activity of K. pneumoniae. The nitrogen fixing activity
of K. pneumoniae isolates were again confirmed by our work. Among the diazotrophic
isolates Serratia sp. accounted for 12% of which, 4% of isolates belonged to S marcescens.
Diverse species of Serratia have been isolated from cotton and sweet corn (Mclnroy et al.,
1995), rice rhizosphere (Rosdes et al., 1993) rice seed (Mukhopadhyay et al., 1996).
Serratia has been found as an endophytic colonizer of rice (Gyaneshwer et al., 2001).
Giudice et al. (2008) reported non-pigmented S marcescens from vetiver

(Vetiveria zizanioides).



Both these findings are similar to current findings that non-pigmented S mar cescens
are prevaent in grass species. However, the most predominant and studied endophytes
belong to three major phyla (Actinobacteria, Proteobacteria and Firmicutes) and include
members of Azoarcus (Krause et al., 2006), Gluconobacter (Bertdan et al., 2009), Bacillus
(Deng e al., 2011), Enterobacter (Taghavi et al., 2009), Burkholderia (van et al., 2000),
Herbaspirillum (Pedrosa et al., 2009), Pseudomonas, Serratia (Taghavi et al., 2009),
Senotrophomonas (Ryan et al., 2009) and Streptomyces (Suzuki et al., 2005).

In the present work, firmicutes were mainly dominated by different groups of
Bacillus, which have been isolated from selected grass species is in accordance with the
findings of Chowdhury et al. (2009). Approximately 75% of the firmicutes were able to
form endospores indicating the capacity to dea with environmental stress. Additionally, a
similar quantity of isolates was assigned to the phylum Actinobacteria, which includes
many common soil bacteria that are well adapted to environmenta fluctuations such as
desiccation. For instance, four isolates were identified as Arthrobacter and two as
Microbacterium, that are known to persist drought periods by forming ‘resting cocci’
(Goodféellow and Williams, 1983) or highest level of desiccation tolerance, or may even
promote drought-stress tolerance to plants (Narvez-Reinaldo et al., 2010). The endophytic
strains such as Pantoea sp. and P. agglomerans were isolated from tissues of wild rice and
Panicum repens respectively. Similar to our results, Whitton and Rother (1988) reported
that three different types of P. agglomerans are the dominant members of the endophytic
bacteria  community present within the floating rice which have N fixing ability.
Endophytic Pantoea are reported in sugarcane (Loiret et al., 2004) and in soybean
(Kuklinsky-Sobral et al., 2004). The endophytic Pseudomonas sp. was isolated from
tissues of Cenchrus glaucus and Cyperus rotundus. Behrendt et al. (1999) identified the
Pseudomonas graminas, a yellow-pigmented, plant-associated bacterium from grasses.
In the present investigation, Enterobacter sp. accounts for 8% of the total diazotrophs
members of enterobateridles are known No-fixers and one of the most universal of
endophytic genera. Enterobacter has been identified as endophytes of several plants such as
Citrus snensis, soybean, sweet potato and maize (Araljo et al., 2002; Zinnid et al., 2002 and
Kuklinsky-Sobral et al., 2004). Doty et al. (2009) isolated diazotrophic endophytes

Pantoea sp. and Enterobacter sp. from grasses. Among the diazotrophs, one isolate from



Saccharum spontaneum (S$4) identified as Senotrophomonas sp. is ubiquitous and often
associated with plants has reportedly been isolated from rhizosphere of grass, whesat, oat,
cucumber, maize, oilseed rape, potato and lettuce (Park et al., 2005; Chowdhury et al., 2007).
It is not yet defined as nitrogen fixing bacteria despite their nitrogen fixing activities have
been investigated and confirmed (Liu et al., 2007). Cibichakravarthy et al. (2011) isolated
the diazotroph Stenotrophomonas maltophila from the rhizosphere of Prosopis. Roots of
Soartina alterniflora, acommon smooth cordgrass growing in salt marsh of North America
harboured severa gamma proteobacteria diazotrophs (Bagwell et al., 1998; Bagwell and
Lovell 2000).

5.4.3. nifH gene diversity

New molecular technology utilizing analysis of nifH gene, a structural gene for
highly conserved nitrogenase protein, helped in identifiing previously unrecognised
diazotrophic microorganism. The N, fixation requires the interaction of several gene
products including the nitrogenase structural proteins like nifD, nifK, and nifH.
The phylogeny based on nifH genes has been shown to resemble the 16S rRNA
phylogeny (Zehr et al., 2003); thus nifH is an ided phylogenetic gene marker for
investigating N-fixing organisms in naturd environments. In the past, nifH gene has been
successfully used to determine diversity of the diazotrophic communities (Roesch et al., 2006;
Albino et al., 2006; Wakelin et al., 2007).

The amplification of approximately 550 bp long nifH fragment was carried out
using universal primers nifH-b1 and CDHPnif723R. The nifH genes could be amplified
from 62% of isolates from rhizosphere and 55% of endophytes from different grass
species. Our results are in agreement with earlier studies (Kuklinsky-Sobral et al., 2004,
Chowdhury et al., 2007) where nifH gene could not be amplified because of the
variability of this gene (Zehr et al. 2003). It has been reported that no direct correlation
between the presence of nifH and the acetylene reduction activity of the bacteria strains
(Dean and Jacobson, 1992). In this study the nifH amplification could be clearly detected
in Klebsiella sp., Enterobacter sp., B. subtilis, K. pneumoniae, Serratia sp., Bacillus sp.,
S. marcescens, Pseudomonas sp. and P. agglomerans. Identification of nitrogen-fixing
heterotrophic bacteriaisolated from rice fields in the Y angtze River Plain by Xie et al. (2006)



showed the existence of nif genesin three strains of Bacillus sp. Ando et al. (2005) detected
nifH DNA genesin Klebsidla sp., and Serratia sp. isolated from mature sugarcane harvested
on Tanegashima and Miyako Idands, Japan. DNA sequence andysis demonstrated that the
nifH gene sequences were highly similar to those from K. pneumoniae. It possesses a totd of
20 nif genes that are clustered in a 24 kb region of the chromosome and are responsible for
nitrogenase synthesis and regulation (Chelius and Triplett, 2000). The presence of nifH genes
was confirmed by amplification in endophytic diazotrophic strain Serratia marcescens
isolated from rice Gyaneshwar et al. (2001)

5.5. Plant growth promoting traits of diazotrophic bacteria from grass species

There has been increasing evidence that besides No—fixation, synthesis and export
of phytohormones by the No—fixing bacteria may play an important role in plant growth
promotion. Phytohormones also called plant growth regulators (PGR) are well known for
their regulatory role in plant growth and development. Venieraki et al. (2011) reported
al the 11 strains isolated from salt marsh grass exhibited both diazotrophic and
IAA production to the tune of 184454 to 194.8+17.1 ug IAA mg’ proten.
Muthukumarasamy et al. (2007) and Ahmad et al. (2008) reported that many strains of
PGPR isolated from rhizosphere soils, rhizoplane or from inside plant tissues of
Gramineae plants were found to have PGPR activity along with diazotrophy is agreement
with our results. After establishing in a plant, endophytes can positively influence plant
growth and its resistance to different stresses. It islikely that some diazotrophic bacteria
stimulate plant growth both by supplying N and by production of phytohormones, in
particular IAA. This possibility is further supported by the observation that when N was
not limiting, both wild type G. diazotrophicus Pal 5 and its fix-mutant strains were able
to increase the biomass of sugar cane (Sevillaet al., 2001).

Members of the Enterobacteriaceae isolated from selected grass species have been
known to possess plant growth promoting traits, such as ability to fix nitrogen, produce
IAA, GA and mineralize insoluble plant nutrients. They have earlier been aso shown to
be potent biological control agents against fungal diseases.

The production of IAA and related compounds has been demonstrated in many
diazotrophs, including Acetobacter diazotrophicus, Azospirillum sp., Azotobacter sp., and



Paenibacillus polymyxa (Dobbelaere et al., 2003). The IAA increases plant metabolism
and hence inoculation of diazotrophic IAA producing strains in saine soil is of immense
importance, because in addition to increasing the nitrogen status of soil, it may promote plant
growth (Alexander, 1977). The organisms exhibited both diazotrophic character and
producer of IAA which make them good candidates for crop growth. Besides N fixation, the
production of IAA and related compounds by K. pneumoniae in culture media supplemented
with tryptophan was reported in our results in accordance with findings of El-Khawas and
Adachi (1999). In addition, phytohormone production (Timmusk et al., 1999), minera
solubilizing (Vasguez et al., 2000 and Canbolat et al., 2006) and biocontrol properties
(Kloepper et al., 2004 and McSpadden-Gardener, 2004) by different strains of Bacillus
have also been widely reported and were again confirmed by our work. P. agglomeransis
a known diazotrophic endophyte of rice, and has been shown not only to fix nitrogen but
also produce phytohormones and promote plant growth (Vermaet al., 2001). Our isolate
P. agglomerans on endophyte of wild rice also shown maximum production (126%) of
IAA. Thein vitro production of IAA and its possible involvement in PGP has been reported
for many other endophytic bacteria (Govindargjan et al., 2008). Our findings agree with
previous reports that the most of the plant associated bacteria were able to produce a variety

of plant growth promoting substances in cons derable amounts apart from diazotrophy.

In nature, 1-aminocyclopropane-1-carboxylate deaminase has been commonly found
in soil bacteria that colonize plant roots (Glick et al., 1999). The distribution of ACC
deaminase activity is common among plant growth promoting bacterial groups. In the present
study, 43% of rhizosphere diazotrophs (B. subtilis, K. pneumoniae, Serratia sp.,
B. licheniformis, S marcescens, Bacillus sp.) and 55% of endophytic diazotrophs
(Serratia sp., Pseudomonas sp., Enterobacter sp., P. agglomerans, E. sacchari) showed
the ACC deaminase activity. Higher amount of ACC deaminase is produced by
endophytic bacteria P. agglomerans (85%) in our study. Similar to our results,
Teng et al. (2010) found that P. agglomerans isolated from rice possessed the ACC
deaminase along with phosphate-solubilizing ability, siderophores and phytohormones
production. Bacteria containing ACC deaminase bind to roots and/or seed coats and
simulate root eongation by lowering the ethylene level in plants. Many of these

microorganisms are identified by their ability to grow on minima medium containing ACC



as its sole nitrogen source. In this way, Azospirillum spp., Herbaspirillum spp., Azoarcus,
Azor hizobium caulinodans, Gluconacetobacter diazotrophicus, Burkholderia viethamiens's,
Azotobacter spp., Azor hizophilus and Pseudomonas spp. were al found, to utilise ACC asthe
sole nitrogen source for growth. Microbacterium strain isolated from soil has been recently
described to exhibit ACC deaminase activity, to produce siderophores, 1AA and to solubilize
phosphates (Sheng et al., 2009).

Bacterial siderophores are an important class of compounds that enhance plant
growth and protect the plant hedlth by binding to available iron (Fe*) in soils. In the
present study, all the rhizospheric and endophytic isolates are able to produce
siderophores. Islam et al. (2009) found that 47.1% of the diazotrophic strains isolated
from paddy fields were producing siderophore. However, these strains are restricted to
Serratia, Burkholderia and Herbaspirillum. Shahi et al. (2011) reported 21 out of 114
isolates showed multiple growth promoting activity including production of siderophores.
All of the diazotrophic Burkholderia sp. isolated from tomato are siderophore producers

which could play amajor role in the biocontrol of phytopathogens.

HCN production is a common trait within the group of Pseudomonas present in
the rhizosphere. Some studies showed that about 50 % of pseudomonads isolated from
potato and wheat rhizosphere were able to produce HCN in vitro (Schippers et al., 1990).
Hydrogen cyanide production in Pseudomonas has aso been reported by Siddiqui and
Shaked (2008). To date many different bacterial genera have shown to be capable of
producing HCN including species of Alcaligenes, Aeromonas, Bacillus, Pseudomonas
and Rhizobium (Ahmad et al., 2008). In the present study, most of the strains of Bacillus,
Klebsiella, Serratia and Enterobacter sp. were found to produce HCN. The HCN
production was not observed in Enterobacter sp. (BR1), Stenotrophomonas sp. (S$4),
K. pneumonia (CR3), Klebsiella sp. (CB4), Serratia sp. (OR3), Klebsiella sp. (OR5),
Bacillus sp.(CD2), K. pneumonia (SV1), K. pneumonia (CGE3), Pantoea sp. (PRE2) and
B. licheniformis (CBE9). The absence of HCN production in these strains could indicate
that this ability is not widely distributed among diverse free-living diazotrophic bacteria.
Increase of plant growth includes a variety of mechanisms by which the bacteria prevent
phytopathogens from inhibiting plant growth and development. This mechanism of plant

growth promotion so far has been treated in a step motherly way as far as diazotrophs are



concerned. Results of the present study on antagonistic activity of diazotrophic isolates
showed that, 4% of diazotrophic isolates are antagonistic to X. oryzae, 72% against
R. solani, 68% against S. oryzae and 56% against P. oryzae. Jaiganesh et al. (2007)
found that S. marcescens appeared to be an ideal agent for the control of P. oryzae,
because it produced chitinolytic enzymes which cause degradation of the fungal cell
walls, induction of plant defence reaction and certain antifungal low molecular weight
molecules. Moreover, much evidence has indicated a potential role of such species in
plant growth promotion properties as fungal biocontrol (Press et al., 1997).
Many rhizospheric and endophytic bacteria are reported to have antagonistic activity against
avariety of plant pathogens. Similar to our findings many strains of Bacillus have aso been
widdly used as microbid inoculum for improving plant growth and/or for biocontrol of
pathogensin trid s with wheat, spinach, strawberry and tomato (Herman et al., 2008).

Phosphorus, potassium and zinc are important plant nutrients and the beneficia
role of plant growth promoting bacteria in maintaining adequate levels of these minera
nutrients in crop production has been previously reported (Rodriguez and Fraga, 1999).
It is observed that, all the diazotrophs are solubilize phosphorus, 28% of isolates could
mineralize potassium and 44 % of isolates could solubilize zinc with varying ability.
Pantoea sp. and Bacillus sp. have the P-solubilization capacity and could be used as
inoculants and plant growth promoters to increase P-uptake by plants, as suggested by
Park et al. (2005). Furthermore, the phosphate solubilization property and the presence of
the nitrogen fixing genes in S. marcescens was demonstrated by Islam et al. (2009).
A positive correlation between the potentia for P and Zn solubilization has been reported
(Wani et al., 2007). In the same way strains of K. pneumoniae (CR2), Serratia sp
(CB2), Serratia sp (OR3), S. marcescens (CD1), P. agglomerans (ORE9), Serratia sp.
(CRE9) and Pseudomonas sp.(CRE10) were able to solubilize al three tested mineralsin
the present investigation. Zinc solubilizing ability of Bacillus sp. and Pseudomonas sp.
was assessed by Saravanan et al. (2003) using zinc oxide, zinc sulphide (sphalerite) and
zinc carbonate in both plate and broth assays. ZSB O-1 (Bacillus sp.) recorded maximum

dissolution of zinc sulphide.



5.6. Stress tolerance by diazotrophs

Environmental stresses such as drought, temperature, salinity, air pollution, heavy
metals, pesticides and soil pH are major limiting factors in crop production because they
affect ailmost all the functions of plants. In addition to the ability of a plant to modify its
physiology and metabolism, including the synthesis of a range of defensive proteins,
certain soil bacteria can also help the plants to mitigate the environmental stresses. The
introduction and persistence ability of a strain are affected by a number of abiotic factors
like high salt, high water potential, high pH and high temperature (Egamberdieva, 2009).

Soil sdinity in arid regions is frequently an important limiting factor for cultivating
agricultura crops. Although many technologies have been implicated in the improvement of
sdt tolerance, only PGPR-dlicited plant tolerance againgt sdt stress has been previoudy
studied by Egamberdieva (2009). In the present study, 24% of isolates was able to tolerate a
NaCl concentration of 7.5 %. Most of the strains having ability to produce ACC deaminase
showed resistance to sdt. From a point of view of sdinity condition regulated in
plant-associated rhizobacteria, some isolates including genera Pseudomonas and Bacillus
have shown to have capacity to promote wheat growth in sdinated soils of Uzbekistan
(Egamberdieva et al., 2008). Similar results were reported in India in groundnut
(Arachis hypogaeae) inoculated with ACC deaminase producing Pseudomonas
fluorescens, according to Saravanakumar and Samiyappan (2007). In another study, the
ethylene content in tomato seedlings exposed to high sat was reduced by application of
Achromobacter piechaudii, indicating that bacteriadl ACC deaminase was functiond.
A. piechaudii, which produced ACC, increased the growth of tomato seedlings by as much as
66% in the presence of high salt contents (Mayak et al., 2004). In salt stressed conditions
K. pneumoniae KHS2 grown with casamino acids as the nitrogen source, proline was the
magor osmolyte and both trehaose and glutamate were observed by Madkour et al. (1990).
The availability of desiccation and salt tolerant PGPR appears to be advantageous especially
in seasonally dry regions or regions with salinity problems, which is 40% of the world land
surface (Cordovilla et al., 1994). In another work Chinnadurai et al. (2009) reported the
presence of ACC deaminase activity among the phyllosphere methylobacteria of rice and



found that foliar spray of ACC deaminase positive methylobacteria isolates enhanced the
root and shoot length of rice and tomato seedlings under gnotobiotic condition and lower the

ethylene level (60-80%) in the plant species.

The test for temperature tolerance of 25 isolates from different grass species
revealed that, 32% of isolates could grow at 55°C. The high temperature tolerance of
4 Bacillus isolates may be attributed to production of spores and heat shock proteins.
The temperature tolerance of different strains of Serratia 5., Klebsidla sp. and Pantoea sp.
may be due to high polysaccharide production during stress. Jenson (1981) reported

N fixing microorganisms survive during hot dry conditions upto 60°C.

Survival of bacteria during desiccation is the result of many different factors.
Desiccation tolerance is an indirect result of coping with stresses, such as osmotic,
temperature, and oxygenic stresses. Despite the uncertainties in understanding
desiccation responses of rhizobia, we know that desiccation conditions influence survival
and that responses to a decrease in water activity and an increase in osmotic or salt stress
elevate the ability of some microorganisms to survive desiccation. Microorganisms vary
in their tolerance of decreasing water potential. Eventhough, water potential affects the
activity of soil microorganisms. A direct relationship between starvation resistance and
the ability of bacterial surviva in soil was reported in earlier studies. All the selected
diazotrophs are able survive under the permanent wilting point conditions (15 BAR) up
to 90 days. Chen and Alexander (1997) related the growth of soil isolates at low water
activity to their ability to survive desiccation. In disturbed soils in the laboratory, a
minimum of 50% field capacity moisture was required for nitrogenase activity
(Roper, 1985), whereas in insitu assays in undisturbed soils in the field, nitrogenase
activity occurred at moistures below 30% field capacity (Roper, 1983). These results
agree with the earlier findings, who also have reported survival of diazotrophs at low

water potentials.

Present investigation, revealed the resistance of 24 diazotrophs against 5 heavy
metals viz., Cd?*, Hg?*, Co**, Ni?* and Zn®* and it is observed that many of the isolates
have multiple tolerance to heavy metas. It is generally observed that the firmicutes

showed high resistance to heavy metals than others. In the same way, Dib et al. (2008)



reported that in some Gram positive bacteria other characteristics may help resistance,
such as the spore forming ability in Bacillus and the relatively high GC content in
Actinobacteria. Oliveiraet al. (2009) attempted to isolate diazotrophic bacteria that were
able to tolerate high concentrations of arsenic. In total, 22 arsenic resistant isolates
showed ability to fix nitrogen. The finding showed that diazotrophic microbes
(Rhizobium and Azotobactor) increased maize growth on heavy metal polluted soil,
which might be due to reduction in meta toxicity on plant, because the growth on Pb
added soil in the absence of these microbes was reduced significantly.

The toxicity is ranged from the highest toxic element (Hg*?) to the lowest toxic
element (Pb™ and Al™®). Low concentrations of certain heavy metals such as zinc are
essential for many cellular processes of bacteria. However, higher concentrations of these
metals often are cytotoxic. The microbial resistance to heavy metals is attributed to a
variety of detoxifying mechanisms developed by resistant microorganisms, such as
complexation by exopolysaccharides, binding with bacterial cell envelopes, metal
reduction, metal efflux, etc. These mechanisms are sometime encoded in plasmid genes
facilitating the transfer of toxic metal resistance from one cell to another. Microbial
surviva in polluted soils depends on intrinsic biochemical and structural properties,
physiological and/or genetic as well as environmental modification of metal speciation
(Wuertz and Mergeay, 1997). Microbes demonstrate various types of resistance
mechanisms in response to heavy metas; these mechanisms may be encoded by
chromosomal genes, but the most usual loci conferring resistance are located on plasmid.
Alzubaidy (2012) reported that, growth rate of S. marcescens ($4) in the presence of
heavy metals (Zn*?, Fe™?, Al*™3, Pb™?) were consistently slower than that of the control.

The first two components (PC1 and PC2) of PCA were accounting for 49.7 %
variability with PC1 contribution of 34.7 % and PC2 of 15.0 % (Fig.12).With reference to
plant growth promoting traits of the diazotrophic isolates, ACC deaminase, growth
hormone production, P, K and Zn releasing ability were positively ordinated (placed in
the right handed top of the plot) with significant contribution to the PCs.
The variables such as salt and temperature tolerance showed minor contribution to the PC
loadings. When considering the isolates CR2 (K. pneumonia), OR3 (Serratia sp.),
CRE9 (Serratia sp.) and ORE9 (P. agglomerans) were placed in the position of scoring
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Fig. 12. Principal component analysis on screening of multiple growth promoting diazotrophs.
A. Loading plot. B. Scoring plot. Total N- total Nitrogen content; Ammonia- ammonia excretion;
ARA-Acetylene Reduction Assay; IAA-Indole Acetic Acid production; GA-Gibberellic acid
production; ACC-ACC deaminase activity; SID-Siderophore production; HCN-Hydrogen cyanide
(HCN) production; P-phosphorus solubilization; K-potassium releasing potential; Z-zinc
solubilization; ST-Salt tolerance; TT-Temperature tolerance; DT-Dessication tolerance. Klebsiella
sp. (CG1), Enterobacter sp. (CG3), B.subtilis (CG5), Stenotrophomonas sp. (SS4), K. pneumoniae
(CR2), Klebsiella sp. (CB4), K. pneumoniae (CR3), Serratia sp.(CB2), B. subtilis s (CB3), Serratia
sp. (OR3), S. marcescens (CD1), K. pneumoniae (SV1), Klebsiella sp. (OR5),Klebsiella sp.
(OR7), Bacillus sp. (CD2), Pseudomonas sp.(CGE3), Serratia sp. (CRE9), Pseudomonas
sp.(CRE10), Enterobacter sp.(BR1), Bacillus sp. (CBE9), Enterobacter sp (ORE7), E. sacchari
(SVEY), P.agglomerans (ORE9), Pantoea sp.(PRE2).



plot, where most of the variables positioned in the loading plot. CBE9, BR1, CG3, SV1
like strains, having less multiple- functiona plant growth promoting traits were ordinated
in the negative plots. Some isolates like CG5, CB2, CD1 and CRE10 also considered as
they have possible correlation with either one of the PCs.

5.7. Effect of diazotroph inoculation on the growth of rice under in vitro

Bioinoculants increase crop growth by a combination of mechanisms, which include
biologica nitrogen fixation (BNF), phytohormone production, increasing the availability of
soil nutrients, and disease control (Cocking, 2003). In the present investigation, nitrogen
fixing and phytohormone producing activities were found in many diazotrophic strains
(Klebsela sp.(CG1) Enterobacter sp.(CG3), Bacillus sp. (CG5), K. pneumoniae (CR2),
K. pneumoniae (CR3), Sarratia s.(CB2), B. subtilis (CB3), S marcescens (CD1)
K. pneumonia (SV1), Sarratia sp.(OR3) Pseudomonas sp. (CGE3), Serratia p. (CRE9),
Pseudomonas sp. (CREL0), Enterobacter sp.(ORE7) and P. agglomerans (ORED9).
Moreover, the other plant growth promotion properties such as minera solubilizing and
biocontrol properties, nif H gene amplification of isolates have been well documented. It is
therefore probable that they can be used as bacteria inocula to support growth and

development of rice plantsin vitro and in field experiment.

In the present study, gnotobiotic assay inoculation effects of diazotrophic bacteria
on rice were studied. It clearly revealed that diazotrophs aided in production of healthy
and vigorous rice seedlings. All of the strains selected for gnotobiotic study showed
significant nitrogenase activity, and amplification of the nifH gene confirmed their ability
to fix nitrogen. The dehulled and surface sterilized seeds treated with diverse
diazotrophic strains showed a 59% and 66% increase in root length as well as shoot
length respectively when compared with control. Islam et al. (2009) reported that
inoculation of rice with free-living diazotrophic bacteria remarkably increased plant
height and dry biomass production compared with the control under greenhouse
conditions. George et al. (2013) found that significant increase in growth and nutrient
uptake accompanied with higher populations of plant beneficia microorganisms in their

rhizospheres were recorded up on inoculation with Serratia sp. and Klebsiella sp.



5.8. Endophytic colonization of diazotrophic endophytes in vitro

In the present study, scanning electron microscopy anaysis confirmed the
presence of endophytic bacteria viz.,, Serratia sp. (CRE9), Pseudomonas sp. (CRE10),
Pseudomonas sp. (CGE3) and P. agglomerans (ORE9) were able to colonize in great
extent the root surface and inner part of the rice plants. According to our results,
endophytic bacteria seem to be uniformly distributed on the rhizoplane of the root and
also we identified colonization at the intercellular junction. Electronmicroscopic studies
of A. diazotrophicus after infection of sugarcane tissues clearly provided detailed
information about the localization of A. diazotrophicus cells within sugarcane tissues of

microprogagated plantlets (James et al., 1994).

This finding is probably due to the fact that intercellular regions represent more
space and opportunity for the movement of endophytes, besides, very probably the
mucilaginous layer, which covers the epidermis of the root, has a lower tension in these
regions in accordance with Bowen (1979). The close association between a plant and an
endophyte may provide suitable conditions for nutrient transfer between the bacteria and
their host, than the association between predominantly rhizosphere bacteria and plants
(Stoltzfus and de Bruijn, 2000). Previous reports indicate that, at the intercellular regions,
there is increase in the concentration of carbon as a source of energy, thus explaining the
preference of bacteria for this part of the root (Bennett and Lynch, 1981). Azoarcus
strain BH72 is able to invade rice roots and colonize the cortex cells of roots as well as
the stem bases and the shoot (Hurek et al., 1994). The systemic spreading of Azoarcus in
the plant is facilitated by cellulolytic activities (Reinhold-Hurek et al., 1993).

It has been suggested that bacteria could develop on the surface of the epiderma
cells and on the cdlular junctions. Inoculation of the endophytic bacteria Pseudomonas sp.
(CRE 10) recorded maximum shoot length and root length (64% and 65% respectively).
Results indicate the presence of many filaments cross linking the endophytic bacteria and
with the rhizoplane, suggesting a structural compatibility between endophytes and the
cell wall. Diazotrophs specifically interacts with rice roots through a sequence of three
neutral sugars and glucuronic acid; this interaction allows for an efficient colonization.

We identified high densities of endophytic bacteria in emerging zones from the lateral



roots and particularly, in the basal parts. This finding agrees with other studies indicating
that these parts of the roots are highly susceptible to disruption, causing the release of
endophytes (Agarwha and Shende, 1987). The entry of diazotrophic grass endophytes
Azoarcus sp. BH72 into the root is most likely an active process, which might be
mediated by enzymes degrading plant cell wall polymers (Reinhold-Hurek et al., 1993).
In contrast to most phytopathogens harboring plant cell wall-degrading enzymes, the
products are not metabolized by Azoarcus sp. BH72, they grow neither on cellulose,
cellobiose or glucose or any other carbohydrate. Moreover, the enzymes are unlike in
pathogens not efficiently excreted into the culture supernatant, but remain bound to the
cell surface (Reinhold-Hurek et al., 1993). Once bacterid cells have crossed the exoderma
barrier, they can remain at the site of entry as it has been shown for Paenibacillus polymyxa
in Arabidopsis (Timmusk et al., 2005) or move deeper insde and occupy the intercelular
gpace of the cortex (James et al., 1994; Roncato-Maccari et al., 2003; Compant et al., 2005
and Gasser et al., 2011). This might cause a less aggressive atack of plant cells by an
endophyte in comparison to plant pathogens. The preferable Sites of bacteria attachment and
subsequent entry are the apica root zone with the thin-walled surface root layer such as the
cell elongation and the root hair zone (zone of active penetration), and the basal root zone
with smal cracks caused by the emergence of laterd roots (zone of passive penetration).
At these dtes bacteria are often arranged in micro-colonies comprising severa hundreds of
cells (Zachow et al., 2010). The exact mechanism used by the endophytic bacteriato penetrate
and colonize the endorhizosphere of the rice remains unclear, and more studies are needed to

understand better the mechanism of penetration as well asthe exact role of endophytic bacteria

5.9. Influence of diazotrophic bacterial inoculation on growth and yield of rice

under lowland ecosystem

In the present investigation, selected diazotrophs were found to produce
phytohormones such as IAA, Gibberellic acid (GA3), produce siderophores that can
provide iron to plants, solubilize minerals such as P, K, Zn and synthesize enzymes such
as ACC deaminase that can modulate plant growth and development. Inoculation of
plants with these diazotrophs increases plant growth under gnotobiotic conditions. Since
the selected diazotrophs were used as bacterial inocula to evaluate the growth and

development of rice plantsin the field conditions.



In the present study, it was observed that inoculation with diazotroph resulted in an
increase in plant height. Serratia sp. (CB2), Klebsdla sp. (CG1), Bacillus sp .(CG5H),
K. pnemoniae (CR2) and Pseudomonas sp.(CRE10) incressed therice plant height 2.7% - 9.1%
through nitrogen fixation and phytohormone production as reported by Keyeo et al. (2011).
Tillering is an important phenologica event in rice development. Tran Van et al. (2000)
noticed an increase in number of effective tillers when Burkholderia vietnamiensis was
inoculated to rice. Inoculation of S marcescens (CD1), Serratia sp. (CB2) and K. pnemoniae
(CR2) increased the yidd by 5.9% - 32%. This increase in yield could be the result of
production of growth hormones, solubilization of mineras and biological N, fixation and
biocontrol activity of diazotrophic inoculants. Das and Saha (2003) observed increases of up
to 20% in grain yield in rice in response to inoculation with Azotobacter spp. and
Azospirillum spp., but these increases were less than those recorded with optimum N
fertilizer application. Badani et al. (1987) found increasesin grain yield in wheat up to 31%
following inoculation with Azospirillum spp., but due to variability in the trias, there were no
satistica differences between inoculated plants and untreated controls.

Vermaet al. (2001) mentioned that most of the soils under rice cultivation contain
insoluble phosphates. Therefore, the ability of rhizobacteria to solubilize precipitated
phosphates and enhances phosphate availability to rice, represents a possible mechanism
of plant growth promotion under field conditions. In our study the S marcescens (CD1)
showed maximum solubilization of phosphorus that might have helped the crop growth.
Similar to our results, George et al. (2013) mentioned that S. marcescens exhibited
N- fixation potential, phosphate solubilization, ammonification, and production of indole
acetic acid, 1-aminocyclopropane-1-carboxylate-deaminase activity, chitinase activity,
siderophore production and antibiotics. In addition, seed bacterization with S. marcescens
(CDY) increased the growth parameters of test plants such as paddy and cowpea over
uninoculated control in green house assay. Biswas et al. (2000) reported the growth
promoting effect of diazotrophic bacterial strains of Herbaspirillum seropedicae,
Glucanacetobacter diazotrophicus, Azospirillum brasilense, Burkholderia cenocepacia
on rice. Okon and Labandera-Gonzalez (1994), reported, 3-32% increase in grain yield
from 70% diazotrophs of the inoculated trials. Such results clearly demonstrate the plant

growth promotion in rice by bioinoculants. Yim et al. (2009) reported, inoculation of the



diazotrophic bacterid strains significantly increased the biomass of plants and dso 37%
increase on the total N content in plant tissues when compared to uninoculated control as
found in our study. Similarly De broy et al. (2009) showed that seed inoculation of
diazotrophs on rice have improved growth, nitrogen content, grain weight and yield of crops.
Inoculation of K. pnemoniae (CR2) and Serratia sp.(CB2) strain stimulated the plant growth,
the grain yied and the accumulation of potassum and magnesium in the wheat grain
(Ruppel, 1989). Our findings indicate that most of the selected strains possess multiple plant
growth promoting properties that significantly improve the growth of the rice when tested
under field conditions. In the "additive hypothesis’, it was suggested that multiple
mechanisms, such as dinitrogen fixation, phosphate solubilization, and ACC deaminase
activity, together with 1AA biosynthes's, are responsible for the observed plant growth
promotion and yield increase (Bashan and Holguin, 1997). Inoculaion of plants with plant
growth promoting bacteria not only increases plant growth but aso improvestotad NPK uptake
(Shaharoona et al., 2007 and Wu et al., 2005). Biologicad nitrogen fixation (BNF) technology

can play an important role in substituting the use of chemica N fertilizersin rice cultivation.

Principal component andys's clearly corrdate the observed variables and bioinoculants
tested under field condition and showed that 64.3% variability with PC1 contribution of 46.9%
and PC2 of 17.3 % (Fig.13). Principad component anadysis of variables showed two quartet
among variables while number of tillers, panicle length, effective tillers, nitrogen uptake,
arginine deaminase activity, straw yield, grain yield, test weight and plant height are 46.9%
contributed to isolates performance. In case of gnotobiotic experiment variables (17.3%) such
as dry matter production, root length and shoot length are not much influenced by diazotrophic
isolates performance. Treatment number T4 (Serratia sp.) and T5 (K. pneumoniae) have the
positive score vaue while treatments such as T6, T3, T1 and T2 are closer to positive sde.
The results indicated that T4 (Serratia §p.) and T5 (K. pneumoniae) inoculated plots strongly
influence the productive tiller counts, nitrogen uptake, grain yiedd and enzyme activity.

These results are dso in conformity with the correlation andyses (Table 37).

The novel efficient isolates of Klebsiella pneumoniae and Serratia sp. with
multifaceted plant growth promoting activity obtained from the weedy grass rhizosphere
under stressed condition may be employed in nutrient deficient and problematic soils for

stress mitigation and sustainable crop cultivation with fewer chemical inputs.
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Fig. 13. Principal component analysis on influence of diazotrpophs inoculation on growth
of rice under gnotobiotic and field conditions. A. Loading plot; B. Scoring plot;
T— Number of tillers; PI- Panicle length; ET- Effective tillers; ADA-arginine deaminase
activity; H-Height; N- Nitrogen uptake; SY-straw yield; GY -grain yield; TW- test weight;
FDA-  fluorescein  diacetate  hydrolysis ; DM-  Dry matter production;
RL -root length ; SL- Shoot length; T1-Klebsiella sp.(CG1)+75% RDF; T2-B.subtilis
(CG5)+75% RDF ; T3- S. marcescens (CD1)+75% RDF; T4- Serratia sp. (CB2)+75% RDF;
T5- K. pneumonia (CR2)+75% RDF ;T6- Serratia sp.(OR3)+75% RDF; T7- Serratia sp.
(CRE9)+75% RDF; T8- Pseudomonas sp.(CRE10)+75% RDF; T9- P. agglomerans
(ORE9)+75% RDFT; 10- A.lipoferum (Az 204)+75%RDF;T11-100% RDF;T12-Control
(Absolute control)



Summary



CHAPTER VI
SUMMARY

In the present investigation, diazotrophic bacteria were isolated from rhizosphere

and internal tissues of ten selected grass species. The diazotrophic bacteria were screened

and identified usng 16S rDNA sequencing. The presence of nif gene was detected by PCR

using universal primers. These isolates were found to produce multiple plant growth

promoting substances and showed tolerance to various abiotic stress conditions.

Gnotobiotic experiment was conducted to study the influence of efficient diazotrophic

isolates on the growth of rice. Further, the efficient cultures were evaluated for their

performance in rice under field conditions. The results obtained in the experiments are

summarized as follows:

1.

Based on their availability in each physiographic region, atotal of 10 different grass
species (Brachiaria reptans, Cenchrus glaucus, Saccharum spontaneum, Panicum
repens, Cyperus rotundus, Dactyloctenium aegyptium, Chloris barbata, Oryza
rufipogon, Cyanodon dactylon and Setaria verticillata) along with the rhizosphere

soils were sampled.

The physio-chemical and biological properties of samples were analysed and showed
significant difference among the regions.

A total of 60 diazotrophic isolates from rhizosphere and twenty one putative
endophytic isolates were obtained from all the 10 grasses. A tota of 30 rhizospheric
and 20 entophytic diazotrophic isolates were selected based on the growth on N- free

medium, total nitrogen content and ammonia excretion.

As many as 60 diazotrophic isolates from rhizosphere and 21 putative endophytes
were obtained by using four different N-free media. These isolates were further
anayzed for growth on N- free medium, total nitrogen content and ammonia

production.

Among the isolates, the highest nitrogenase activity was exhibited by isolate OR3
(17225 #1395 n moles of ethylene mg' of protein h?) isolated from
Oryza rufipogon. Among the endophytic diazotrophs, the highest ARA activity was



10.

11.

12.

13.

found in CGE3 (171.45 +11.80 n moles of ethylene mg™ of protein h™) isolated from

Cenchrus glaucus.

The selected both rhizosphere and endophytic diazotrophic bacterial colonies were
characterized by cell shape, morphology and Gram reaction.

The intrinsic antibiotic resistance and carbon-substrate utilization profiling of the
selected isolates showed remarkable differences among them, forming seven different

clusters.

The 16S rRNA gene sequence homology revealed the presence of diversity of
v Proteobacteria and Firmicutes. The authenticated diazotrophic isolates of grass
species were screened for the presence of nifH gene and the amplification could be

clearly detected in 15 isolates.

Plant growth promoting traits of all the diazotrophs isolates from grass species were
analysed. Among the rhizosphere diazotrophic isolates, the amount of IAA and GA
production, P-solubilization, siderophore and HCN production were higher in

Serratia marcescens (CD1).

Among the endophytic diazotrophic isolates, Pseudomonas sp. (CRE10) showed
maximum multiple- plant growth promoting traits. Seven rhizospheric and five
endophytic isolates produced ACC deaminase and thereby regulated the ethylene

concentration.

Most of the selected diazotrophic isolates showed antagonistic activity against sheath
blight (Rhizoctonia solani), blast (Pyricularia oryzae) and sheath rot (Sarocladium
oryzae) of rice.

Tolerance level to various abiotic stresses such as salt, temperature, dessication and
heavy metals were assessed and the results reveaed that these rhizosphere isolates
viz., Bacillus sp. (CG5), Senotrophomonas sp. (S$4) and Bacillus sp. (CD2) and the
endophytic isolates viz, E. sacchari (SVE9), Bacillus sp. (CBE9) and Serratia sp.
(CRED9) regigtered their remarkable ability to tolerate salt upto 7.5%.

The temperature level (55°C) had profound influence on the population of diazotrophs

and moisture potentias (field capacity and permanent wilting point) were not found



to significantly influence the population of diazotrophs. The diazotrophic isolates
Bacillus sp. (CG5), Bacillus sp. (CBE9) and E. sacchari (SVE9) showed maximum
resistance to heavy metals such as Cd*", Hg*", Co**, Ni** and Zn*".

14. Under gnotobiotic conditions, Pseudomonas sp. (CRE10) inoculation registered
maximum shoot length and root length in rice. Plant dry matter production was higher

in S. marcescens (CD1) than the other strains.

15. The endophytic colonization in the rice seedlings (roots and culm) were examined by
SEM anaysis. Results indicated that endophytic bacteria were preferentialy

colonized in the rhizoplane and inner side of rice roots.

16. A field experiment was carried out to evaluate the efficiency of elite strains on the
growth and yield of rice (cultivar- ADT 43) under lowland ecosystem. Among the
diazotrophic strains, Serratia sp. (CB2) isolated from Chloris barbata enhanced plant

growth, productive tiller counts, and nitrogen uptake and enzyme activity.

17. Among the strains, K. pneumoniae (CR2) and Serratia sp. (CB2) registered grain
yield increase of 32 and 31% respectively compared to the 100% NPK.

The present compilation of multiple plant growth promoting traits of diverse
diazotrophs suggests that these organisms can promote plant growth by more than one
mechanism and hence these traits could be better exploited. Besides exploring the
potential for biological nitrogen fixation and other promising plant growth promoting
functions carried out by diazotrophs, it is aso important to ensure that the bacteria are
well adapted to environmental conditions before they are utilized as inoculant strains.
These diazotrophs could be very useful in the formulation of new microbia inocula and
could be applied most profitably to economically important non-legume crops.
In conclusion, this study demonstrates the occurrence of diverse groups of plant growth
promoting diazotrophs in grass species. These beneficial microbes can be utilized in

improving plant growth and yield in rice.



References



REFERENCES

Adam, G and H. Duncan. 2001. Development of a sensitive and rapid method for the
measurement of total microbial activity using fluorescein diacetate (FDA) in a
range of soils. Soil Biol. Biochem., 33: 943-951.

Agarwhal, S and T.S. Shende. 1987. Tetrazolium reducing microorganisms inside the
root of Brassica species. Curr. Sci., 56: 187-188.

Ahmad, F., I. Ahmad and M.S. Khan. 2008. Screening of free-living rhizospheric bacteria
for their multiple plant growth promoting activities. Microbiol. Res., 163:
173-181.

Albino, U., D.P. Saridakis, M.C. Ferreira, M. Hungria, P. Vinuesa and G. Andrade. 2006.
High diversity of diazotrophic bacteriawith carnivorous plant Drosera villosa var.

villosa growing in oligotrophic habitats in Brazil. Plant Soil, 287:199-207

Alef, K and D. Kleiner. 1986. Arginine ammonification, a simple method to estimate
microbia activity potentialsin soils. Soil Biol. Biochem., 18: 233-235.

Aleksandrov, V.G., R.N. Blagodyr and I.P. llev. 1967. Liberation of phosphoric acid from
gpatite by slicate bacteria. Mikrobiolohichnyi Zhurnal., 29: 111-114.

Alexander, M. 1977. Introduction to Soil Microbiology. 2™ ed. New Delhi: Wiley
Eastern Limited; p. 338-339

Alloway, B.J. 2001. Zinc — The vita micronutrient for healthy, high-value crops.
International Zinc Association. Brussels, Belgium, p. 8.

Alstrorn, S. and R.G. Burns, 1989. Cyanide production by rhizobacteria as a possible
mechanism of plant growth inhibition. Biol. Fertil. Soil., 7: 232-238.

Alvarez, M.I., RJ. Sueldo and C.A. Barass. 1996. Effect of Azospirillum on coleoptile
growth in wheat seedlings under water stress. Cereal Res. Commun., 24: 101- 107.

Aly, H., J. Kamalay, N. Walter, P.A. Okubara and C.G. Taylor. 2007. Characterization of
the Pseudomonas genus of bacteria for plant parasitic nematode control In: ASM
Conference on Pseudomonas August 26-30, seattle Washington.



Alzubaidy, S.K. 2012. The resistance of locally isolated Serratia marcescens to heavy
metals chlorides and optimization of some environmental factors. J. Environ.
Occup. Sci., 1(1): 37-42

Ando, S, M. Goto, S. Meunchang, P. Thongraar, T. Fujiwara, H. Hayashi and
T Yoneyama. 2005. Detection of nifH sequences in sugarcane (Saccharum
officinarum L.) and pineapple (Ananas comosus [L.] Merr.). Soil Sci. Plant.
Nutr., 51: 303- 308.

Anthoni Rgj, S. 2002. Biofertilizers for micronutrients. Biofertil. News Lett., 8-10.

Araujo, W.L., J. Marcon, W. Maccheroni, J.D. Van Elsas, J. Van Vuurde and J.L.
Azevedo. 2002. Diversity of endophytic bacterial populations and their interaction
with Xylella fastidiosa in citrus plants. Appl. Environ. Microbiol., 68:
4906-4914.

Araujo, W.L., W. Maccheroni, C.I. Aguilar-Vildoso, P. A.V. Barroso, H.O. Saridakis and
J.L. Azevedo. 2001. Variability and interactions between endophytic bacteria and
fungi isolated from leaf tissues of citrus rootstocks. Can. J. Microbiol., 47:
229-236.

Arnow, L.E. 1936. Colorimetric determination of the components of 3,4-dihydroxy
phenylalanine-tyrosine mixtures. J. Biol. Chem., 118: 531-537.

Aroca, R and JM. Ruiz-Lozano. 2009. Induction of plant tolerance to semi-arid
environments by beneficial soil microorganisms-a review. In: Lichtouse, E. (ed)
Climate change, intercropping, pest control and beneficial microorganisms,

sustainable agriculture reviews. Springer, The Netherlands, p. 121-135.

Arora, N.K., S.C. Kang and D.K. Maheshwari. 2001. Isolation of siderophore- producing
strains of Rhizobium meliloti and their biocontrol potential against Macrophomina

phaseolina that causes charcoal rot of groundnut. Curr Sci., 81(6): 673-677.

Arp, D.J. 2000. The nitrogen cycle. Prokaryotic Nitrogen Fixation. In: Triplett, E.W.
(ed). Wymondham, Great Britain: Horizon Scientific Press, pp. 1-14.



Ashrafuzzaman, M.F.A., M.R. Hossen, M.A. lIsmail, M.Z. Hoque, S.M. Islam,
S. Shahidullah and S. Meon. 2009. Efficiency of plant growth promoting
rhizobacteria (PGPR) for the enhancement of rice growth. Afr. J. Biotechnol., 8
(7):1247-1252.

Asis, CAA. and K. Adachi, 2003. Isolation of endophytic diazotroph Pantoea
agglomerans and non diazotroph Enterobacter asburiae from sweet potato stem
in Japan. Lett. Appl. Microbiol., 38:19-23.

Bagwell, C. E., Y. M. Piceno, A. A. Lucas and C. R. Lovell. 2013. Physiologica
diversity of the rhizosphere diazotroph assemblages of selected salt marsh grasses.
Appl. Environ. Microbiology., 79: 4276-4282

Bagwell, C.E and C.R. Lovell. 2000. Microdiversity of culturable diazotrophs from the
rhizoplanes of the salt marsh grasses Spartina alterniflora and Juncus
roemerianus. Microbial Ecol., 39:128-136.

Bagwell, C.E., Y.M. Piceno, A. Ashburne-Lucas and C.R. Lovell. 1998. Physiological
diversity of the rhizosphere diazotroph assemblages of selected salt marsh grasses.
Appl. Environ. Microbiol., 64: 4276-4282.

Balandreau, J. 2002. The spermosphere model to select for plant growth promoting
rhizobacteria. In: Kennedy, I.R and A.T.M.A. Choudhury. Biofertilizersin action.
Canberra: Rural Industries Research and Devel opment Corporation; p.55-63.

Baldani, V.L., D.J.I. Baldani and J. Dobereiner. 2000. Inoculation of rice plants with the
endophytic diazotrophs Herbaspirillum seropedicae and Burkholderia spp.,
Biol. Fertil. Soil., 30: 485-491.

Baldani, V.L.D and J. D6bereiner. 1980. Host plant specificity in the infection of cereals
with Azospirillum. Soil Biol. Biochem., 12: 433-439.

Badani, V.L.D., JI. Badani and J. Dobereiner. 1987. Inoculaion of field-grown wheat
(Triticumaestivum) with Azospirillum spp. in Brazil. Biol. Fert. Soil., 4:37-40.

Bandick, A.K and R.P. Dick. 1999. Field management effects on soil enzyme activities.
Soil Biol. Biochem., 31:1471-1479.


http://aem.asm.org/search?author1=Christopher+E.+Bagwell&sortspec=date&submit=Submit�
http://aem.asm.org/search?author1=Yvette+M.+Piceno&sortspec=date&submit=Submit�
http://aem.asm.org/search?author1=Amy+Ashburne-Lucas&sortspec=date&submit=Submit�
http://aem.asm.org/search?author1=Charles+R.+Lovell&sortspec=date&submit=Submit�
http://link.springer.com/search?facet-author=%22V.L.+Divan+Baldani%22�
http://link.springer.com/search?facet-author=%22J.+I.+Baldani%22�
http://link.springer.com/search?facet-author=%22J.+D%C3%B6bereiner%22�
http://link.springer.com/journal/374�

Bar-Ness, E., Y. Hadar, Y. Chen, A. Shanzer and J. Libman. 1992. Iron uptake by plants
from microbial siderophores. Plant Physiol., 99: 1329-1335.

Barraquio, W.L and I. Watanabe. 1981. Occurrence of aerobic nitrogen fixing bacteriain
wetland and dry plants. Soil Sci. Plant Nutr., 27:121-125.

Barraquio, W.L and |. Watanabe. 1983. Isolation and identification of Ny-fixing
Pseudomonas associated with wet land rice. Can. J. Microbiol., 29: 867-873.

Barraquio, W.L., L. Revilla and JK. Ladha. 1997. Isolation of endophytic diazotrophic
bacteria from wetland rice. Plant Soil, 194: 15-24.

Barton, L.L., G.V. Johnson and S.O. Miller. 1986. The effect of Azospirillum brasilense on
iron absorption and trand ocation by sorghum. J. Plant Nutr., 9: 557-565.

Barua S., S. Tripathi, A. Chakraborty, S. Ghosh and K. Chakrabarti. 2012.
Characterization and crop production efficiency of diazotrophic bacterial isolates
from coastal saline soils. Microbiol Res., 167: 95-102.

Bashan, Y and G. Holguin. 1997. Azospirillum-plant relationships. Environmental and
physiological advances. Can. J. Microbiol., 43:103-121.

Bashan, Y., M.E. Puente, L.E. de-Bashan and J.P. Hernandez. 2008. Environmental uses
of plant growth-promoting bacteria. In: E.A. Barka and C. Clement (eds) Plant-
microbe interactions. Trivandrum, Kerala, India, pp 69-93.

Behrendt, U., A. Ulrich, P. Schumann, W. Erler, J. Burghardt and W. Weyfarth. 1999.
A taxonomic study of bacteria isolated from grasses. a proposed new Species,

Pseudomonas graminis sp. Int. J. Sys. Bacteriol., 49: 297-308.

Bekri, M.A., J. Desair, V. Kéijers, P. Proost, M. Searle-van Leeuwen, J. Vanderleyden
and A. Vande Broek. 1999. Azospirillum irakense produces a novel type of
pectate lyase. J. Bacteriol., 181: 2440-2447.

Beimov, A.A., V.l. Safronova, T.A. Sergeyeva, T.N. Egorova, V.A. Matveyeva, V.E.
Tsyganov, A.Y. Borisov, I.A. Tikhonovich, C. Kluge, A. Preisfeld, K.J. Dietz and
V.V. Stepanok. 2001. Characterization of plant growth promoting rhizobacteria
isolated from polluted soils and containing 1-aminocyclopropane- 1—carboxylate
deaminase. Can. J. Microbiol., 47: 642— 652.



Bennett, R.A and J.M. Lynch. 1981. Bacterial growth and development in the rhizosphere
of gnotobiotic cereal plants. J. Gen. Microbiol., 125: 95-102.

Berg, G., N. Roskot, A. Steidle, L. Eberl, A. Zock and K. Smalla. 2002. Plant-dependent
genotypic and phenotypic diversity of antagonistic rhizobacteria isolated from
different Verticillium host plants. Appl. Environ. Microbiol., 68: 3328-3338.

Bergersen, F.J. 1980. Methods for Evaluating Biological Nitrogen Fixation. John Wiley
and Sons, New Y ork, pp: 702.

Bertalan, M., R. Albano, L. Rouws, C. Rojas, A. Hemerly and K. Teixeira. 2009.
Complete genome sequence of the sugarcane nitrogen-fixing endophyte
Gluconacetobacter diazotrophicus PAL5. BMC Genomics, 10: 450.

Bin Zakaria A.A. 2009. Growth optimization of potassium solubilizing bacteria isolated

from biofertilizer. Ph. D thesis, University Malaysia Penang.

Biswas, JC., JK. Ladha and F.B. Dazzo. 2000. Rhizobia inoculation improves nutrient
uptake and growth of lowland rice. Soil Sci. Soc. Am. J., 64: 1644-1650.

Biswas, J.C., JK. Ladha, F.B. Dazzo, Y.G. Yanni and B.G. Rolfe. 2000. Rhizobia
inocul ation influences seedling vigor and yield of rice. J. Agron., 92: 880-886.

Borrow, A., PW. Brian, V.E. Chester, P.J. Curtis, H.G. Hemming, C. Henehan,
E.G. Jeffreys, P.B. Lloyd, I.S. Nixon, G.L.F. Norris and M. Radley. 1955.
Gibberellic acid, a metabolic product of the fungus Gibberella fujikuroi: some

observations on its production and isolation. J. Sci. Food Agr., 6: 340-348.

Bowen, G.D. 1979. Integrated and experimental approaches to the study of growth of
organisms around roots. In: Schippers, B. and W. Gams, (Eds.). Soil-borne Plant

Pathogens, Academic Press, London, pp. 207-227.

Bradford, M.M. 1976. A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem., 72: 248-254.

Brighnigna, L., P. Montaini, F. Favilla, and A.C. Tregjo. 1992. The role of the nitrogen-fixing
bacteria microflorain the epiphytism of Tillandsia (Bromeliaceag). Am. J. Bot., 79:
723-727.



Brimecombe, M.J., F.A. De Leij and J.M. Lynch, 2001. The effects of root exudates on
rhizosphere microbial populations. In: The rhizosphere: Biochemistry and organic

substances at the soil-plant interface pp. 95-137.

Buckley, D.H., V. Huangyutitham, S. Hsu and T.A. Nelson. 2007. Stable isotope probing
with N, reveals novel non-cultivated diazotrophs in soil. Appl. Environ.
Microbiol., 73: 3196-3204.

Bunt, J.S and A.D. Rovira. 1955. Microbiological studies of some sub-antartic soils.
J. Soil Sci., 6:119-128.

Burgmann, H., F. Widmer, W. Vonsigler and J. Zeyer. 2004. New molecular screening
tools for analysis of free-living diazotrophs in soil. Appl. Environ. Microbiol.,
70: 240-247.

Burris, R.H and P.W. Wilson. 1972. Methods for Measurement of Nitrogen Fixation.
In: Methods in Enzymology. (Eds.) Colowick, S.P. and N.O. Kaplan. Academic
press, New Y ork. pp. 355-367.

Canbolat, M.Y., S. Bilen, R. Cakmakci, F. Sahin and A. Aydin. 2006. Effect of plant
growth-promoting bacteria and soil compaction on barley seedling, growth,
nutrient uptake, soil properties and rhizosphere microflora. Biol. Fert. Soils., 42:
350-357.

Cappuccino, J.C and N. Sherman. 1992. Negative staining. In: Microbiology:
A Laboratory Manual, (Eds.). Cappuccino, J.C., N. Sherman and C. Benjamin.
Redwood City, pp.125-179.

Carroll, G. 1988. Funga endophytes in stems and leaves. from latent pathogen to
mutualistic symbiont. Ecol., 69: 2-9.

Cavalcante, V.A and J. Dobereiner. 1988. A new acid-tolerant nitrogen-fixing bacterium
associated with sugarcane. Plant Soil, 108: 23-32.

Chaintreuil, C., E.Y. GiraudPrin,, J. Lorquin, A. Ba, M. Gillis, P. de Lgudie and B. Dreyfus.
2000. Photosynthetic Bradyrhizobia are natura endophytes of the African wild rice
Oryza breviligulata. Appl. Environ. Microbiol., 66: 5437-5447.



Chakraborty, U., B. Chakraborty and M. Basnet. 2006. Plant growth promotion and
induction of resistance in Camellia sinensis by Bacillus megaterium. J. Basic
Microbiol., 46(3): 186 — 195.

Chandramohan, D and A. Mahadevan. 1968. Indole acetic acid metabolism in soails.
Curr. Sci., 37: 112-113.

Chelius, M.K and E.W. Triplett. 2000. Immunolocalization of dinitrogenase reductase
produced by Klebsiella pneumoniae in association with Zea mays L.
Appl. Environ. Microbiol., 66: 783-787.

Chen, W.M., E.K. James, JH. Chou, S.Y. Sheu, S.Z. Yang and J.I. Sprent. 2005. Beta-
rhizobia from Mimosa pigra, a newly discovered invasive plant in Taiwan.
New Phytol., 168: 661-667.

Chinnadurai, C., D. Baachandar S.P. Sundaram. 2009. Characterization of
1-aminocyclopropane-1-carboxylate deaminase producing methylobacteria from
phyllosphere of rice and their role in ethylene regulation. World J. Microbiol.
Biotechnol., 25: 1403-1411.

Chowdhury, SP., M. Schmid, A. Hartmann and A.K. Tripathi. 2007. Identification of
diazotrophs in the culturable bacterid community associated with roots of Lasiurus
sindicus, aperennia grass of Thar Desert, India. Microb Ecol., 54: 82-90.

Chowdhury, S.P., M. Schmid, A. Hartmann and A.K. Tripathi. 2009. Diversity of 165 rRNA
and nifH genes derived from rhizosphere soil and roots of an endemic drought

tolerant grass, Lasiurus sindicus. Eur. J. Soil Biol., 45:114-122.

Chrigtie, P., X. Li and B.D. Chen. 2004. Arbuscular mycorrhizae can depress trandocation of
zinc to shoot of host plantsin soils moderately polluted zinc. Plant Soil, 80: 241-249.

Cibichakravarthy, B., R. Preetha, S.P. Sundaram, K. Kumar and D. Balachandar. 2011.
Diazotrophic diversity in the rhizosphere of two exotic weed plants, Prosopis
juliflora and Parthenium hysterophorus. World J. Microbiol. Biotechnol., 11(9):
274-285.

Clay, K. 1988. Fungal endophytes of grasses: a defensive mutualism between plants and
fungi. Ecol., 69:10- 16.



Cocking, E.C. 2003. Endophytic colonization of plant roots by nitrogen-fixing bacteria.
Plant Soil, 252: 169-175.

Cocking, E.C. 2005. Intracellular colonization of cereds and other crop plants by
nitrogen-fixing bacteria for reduced inputs of synthetic nitrogen fertilizers.
In vitro Cell Dev. Biol., 41: 369-373.

Compant, S., B. Reiter, A. Sesdtsch, J. Nowak, C. Clement and E. Ait Barka. 2005.
Endophytic colonization of Vitis vinifera L. by plant growth-promoting bacterium
Burkholderia $p. strain PSIN. Appl. Environ. Microbiol., 71: 1685- 1693.

Cordovilla, M. P, F. Ligero and C. Lluch. 1994. The effect of salinity on N fixation and
assimilation in Vicia faba. J. Exp. Bot., 45: 1483-1488.

Cotty, P.I., T.E. Cleveland, R.L. Brown and J.E. Mdlon. 1990. Variation in polygalacturonase
production among Aspergillus flawus isolates. Appl. Environ. Microbiol., 56:
3885 — 3887.

Coutinho, H.L.C., V.M. Oliveria, A. Lovato, A.H.N. Maia and G. Manfio. 1999.
Evaluation of the diversity of rhizobia in Brazilian agricultural soils cultivated
with soybeans. Appl. Soil Ecol., 13: 159-167.

Creus, C., R. Sueldo and C. Barassi. 1997. Shoot growth and water status in Azospirillum
inoculated wheat seedlings grown under osmotic and salt stresses. Plant Physiol.
Biochem., 35: 939-944.

Ddton, D.A., S. Kramer, N. Azios, S. Fusaro, E. Cahill and C. Kennedy. 2004.
Endophytic nitrogen fixation in dune grasses (Ammophila arenaria and
Elymus mallis) from Oregon. FEMS Microbiol. Ecol., 49: 469-479.

Das, A and D. Saha. 2003. Influences of diazotrophic inoculations on nitrogen nutrition
of rice. Aust. J. Soil Res., 41:1543-1554.

Dazzo, F.B., G.G. Orgambide, S. Hollingsworth, R.I. Hollingsworth, K.O Ninke and J.L.
Salzwedel. 1996. Modulation of development, growth dynamics, wall crystallinity
and infection sites in white clover root hairs by membrane chitolipo-
oligosaccharides from Rhizobium leguminosarum biovar trifolii. J. Bacteriol.,
178: 3621-3627.



De Freitas, JR.,, M.R. Banerjee and JJ. Germida. 1997. Phosphate-solubilizing
rhizobacteria enhance the growth and yield but not phosphorus uptake of canola
(Brassica napus L.). Biol. Fertil. Soils., 24: 358-364.

Dean, D.R and M.R. Jacobson. 1992. Biochemical genetics of nitrogenase. In: Stacy, G.,
R.H. Burrisand H.J. Evans (eds). Biological nitrogen fixation. Chapman and Hall,
New York, pp 763-834.

Deb Roy, B., B. Deb and G.D. Sharma. 2009. Dinitrogen nutrition and rice cultivation
through biofertilizer technology. Assam Univ. J. Sci. Tech. Biol. Sci., 4(1):
20-28.

Deng, Y., Y.Zhu, PWang, L.Zhu, JZheng, R.Li, L.Ruan, D.Peng and M.Sun. 2011.
Complete genome sequence of Bacillus subtilis BSn5, an endophytic bacterium of
Amorphophallus konjac with antimicrobid activity for the plant pathogen Erwinia
carotovora subsp. carotovora. J. Bacteriol., 193: 2070-2071.

Dennis, C and J. Webster. 1971. Antagonistic properties of species groups of
Trichoderma and production of non-volatile antibiotics. Trans. Br. Mycol. Soc.,
57: 25-39.

Denton, B. 2007. Advances in phytoremediation of heavy metals using plant growth

promoting bacteria and fungi. Basic Biotechnol., 3: 1-5.

Desbrosses G, C. Contesto, F. Varoquaux, M. Galland and B. Touraine. 2009. PGPR-
Arabidopsis interactions is a useful system to study signalling pathways involved
in plant developmental control. Plant Signal. Behav., 4: 321-323.

Dib, J, J. Motok, V.F. Zenoff, O. Ordonez and M.E. Farias. 2008. Occurrence of
resistance to antibiotics, UV-B, and arsenic in bacteria isolated from extreme
environments in high-altitude (above 4400m) Andean wetlands. Curr.
Microbiol., 56: 510-517.

Dicker, H and D. Smith, 1980. Acetylene reduction (nitrogen fixation) in a Delaware,
USA salt marsh. Mar Biol., 57: 241-250.

Dilworth, M.J. 1966. Acetylene reduction by nitrogen fixing preparations from
Clostridium pasteurianum. Biochem. Biophys. Acta., 127: 285-294.



Dobbelaere, S., J. Vanderleyden and Y. Okon. 2003. Plant growth-promoting effects of
diazotrophsin the rhizosphere. Crit. Rev. Plant Sci., 22: 107-149.

Dobereiner , J. 1992. History and new perspectives of diazotrophs in association with non-

leguminous plants. Symbiosis, 13: 1-13

Dobereiner, J. 1977. N, fixation associated with non-leguminous plants. Basic Life Sci.,
9: 451-461.

Dobereiner, J. 1989. Isolation and identification of root associated diazotrophs.
In: Nitrogen fixation with nonlegumes. (Eds) Skinner, F.A. A. Kluwer and
K. Dordrecht, Kluwer Academic Publishers, Dordrecht, Netherlands. pp. 455-466.

Dobereiner, J., V.M. Reis, M.A. Paula and F. Olivares. 1993. Endophytic diazotrophs in
sugar cane, cereals and tuber plants. In: Palacios, R., J. Mora and W. Newton,
(Eds). New horizons in nitrogen fixation. Kluwer Academic Publishers,
Dordrecht, Netherlands, pp. 671-676.

Doolittle, W.F. 1999. Lateral genomics. Trends Biochem. Sci., 24: 5-8.

Doty Sharon L., B. Oakley, G. Xin, JW. Kang, G. Singleton, Z. Khan, A. Vazovic and
J. Staley. 2009. Diazotrophic endophytes of native black cottonwood and willow.
Symbiosis, 47: 23-33.

Duffy, B., C. Keel and G. Défago. 2004. Potential role of pathogen signalling in
multitrophic plant-microbe interactions involved in disease protection. Appl.
Environ. Microbiol., 70: 1836-1842.

Egamberdieva, D. 2009. Alleviation of salt stress by plant growth regulators and 1AA
producing bacteriain wheat. Acta Physiol. Plant., 31: 861-864.

Egamberdieva, D., F. Kamilova, S. Vdidov, L. Gafurova, Z. Kucharovaand B. Lugtenberg.
2008. High incidence of plant growth-stimulating bacteria associated with the
rhizosphere of wheat grown on salinated soil in Uzbekistan. Environ. Microbiol.,
10:1-9.

Egener, T., T. Hurek and B. Reinhold-Hurek. 1998. Use of green fluorescent protein to
detect expression of nif genes of Azoarcus sp. BH72, a grass-associated

diazotroph, on rice roots. Mol. Plant Microbe In., 11: 71-75.



Elbeltagy, A., K. Nishioka, T. Sato, H. Suzuki, B. Ye, T. Hamada, T. Isawa, H. Mitsui
and K.Minamisawa. 2001. Endophytic colonization and in plant nitrogen fixation
by a Herbaspirillum sp. isolated from wild rice species. Appl. Env. Microbiol.,
67: 5285-5293.

Elbeltagy, A., K.Nishioka, H. Suzuki, T. Sato, Y. Isato, H. Morisaki, H. Mitsui and
K. Minamisawa. 2000. Isolation and characterization of endophytic bacteria from
wild and traditionally cultivated rice varieties. Soil Sci. Plant Nutr., 46: 617-629.

El-Khawas, H and K. Adachi. 1999. Identification and quantification of auxins in culture
media of Azospirillum and Klebsiella and their effect on rice roots. Biol. Fert.
Soil., 28: 377-381.

Elstner, E.E., H. Schempp, G. Preibisch, S. Hippeli and W. Oswald. 1994. Biologica
sources of free radicals. In: Free radicals in the environment, medicine and
toxicology. Richelieu Press, London. pp. 13-45.

Engehard, M., T. Hurek, and B. Renhold-Hurek. 2000. Preferentid occurrence of
diazotrophic endophytes, Azoarcus spp., in wild rice species and land races of Oryza
sativa in comparison with modern races. Environ. Microbiol., 2:131-41.

Fahraeus, A. 1957. The infection of clover root hairs by nodule bacteria studied by a
simple glass slide technique. J. Gen. Microbiol., 16: 374-381.

Figueiredo, M.V.B., H.A. Burity, C.R. Martinez and C.P. Chanway. 2008. Alleviation of
drought stress in the common bean (Phaseolus vulgaris L.) by co-inoculation with
Paenibacillus polymyxa and Rhizobium tropici. Appl. Soil Ecol., 40:182-188.

Forchetti, G., O. Masciardlli, S. Alemano, D. Alvarez and G. Abdala. 2007. Endophytic
bacteria in sunflower (Helianthus annuus L.) isolation, characterization, and
production of jasmonates and abscisic acid in culture medium. Appl. Microbiol.
Biotechnol., 76: 1145-1152.

Garbeva, P., JA. Van Veen and J.D. van Elsas. 2004. Assessment of the diversity, and
antagonism toward Rhizoctonia solani AG3, of Pseudomonas species in soil from
different agricultural regimes. FEMS Microbiol. Ecol., 47: 51-64.



Gasser, |., M. Cardinae, H.M. Qiler, S. Heller, L. Eberl, N. Lindenkamp, C. Kaddor,
A. Steinbochel and G. Berg. 2011. Analysis of the endophytic lifestyle and plant
growth promotion of Burkholderia terricola ZR2-12. Plant Soil, 347: 125-136.

George, P., A. Gupta, M. Gopal, L. Thomas and G.V. Thomas. 2013. Multivarious
beneficid traits and plant growth promoting potential of Serratia marcescens KiSl|
and Enterobacter sp. RNF 267 isolated from the rhizosphere of coconut pams
(Cocosnucifera L.) World J. Microbiol. Biotechnol., 29: 109-117.

Germida, JJ.,, S.D. Siciliano, J.R. de Freitas and A.M. Seib. 1998. Diversity of root
associated bacteria associated with field-grown canola (Brassica napus L.) and
wheat (Triticum aestivum L.). FEMS Microbiol. Ecol., 26: 43-50.

Gilbert, G.S,, JL. Parke, M.K. Clayton and J. Handelsman. 1993. Effects of an
introduced bacterium on bacterial communities on roots. Ecol., 74:840-854.

Giudice, L.D., D.R. Massardo, P. Pontier, C.M. Bertea, D. Mombello, E. Carata, S.M.
Tredici, A. Tala, M. Mucciardlli, V.l. Groudeva, M.D. Stefano, G. Vigliotta, M.E.
Maffe and P. Alifano. 2008. The microbial community of vetiver root and its
involvement into essential oil biogenesis. Environ. Microbiol., 10: 2824-2841.

Glass, A.D.M., D.T. Britto and B.N. Kaiser. 2002. The regulation of nitrate and
ammonium transport systemsin plants. J. Exp. Bot., 53: 855-864.

Glick, B. R., B. Todorovic, J. Czarny, Z. Cheng, J. Duan and B. McConkey. 2007.
Promotion of plant growth by bacterial ACC deaminase. Crit. Rev. Plant Sci.,
26: 1-16.

Glick, B., C. Patten, G. Holguin and D. Penrose. 1999. Biochemica and genetic mechanisms
used by plant growth promoting bacteria. Imperia Col, London. pp.267.

Glick, B.R., D.M. Penrose and J. Li. 1998. A model for the lowering of plant ethylene
concentrations by plant growth-promoting bacteria. J. Theor. Biol., 190: 63— 68.

Glick, B.R.1995. The enhancement of plant growth by free living bacteria. Can. J.
Microbiol., 41:109-117.


http://link.springer.com/search?facet-author=%22Priya+George%22�
http://link.springer.com/search?facet-author=%22Alka+Gupta%22�
http://link.springer.com/search?facet-author=%22Murali+Gopal%22�
http://link.springer.com/search?facet-author=%22Litty+Thomas%22�
http://link.springer.com/search?facet-author=%22George+V.+Thomas%22�
http://link.springer.com/journal/11274�

Goodfellow, M and S.T. Williams. 1983. Ecology of actinomycetes. Annu. Rev.
Microbiol., 37: 189-216.

Gorden, SA. and L.G. Paleg. 1957. Quantitative measurements of indole acetic acid.
Physiol. Plantarum., 4: 24-27.

Govindargjan, M., J. Balandreau, SW. Kwon, H.Y. Weon and C. Lakshminarasimhan.
2008. Effects of the inoculation of Burkholderia viethamensis and related
endophytic diazotrophic bacteriaon grain yield of rice. Microb. Ecol., 55: 21-37.

Govindasamy,V., M. Senthilkumar, V. Mageshwaran and K. Annapurna. 2009.
Detection and characterization of ACC in plant growth promoting rhizobacteria.
J. Plant Biochem. Biotechnol., 18(1):71-76.

Grayston, S.J., W. Shenquiang, C.D. Campbell and A.C. Edwards. 1998. Selective
influence of plant species on microbia diversity in the rhizosphere. Soil Biol.
Biochem., 30: 369-378.

Gupta, V.V.S.R. 2011. Diversity and activity of free-living N fixing bacteria in south
Australian soils. In: Proc. of Rhizosphere 3 International conference 25-30
September 2011, Perth, Australia.

Gyaneshwar, P., E. James, N. Mathan, P. Reddy, B. Reinhold-Hurek and J. Ladha 2001.
Endophytic colonization of rice by a diazotrophic strain of Serratia marcescens.
J. Bacteriol., 183: 2634—2645.

Gyaneshwar, P., EKK. James, P.M. Reddy and JK. Ladha 2002. Herbaspirillum
colonization increases growth and nitrogen accumulation in aluminum-tolerant
rice varieties. New Phytol., 154:131-145.

Haas, D. and G. Defago. 2005. Biological control of soil-borne pathogens by fluorescent
Pseudomonads. Nature Rev. Microbiol., 3: 307-319.

Han, J., L. Sun, X. Dong, Z. Cai, X. Sun, H. Yang Y. Wang and W. Song. 2005.
Characterization of a novel plant growth-promoting bacteria strain Delftia
tsuruhatensis HR4 both as a diazotroph and a potential biocontrol agent against
various plant pathogens. Syst. Appl. Microbiol., 28: 66-76.



Han, S.O and P.B. New. 1998. Variation of nitrogen fixing ability among natural isolates.
Microb. Ecol., 36: 193-201.

Harari, A., J. Kigel and Y. Okon. 1988. Involvement of IAA in the interaction between

Azospirillum brasilense and Panicum miliaceum roots. Plant Soil, 110: 275— 282.

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

Hinton, D.M and C.W. Bacon, 1995. Enterobacter cloacae is an endophytic symbiont of
corn. Mycopathologia, 129: 117-125.

Hirsch, A.M., H.l. McKhann, A. Reddy, J. Liao, Y. Fang and C.R. Marshall, 1995.
Assessing horizontal transfer of nifHDK genes in eubacteria: Nucleotide sequence
of nifK from Frankia Strain HFPCcl3. Mol. Biol. Evol., 12: 16-27.

Honma, M., T. Shimomura. 1971. Metabolism of 1-aminocyclopropane -1- carboxylic acid.
Agrl. Biol. Chem., 42: 1825-1831.

Howard, J.B and D.C. Rees. 1996. Structural basis of biological nitrogen fixation. Chem.
Rev., 96: 2965-2982.

Howieson, J.G. 2005. Application of rhizobia inoculants to Australian agriculture —
Foreword. Aust. J. Exp. Agric., 45:12-15.

Hugenholtz, P., B.M. Goebel and N.R. Pace. 1998. Impact of culture independent studies
on the emerging phylogenetic view of bacteria diversity. J. Bacatoeriol., 180:
4765-4774.

Humphries, E.C. 1956. Mineral composition and ash analysis. In: Modern methods of
plant analysis. (Eds.) Peach, K. and M.V. Trecy. Springer Verlag Berlin, pp. 468-502.

Hurek, T., B. Reinhold-Hurek, M. Van Montagu and E. Kellenberger. 1994. Root
colonization and systemic spreading of Azoarcus sp. Strain BH72 in grasses.
J. Bacteriol., 176: 1913-1923.



Hurek,T., L.L. Handley, B. Reinhold-Hurek, Y. Piché. 2002. Azoarcus grass endophytes
contribute fixed nitrogen to the plant in an unculturable state. Mol. Plant
Microbe. Interact., 15: 233-242.

Iniquez, A.L., Y. Dong and E.W. Triplett. 2004. Nitrogen fixation in wheat provided by
Klebsiella pneumoniae 342. Mol. Plant Microbe In., 17: 1078-1085.

Isam, M.D., M. Rashedul, M. Madhaiyan, P. Hari, D. Boruah, W. Yim, G. Leel,
V.S. Saravanan, Q. Fu, H. Hu and T.M. Sa. 2009. Characterization of plant
growth-promoting traits of free-living diazotrophic bacteria and their inoculation
effects on growth and nitrogen uptake of crop Plants. J. Microbiol. Biotechnol.,
19: 1213-1222.

Islam, M.R., P. Trivedi, P. Palaniappan, M.S. Reddy and T.M. Sa. 2009. Evauating the
effect of fertilizer application on soil microbial community structure in rice based
cropping system using Fatty acid methyl esters (FAME) analysis. World J.
Microbiol Biotechnol ., 25: 1115-111.

Jaccard, P. 1912. The distribution of the florain the a pine zone. New Phytol., 11: 37-50,

Jackson, M.B. 1991. Ethylenein root growth and development. In: Matoo, A K. and J.C. Suttle
(Eds.). The Plant Hormone Ethylene, CRC Press, Boca Raton, Fla. pp. 159-181.

Jackson, M.L. 1973. Soil chemical analysis. Prentice Hall of India Pvt. Ltd., New Delhi,
pp. 56-70.

Jaiganesh V., A. Eswaran, P. Balabaskar and C. Kannan. 2007. Antagonistic activity of
Serratia marcescens against Pyricularia oryzae. Not. Bot. Hort. Agrobot. Cluj.,
35: 123-129.

James, E. K., V.M. Reis, F.L. Olivares, J.I. Baldani and J. D'obereiner. 1994. Infection
of sugar cane by the nitrogen-fixing bacterium Acetobacter diazotrophicus.
J. Exp. Bot., 45: 757-766.

James, E.K., P. Gyaneshwar, N. Mathan, W.L. Barraquio, P.M. Reddy, P.P.M. Lannetta,
F.L. Olivares and J.K. Ladha. 2002. Infection and colonization of rice seedlings
by the plant growth-promoting bacterium Herbaspirillum seropedicae Z67.
Mol. Plant Microbe In., 15: 894-906.



James, N. 1958. Sail extract in soil microbiology. Can. J. Microbiol., 4: 363-370.

Jensen, V. 1981. Heterotrophic microorganisms. In: W. Broughton- editor, Nitrogen
fixation, Ecology.Clarendon Press,Oxfprd,UKP-30-56.

Jing, Y.D., Z.L. He and X.E. Yang. 2007. Role of soil rhizobacteria in phytoremediation
of heavy metal contaminated soils. J. Zhejiang Univ. Sci., 8: 192-207.

Jones, D.L., A. Hodge and Y. Kuzyakov. 2004. Plant and mycorrhizal regulation of
rhizodeposition. New Phytol., 163: 459-480.

Kadouri, D., E. Jurkevitch and Y. Okon. 2003. Involvement of reserve materia poly-&
hydroxy butyrate (PHB) in Azospirillum brasilense in stress endurance and
colonization. Appl. Environ. Microbiol., 69: 3244-3250.

Kalita, R.B., P.N. Bhattacharyya and D.K. Jha. 2009. Effects of plant growth promoting
rhizobacteria and arbuscular mycorrhizal fungi on Fusarium oxysporum causing
Brinjal wilt. J. Appl. Phy. Sci., 4: 29-35.

Karlidag, H., A.M. E. Turan and F. Sahin. 2007. Effects of root inoculation of plant
growth promoting rhizobacteria (PGPR) on yield, growth and nutrient element
contents of leaves of apple. Sci. Hort., 114: 16-20.

Kempers, A.J and A. Zweers. 1986. Ammonium determination in soil extracts by
salicylate method. Commum. Soil Sci. Plan. Anal., 17:715-723.

Kennedy, I.R., A.T.M.A. Choudhury and M.L. Kecskes. 2004. Free-living bacterial
diazotrophs in crop-farming systems. can their potential for plant growth
promotion be better exploited. Soil Biol. Biochem., 36:1229-44.

Kent, H.M., M. Buckand and D.J. Evans. 1989. Cloning and sequencing of the nifH gene
of Desulfovibrio gigas. FEMS Microbiol. Lett., 61: 73-78.

Keyeo, F., O. Noor Alshah and H.G. Amir. 2011. The effects of nitrogen fixation activity
and phytohormone production of diazotroph in promoting growth of rice
seedlings. Biotechnol., 10: 263-267.

Kim, C., M.L. Kecskés, R.J. Deaker, K. Gilchrigt, P.B. New, |.R. Kennedy, S. Kim and T.M.
Sa. 2005. Whest root colonization and nitrogenase activity by Azospirillum isolates
from crop plantsin Korea. Can. J. Microbiol., 51: 948-956.



Kirchhof, G., V.M. Reis, J.I. Badani, B. Eckert, J. DObereiner, A. Hartmann. 1997.
Occurrence, physiological and molecular analysis of endophytic diazotrophic

bacteriain gramineous energy plants. Plant Soil, 194: 45-55.

Kirkpatrick, L.A. and B.C. Feenay. 2005. A Simple Guide to SPSS for Windows, for
Version 12.0.Thomson, Wadsworth.

Kirshtein, J.D., H.W. Paerl and J. Zehr. 1991. Amplification, cloning, and sequencing of
a nifH segment from aquatic microorganisms and natural communities.
Appl. Environ. Microbiol., 57: 2645-2650.

Kloepper, JW., CM. Ryu and S. Zhang. 2004. Induced systemic resistance and
promotion of plant growth by Bacillus spp. Phytopathol., 94: 1259-1266.

Kloepper, JW., J. Leong, M. Teintze and M.N. Schroth. 1980. Enhanced plant growth by
siderophores produced by plant growth promoting rhizobacteria. Nature,
286: 885-886.

Klose, S., JM. Moore and M.A. Tabatabai.1999. Arysulfatase activity of microbial biomass
in soils as affected by cropping systems. Bio. Fertil. Soil., 29: 49-54.

Kozdroj, J and JD. Van Elsas. 2000. Structura diversity of microorganisms in
chemically perturbed soil assessed by molecular and cytochemical approaches.
J. Microbiol. Meth., 43: 197-212.

Krause, A., A. Ramakumar, D. Bartels, F. Battistoni, T. Bekel, J. Boch and M. Bohrn.
2006. Complete genome of the mutualistic, N,-fixing grass endophyte Azoarcus
sp. strain BH72. Nature Biotech., 24: 1385-1391.

Kuklinsky-Sobra, J., W.L. Araujo, R. Mendes, |1.0. Geraldi, A.A. Pizzirani-Kleiner and
J.L. Azevedo. 2004. Isolation and characterization of soybean-associated bacteria
and their potential for plant growth promotion. Environ. Microbiol., 6:
1244-1251.

Kuklinsky-Sobral, J., W.L. Aradjo, R. Mendes, A. Pizzirani-Kleiner and J.L. Azevedo.
2005. Isolation and characterization of endophytic bacteria from soybean (Glycine
max) grown in soil treated with glyphosate herbicide. Plant Soil, 273:91-99.



Kuske, C.R., L.O. Ticknor, M.E. Miller, JM. Dunbar, JA. Davis, SM. Barns and
J. Belnap. 2002. Comparison of soil bacterial communities in rhizospheres of
three plant species and the interspaces in arid grassland. Appl. Environ.
Microbiol., 68: 1854-63.

Lemanceau, P., T. Corberand, L. Garden, G. Laguerre, X. Latour, JM. Boeyufras and
C. Alabouvette. 1995. Effect of two plant species flax (Linum usitatissinum L.)
and tomato (Lycopersicon esculentum Mill.) on the diversity of soil population of
fluorescent Pseudomonads. Appl. Environ. Microbiol., 61: 1004-1012.

Liang, S and K.E. Damann. 1998. Existence of genetically distinct Glucanoacetobacter

diazotrophicus strains in sugarcane cultivars. Phytopathol., 88: 53.

Lifshitz, R., Q.Q. Kloepper, M. Kozlowski, C. Simonson, J. Carlson, E. M. Tipping and
I. Zaleska. 1987. Growth promotion on canola (rapeseed) seedlings by a strain of

Pseudomonas putida under gnotobiotic conditions. Can. J. Microbiol., 33: 390-395.

Lilburn, T.C., K.S. Kim, N.E. Ostrom, K.R. Byzek, J.R Lead better and J.A. Breznak,
2001. Nitrogen fixation by symbiotic and free-living spirochetes. Sci., 292:
2495-2498.

Liu, Z., C. Yang, and C.L. Qiao. 2007. Biodegradation of p-nitrophenol and 4-chlorophenal
by Stenotrophomonas sp. FEMS Microbiol. Lett., 277: 150-156.

Loganathan, P and S. Nair. 2004. Svaminathania salitolerans gen. nov. sp. nov., a sdt-
tolerant nitrogen-fixing and phosphate solubilisng bacterium from wild rice
(Porteresia coarctata). Int. J. Syst. Evol. Microbiol., 54: 1185-1190.

Loiret, F.G., E. Ortega, D. Kleiner, P. Ortega-Rodés, R. Rodés and Z. Dong. 2004.
A putative new endophytic nitrogen-fixing bacterium Pantoea sp. from sugarcane.
J. Appl. Microbiol., 97: 504-511.

Lorck, H. 1948. Production of hydrocyanic acid by bacteria. Physiol. Plant., 1: 142-146.

Lugtenberg, B.J.J., L.A. de Weger and JW. Bennett. 1991. Microbia stimulation of plant
growth and protection from disease. Curr. Opin. Biotechnol., 2: 457- 464.



Lynch, JM and J.M. Whipps. 1990. Substrate flow in the rhizosphere. Plant Soil, 129:
1-10.

Madkour, M.A., L.T. Smith and G.M. Smith. 1990. Preferential osmolyte accumulation:
a mechanism of osmotic stress adaptation in diazotrophic bacteria. Appl.
Environ. Microbiol., 56: 2876-2881.

Mahadevan, A and R. Sridhar. 1982. Methods in physiologica plant pathology.
2" Edition, Sivakami Publ., Madras. pp. 32-35.

Malik, K.A., R. Bild, S. Mezhnez, G. Rasul, M.S. Mirzaand S. Ali. 1997. Association of
nitrogen-fixing, plant-growth-promoting rhizobacteria (PGPR) with kallar grass
and rice. Plant Soil, 194: 37-44.

Manib, M., M.K. Zahra, A.L. Abdel and A. Heggo. 1986. Role of silicate bacteria in
releasing K and Si from biotite and orthoclase. In: J. Szegi Budapest and
A. Kiado, (Ed.). Soil Biology and Conservation of the Biosphere, pp. 733-743

Mansoor F, V. Sultana and S.E. Hague. 2007. Enhancement of biocontrol potentia of
Pseudomonas aeroginosa and Paecilomyces lilacinus againgt root rot of mungbean by
amedicina plant Launaea nudicaulisL. Pak. J. Bot., 39(6): 2113-2119.

Mantelin, S and B. Touraine. 2004. Plant growth-promoting bacteria and nitrate availability:
impacts on root development and nitrate uptake. J. Exp. Bot., 55: 27-34.

Marschner, H. 1995. Mineral Nutrition of Higher Plants. 2" Edition, Academic Press,
London, pp. 12-18.

Martin, J. P. 1950. Use of acid rose bengal and streptomycin in the plate method for
estimating soil fungi. Soil Sci., 69: 215-232.

Martinez, L., J. Cabalero, J. Orozco and E. Martinez-Romero. 2003. Diazotrophic
bacteria associated with banana (Musa spp.). Plant Soil, 257: 35-47.

Matthews, S.S., D.L. Sparkes and M.J. Bullard. 2001. The response of whesat to inoculation
with the diazotroph Azor hizobium caulinodans. Aspects Appl. Biol., 63: 35-42.

Mayak, S., T. Tirosh and B. Glick. 2004. Plant growth-promoting bacteria confer resistance
in tomato plantsto sdt stress. Plant Physiol. Biochem., 42: 565-572.



Mclnroy, J.A and JW. Kloepper. 1995. Survey of indigenous bacterial endophytes from
cotton and sweet corn. Plant Soil, 173: 337-342.

McSpadden-Gardener, B.B. 2004. The nature and application of biocontrol microbes:
Bacillus spp. ecology of Bacillus and Paenibacillus spp. in agricultural systems.
Phytopathol., 94: 661-664.

Melody, S.C. 1997. Plant Molecular Biology - A laboratory manual. Springer-Verlag,
New Y ork.

Miethke, M and M. Marahiel. 2007. Siderophore-based iron acquisition and pathogen
control. Microbiol. Mol. Biol. Rev., 71: 413-451

Millar, R.L and V.J. Higgins. 1970. Association of cyanide with infection of bird’s foot
trefoil by Semphyliumloti. Phytopathol., 60: 104-110.

Mirza, M. S, S. Mehnaz, P. Normand, C. Prigent-Combaret, Y. Moenne-Lyccoz,
R. Bally and K. A. Malik. 2006. Molecular characterization and PCR detection of
a nitrogen-fixing Pseudomonas strain promoting rice growth. Biol. Fertil. Soil.,
43: 163-170.

Morrisseey, J., J. Dow, G. Mark and F. O'Gara. 2004. Are microbes at the root of a
solution to world food production? EMBO Rept., 5: 922-926.

Morton, R.T. 1952. Transphosphorylation by phosphatases. In: Methods in Enzymology
(Eds.) Colowick, S.P and N.O. Kaplan, Academic Press Inc., Publishers, New
York, 3: 556-559.

Mukhopadhyay, K., N.K. Garrison, D.M. Hinton, C.W. Bacon, G.S. Khush, H.D. Peck
and N. Datta. 1996. Identification and characterization of bacterial endophytes of
rice. Mycopathologia, 134: 151-1509.

Murty, M.G and J.K. Ladha. 1988. Influence of Azospirillum inoculation on the mineral
uptake and growth of rice under hydroponic conditions. Plant Soil, 108:
281 285.



Muthukumarasamy, R., U.G. Kang, K.D. Park, W.T. Jeon, C.Y. Park, Y.S. Cho, SW.
Kwon, J. Song, D.H. Roh and G. Revathi. 2007. Enumeration, isolation and
identification of diazotrophs from Korean wetland rice varieties grown with long-
term application of N and compost and their short-term inoculation effect on rice
plants. J. Appl. Microbiol., 102: 981-991.

Mylona, P., K. Pawlowski and T. Bissaling.1995. Symbiotic nitrogen fixation.
Plant Cell, 7: 869-885.

Nannipieri, P., J. Ascher, M.T. Ceccherini, L. Landi, G. Pietramellara and G. Renella.
2003. Microbial diversity and soil functions. Eur. J. Soil Sci., 54: 655-670.

Narvez-Reinaldo, J.J., J.1.Vilchez, A. Oliver Jacobo, L. SantaCruz Calvo and M. Picazo-
Espinosa. 2010. Plant growth promoting rhizobacteria for protection against
drought. In: Biological Nitrogen Fixation and Plant Associated Microorganisms,
Ed M Becana. GraficasAL.S, SA.

Nathisuwan, S., D.S. Burgess and J.S. Lewis. 2008. Extended-spectrum [-lactamases:
epidemiology, detection, and treatment. Pharmacotherapy, 21: 920-928.

Nei, M and W.H. Li. 1979. Mathematical model for studying genetic variation in terms of
restriction endonucleasis. Proc. Natl. Acad. Sci. USA, 76: 5269-5273.

Newman, L.A and C.M. Reynolds. 2005. Bacteria and phytoremediation: New uses for
endophytic bacteriain plants. Trends Biotechnol., 23: 6-8.

Nowell, JA and Parules, J.B. (Eds.), 1980. Preparation of Experimental Tissue for
Scanning Electron Microscopy, vol. 2. AMSO-HARE, Chicago IL.

O'Ddll, T.E and JM. Trappe. 1992. Root endophytes of lupin and some other legumes in
north western U.S.A. New Phytol., 122: 479-485.

Ohkuma, M., S. Noda and T. Kudo, 1999. Phylogenetic diversity of nitrogen fixation
genes in the symbiotic microbial community in the gut of diverse termites. Appl.
Environ. Microbiol., 65: 4926-4934.

Okon, Y and C.A. Labandera-Gonzalez.1994. Agronomic applications of Azospirillum:
an evaluation of 20 years worldwide field inoculation. Soil Biol. Biochem.,
26:1591-602.



Okon, Y. 1985. Azospirillum as a potential inoculant for agriculture. Trends Biotechnol.,
3: 223-228.

Olivares, F.L., V.L.D. Bddani, V.M. Reis, JI Badani and J. Dobereiner. 1996.
Occurrence of the endophytic diazotrophs Herbaspirillum spp. in roots, stems and

leaves predominantly of graminae. Biol. Fertil. Soil., 21: 197-200.

Oliveira, A., M.E. Pampulha, M.M. Neto and A.C. Almeida. 2009. Enumeration and
characterization of arsenic-tolerant diazotrophic bacteria in a long-term
heavy-metal-contaminated soil. Water Air Soil Pollut., 200: 237-243.

Olsen, SR., C.V. Cole, S. Watanabe and L.A. Dean. 1954. Estimation of available P in
soils by extraction with sodium bicarbonate. U.S. Dept.Agr. Circular, 939:

pp. 19.
Park, M., C. Kim, J. Yang, H. Lee, W. Shin, S. Kim and T. Sa. 2005. Isolation and

characterization of diazotrophic growth promoting bacteria from rhizosphere of

agricultura crops of Korea. Microbiol. Res., 160:127-33.

Parkinson, D., T.R.G. Gray and S.T. Williams. 1971. Methods for studying ecology of
soil microorganisms. IBP Hand Book 19, Blackwells Sci. Publ. Ltd., Oxford.

Patriquin, D.G., DoEbereiner, J., Jain, D.K., 1983. Sites and processes of association

between diazotrophs and grasses. Can. J. Microbiol., 29, 900-915.

Paula, M. A., V.M. Reis and J. Dobereiner.1991. Interaction of Glomus clarum with
Acetobacter diazotrophicus in infection of sweet potato (Ipomoea batatas),
sugarcane (Saccharum spp) and sweet sorghum (Sorghum vulgare). Biol. Fertil.
Soil., 11: 111-115.

Pedraza, R.1.O., H. Carlos, H. Bellone, S. C. de Bellone, P.M.F. Boa Sorte and K.R. dos
Santos Teixeira. 2009. Azospirillum inoculation and nitrogen fertilization effect
on grain yield and on the diversity of endophytic bacteria in the phyllosphere of
rice rainfed crop. Eur. J. Soil Biol., 45: 36 —43.

Pedrosa, S., M. Uzun, J.J. Arranz, B. Gutierrezz-Gil, F.S. Primitivo and Y. Bayon. 2005.
Evidence of three materna lineages in near eastern sheep supporting multiple
domestication events. Proc. Royal. Soc. Biol., 272: 2211-2217.



Perez, C., M. Pauli and P. Bazerque. 1990. An antibacterial assay by agar well diffusion
method. Acta Bio. Et. Med. Exp., 15: 113-115.

Phan T. C., T.D. Dung, T.M. Hien, N.T. Hien, T.M.A. Abu. C. Miha, L. Kecskesc and
R. Kennedy. 2009. Inoculation of plant growth-promoting microorganisms
enhance utilisation of urea-N and grain yield of paddy rice in southern Vietnam.
Eur. J. Soil Boil., 45: 52-61.

Phillips, D.A., E. Martinez-Romero, G.P. Yang and C.M. Joseph. 2000. Release of
nitrogen: A key trait in selecting bacterial endophytes for agronomically useful
nitrogen fixation. In: The Quest for Nitrogen Fixation in Rice. J. K. Ladha and
P.M. Reddy (eds.). International Rice Research Institute, Manila, The Philippines.
pp. 205-217.

Piao, Z., Z. Cui, B. Yin, J. Hu, C. Zhou, G. Xie, B. Su and S. Yin. 2005. Changes in
acetylene reduction activities and effects of inocul ated rhizosphere nitrogen-fixing
bacteriaon rice. Biol. Fertil. Soil., 41:371-378.

Plazinski, J and B.G. Rolfe. 1985. Analysis of the pectolytic activity of Rhizobium and
Azospirillum strains isolated from Trifolium repense. J. Plant Physiol., 120:
181-187.

Pramer, D and E.L. Schmidt. 1966. Experiment Soil Microbiology. Burgess Publ. Co.,

Minn., Minneopolis.

Press, C.M., M. Wilson, S. Tuzun and JW. Kloepper. 1997. Salicylic acid produced by
Serratia marcescens 90-166 is not the primary determinant of induced systematic

resistance in cucumber of tobacco. Mol. Plant Microbe In., 10; 761-768.

Purushothaman, D., S. Gunasekaran and G. Oblisami. 1980. Nitrogen fixation by
Azospirillum in some tropical plants. Proc. Indian National .Sci. Acad., 46:
713-717.

Rajkumar, M. And H. Freitas. 2008. Influence of metal resistant-plant growth-promoting
bacteria on the growth of Ricinus communis in soil contaminated with heavy
metals. Chemosphere, 71(5): 834-842.



Ramette, A., M. Frapolli, G. Défago and Y. Moénne-Loccoz. 2003. Phylogeny of HCN
synthase encoding hcnBC genes in biocontrol Fluorescent Pseudomonads and its
relationship with host plant species and HCN synthesis ability. Mol. Plant
Microbe In., 16: 525-535.

Rangargjan, S., L.M. Saleena and S. Nair. 2002. Diversity of Pseudomonas spp. isolated
from rice rhizosphere populations grown aong a salinity gradient. Microbial.
Ecol., 43: 280-289.

Rangaswami, G. 1966. Agricultural Microbiology. Asia Publishing House. London.

Rautela, G.S and E.B Cowling. 1966. Single cultural test for cellulolytic activity of fungi.
Appl. Microbiol., 14: 892-898.

Raymond, K.N., E.A. Dertz and S.S. Kim. 2003. Enterobactin: An archetype for
microbia iron transport. Proc. National. Acad. Sci., 100: 3584—-3588.

Reed, S.C. 2011. Functiona ecology of free-living nitrogen fixation: A contemporary
perspective. Annu. Rev. Ecol. Evol. Syst., 42: 489-512.

Reid, R and S. E. Greene. 2012. How microbes can help feed the world. Report on an
American Academy of microbiology Colloquium, Washinton DC.

Reinhold, B., T. Hurek and I. Fendrik. 1985. Azospirillum halopraeferans sp. nov., a
diazotroph associated with roots of Leptochloa fusca (Linn.) Kunth, p. 427.
In: H. J. Evans, P. JBottomley, and W. E. Newton (ed.), Nitrogen fixation
research progress. Martinus Nijhoff Publishers, Dordrecht, The Netherlands.

Reinhold, B., T. Hurek and I. Fendrik. 1985. Strain specific chemotaxis of Azospirillum
spp. J. Bacteriol., 162:190-195.

Reinhold, H.B., T. Hure, E.G. Nieman and |. Fendrik. 1986. Close association of
Azospirillum and diazotrophic rods with different root zones of Kallar grass.
Appl. Environ. Microbiol., 52: 520 526.

Reinhold, H.B., T. Hurek, M. Claeyssens and M. Van Montagu.1993. Cloning,
expression in Escherichia coli, and characterization of cellulolytic enzymes of
Azoarcus sp., aroot invading diazotroph. J. Bacteriol., 175: 7056—7065.



Reinhold, H.B., T. Hurek, M. Gillis, B. Hoste, M. Vancanneyt, K. Kersters and J.
De-Ley. 1993. Azoarcus gen. nov., nitrogen-fixing proteobacteria associated with
roots of Kallar grass (Leptochloa fusca (L.) Kunth), and description of two
species, Azoarcus indigens sp. nov.and Azoarcus communis sp. nov. Int. J. Syst.
Bacteriol., 43:574-584.

Reinhold-Hurek, B and T. Hurek. 1998. Life in grasses: diazotrophic endophytes. Trends
Microbiol., 6: 139-144.

Reinhold-Hurek, B., T. Maes, S. Gemmer, M. Van Montagu and T. Hurek. 2006. An
endoglucanase is involved in infection of rice roots by the not-cellulose
metabolizing endophyte Azoarcus sp. strain BH72. Mol. Plant Microbe In., 19:
181-188.

Reis, V.M., F.l. Olivares, J. Dobereiner. 2000. Improved methodology for isolation of
Acetobacter diazotrophicus and confirmation of its endophytic habitat. World J.
Microbiol. Biotechnol., 10:101-104.

Reiter, B., H. Blirgmann, K. Burg and A. Sessitsch. 2003. Endophytic nifH gene diversity
in African sweet potato. Can. J. Microbiol., 49: 549-555.

Rennie, R. J. 1980. Dinitrogen-fixing bacteria; computer assisted identification of soil
isolates. Can. J. Microbiol., 26:1275-1283.

Rennie, R. J., De Freitas, J. R., Ruschdl, A. P., and Vose, P. B. 1982. Isolation and
identification of N2-fixing bacteria associated with sugar cane (Saccharum sp.).
Can. J. Microbiol. 28: 462467

Ribbe, M., D. Gadkari and O. Meyer. 1997. N, fixation by Sreptomyces
thermoautotrophicus involves a molybdenum- dinitrogenase and a manganese-
superoxide oxidoreductase that couple N, reduction to the oxidation of superoxide
produced from O, by a molybdenum-CO dehydrogenase. J. Biol. Chem., 272:
26627-26633.

Richa, G. 2003. Rock phosphate and phosphate solubilizing microbes as a source of
nutrients for crops. Biol. Fertil. Soil., 46:261-2609.



Richards, L.A. 1954. Diagnosis and improvement of saline and alkaline soil. Agric. Hand
Book No 60. USDA. Washington D.C. 166.

Rietz, D.N. and R.J. Haynes. 2003. Effects of irrigation induced salinity and sodicity on
soil microbia activity. Soil Biol. Biochem., 35: 845-854.

Rodriguez, H and R. Fraga. 1999. Phosphate solubilising bacteria and their role in plant
growth promotion. Biotechnol. Adv., 17: 319-339.

Roesch, L.F.W., F.L. Olivares, L.M.P. Passaglia, P.A. Selbach, E.L. Saccol de Sa and
F.A. Oliveria de Camargo. 2006. Characterization of diazotrophic bacteria
associated with maize: effect of plant genotype, ontogeny and nitrogen supply.
World J. Microbiol. Biotechnol., 22:967-974.

Roncato-Maccari ,L.O.B., H.J.O. Ramos, F. Pedrosa, Y. Alquini, L.S. Chubatsu, M.G.
Yates, L.U. Rigo, M.B.R. Steffens and E.M. Souza. 2003. Endophytic
Herbaspirillum seropedicae expresses nif genes in gramineous plants. FEMS
Microbiol. Ecol., 45: 39-47.

Roper, M.M. 1983. Field measurements of nitrogenase activity in soils amended with
wheat straw. Aust. J. Agric. Res., 34:725-739.

Roper, M.M. 1985. Straw decomposition and nitrogenase activity (C;H, reduction):

effects of soil moisture and temperature. Soil Biol. Biochem., 17:65- 71.

Rosado, A.S., G.F. Duarte, L. Seldin and J.D. Van Elsas. 1998. Genetic diversity of nifH
gene sequences in Paenibacillus azotofixans strains and soil samples analyzed by
denaturing gradient gel electrophoresis of PCR amplified gene fragments. Appl.
Environ. Microbiol., 64: 2770-2779.

Rosdes, A.M., R. Vantomme, J. Swings, J. de Lay and T.W. Mew. 1993. Identification
of some bacteria from paddy antagonistic to severa rice fungal pathogen.
J. Phytopathol., 138: 189-208.

Rosenblueth, M and E. Martinez Romero. 2004. Rhizobium etli maize populations and

their competitiveness for root colonization. Arch. Microbiol., 181: 337-344.



Ruppel, S. 1989. Isolation and characterization of dinitrogen-fixing bacteria from the
rhizosphere of Triticum aestivum and Ammophila arenaria. Dev. Soil Sci., 18:
253-262.

Ryan, R.P., S. Monchy, M. Cardinale, S. Taghavi, L. Crossman, M.B. Avison, G. Berg,
D.Van der Lelie and J.M. Dow. 2009. The versatility and adaptation of bacteria
from the genus Stenotrophomonas. Nat. Rev. Microbiol., 7: 514-525.

Sadana, U.S, L. Kusuma and N. Claassen. 2002. Manganese efficiency of wheat
cultivars as related to root growth and interna manganese requirement. J. Plant
Nutr., 25: 2677-2688.

Saitou, N and M. Nei. 1987. The neighbour-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol., 4: 406-425.

Saleena, L.M., S. Rangargjan and S. Nair. 2002. Diversity of Azospirillum strains isolated
from rice plants grown in saline and non saline coastal agricultura ecosystems.
Microbial Ecol., 44: 271-277.

Salgado, J. T., Fuentes-Ramirez, L. E., Hernandez, T. A., Mascarua, M. A., Martinez-
Romero, E and Caballero-Méellado, J., 1997. Coffea arabica L., a new host plant
for Acetobacter diazotrophicus and isolation of other nitrogen fixing
Acetobacteria. Appl. Environ. Microbiol., 63: 3676-3683.

Saravanakumar, D and R. Samiyappan. 2007. ACC deaminase from Pseudomonas
fluorescens mediated saline resistance in groundnut (Arachis hypogea) plants.
J. Appl. Microbiol., 102:1283- 1292.

Saravanan, V.S., S.R. Subramaniam and S. Anthoni Rg. 2003. Assessing in vitro
solubilization potential of different zinc solubilizing bacteria (ZSB) isolates.
Braz. J. Microb., 34: 121-125.

Saravanan.V.S., M. Madhaiyan and M. Thangargju. 2007. Solubilisation of zinc
compounds by the diazotrophicus, plant growth promoting bacterium

Gluconoacetobacter diazotrophicus. Chemosphere, 66: 1794-1798.


http://www.sciencedirect.com/science/article/pii/S0166248108702216�
http://www.sciencedirect.com/science/bookseries/01662481�

Sarig, S., A. Blum and Y. Okon. 1988. Improvement of the water status and yield of
field-grown grain sorghum (Sorghum bicolor) by inoculation with Azospirillum
brasilense. J. Agric. Sci., 110: 271-277.

Saxena, K.L., S.D. Makhijani and S.K. Ramakrishnan. 1978. Settling studies on pulp and
paper mill wastewater. Indian J. Environ. Hlth., 20: 273-283.

Saxena, M.M. 1989. Environmental analysis of water, soil and air. Agrobotanical publ.,
India. p. 786.

Schippers, B., A.W. Bakker and P.A.H.M. Bakker, 1987. Interactions of deleterious and
beneficial rhizosphere microorganisms and the effect of cropping practices.
Ann. Rev. Phytopathol., 25: 339-358.

Schippers, B., A.W. Bakker, P.A.H.M. Bakker and R. Van Peer. 1990. Beneficia and
deleterious effects of HCN-producing pseudomonads on rhizosphere interactions.
Plant Soil, 129: 75-83.

Schnurer, J and T. Rosswall. 1982. Fluorescein dicetate hydrolysis as a measure of total
microbia activity in soil and litter. Appl. Environ. Microbiol., 43: 1256-1261.

Schwyn, B. and J.B. Nellands. 1987. Universal chemica assay for the detection and
determination of siderophores. Anal. Biochem., 169: 47-56.

Sessitsch, A., J.G. Howieson, X. Perret, H. Autoun and E. Martinez- Romero. 2002.
Advances in Rhizobium research. Crit. Rev. Plant Sci., 21: 323-378.

Sevilla, M., R.H. Burris, N. Gunapala and C. Kennedy. 2001. Comparison of benefit to
sugarcane plant growth and **N, incorporation following inoculation of sterile
plants with Acetobacter diazotrophicus wild-type and nif mutant strains.
Mol. Plant Microbe In., 14: 358-366.

Sgroy, V., F. Cassan, O. Masciarelli, M.F.D. Papa, A. Lagares and V. Luna. 2009.
Isolation and characterization of endophytic plant growth promoting or stress-
homeostasis regulating bacteria associated to the haophyte Prosopis
strombulifera. Appl. Microbiol. Biotechnol., 7: 341-346.



Shaharoona, B., G.M. Jamro, Z.A. Zahir, M. Arshad and K.S. Memon. 2007.
Effectiveness of various Pseudomonas spp. and Burkholderia caryophyilli
containing ACC-deaminase for improving growth and yield of wheat (Triticum
aestivumL.). J. Microbiol. Biotechnol., 17: 1300-1307.

Shahi, S. K., A. K. Rai, M. B. Tyagi, R. P. Sinhaand A. Kumar. 2011. Rhizosphere of
rice plants harbour bacteria with multiple plant growth promoting features
African Journal of Biotechnology, 10(42):8296-8305

Shan, S., V. Karkhanisand A. Desai. 1992. Isolation and characterization of siderophore,
with antimicrobia activity, from Azospirillum lipoferum M. Curr. Microbiol.,
25: 347-351.

Sharrock, K. R. 1988. Cellulase assay methods: a review. J. Biochem. Biophys.
Methods, 17: 81-106.

Sheng, X. F.,, LY. He, L. Zhou and Y.Y. Shen. 2009. Characterization of
Microbacterium sp. F10a and itsrole in polycyclic aromatic hydrocarbon removal
in low-temperature soil. Can. J. Microbiol., 55: 529-535.

Sheng, X.F., F. Zhao, L.Y. He, G. Qiu, and L. Chen. 2008. Isolation and characterization
of slicate mineral-solubilizing Bacillus globisporus Q12 from the surfaces of
weathered feldspar. Can. J. Microbiol., 54: 1064-1068.

Siddiqui, Z.A and U. Shakeel. 2008. Biocontrol of wilt disease complex of pigeon pea
(Cajanus cajan (L.) Millsp.) by isolates of Pseudomonas spp. Afr. J. Plant Sci.,
3: 1-12.

Sonmez, O., B. Bukun., C. Kaya and S. Aydemyr. 2008. The assessment of tolerance to
heavy metals (Cd, Pb and Zn) and their accumulation in three weed species.
Pak. J. Bot., 40: 747-754.

Sperber, J.E. 1958. Solubilization of apatite by soil microorganisms producing organic
acids. Aust. J. Agric. Res., 9: 782 -787.

Srivastav, S., K.S. Yadav and B.S. Kundu. 2004. Prospects of using phosphate
solubilizing Pseudomonas as biofungicide. Indian J. Microbiol., 44: 91-94.



Stginer, D., C.O. Gasa B. Matkovic and |.Varga. 1995. Metolachlor effect on
antioxidants enzyme activities and pigments content in seeds and young leaves of
wheat (TriticumaestivumL.). Agr. Med., 125: 267— 273.

Stanford, S and L. English. 1949. Use of flame photometer in rapid soil tests of K.
Can. J. Agron., 41: 446-447.

Steppe, T.F and H.W. Paerl. 2002. Potential N fixation by sulfate-reducing bacteriain a
marine intertidal microbial mat. Aquat. Microbe Ecol., 28: 1-12.

Steppe, T.F., J.B. Olson, H.W. Paerl, RW. Litaker and J. Belnap. 1996. Consortial N,
fixation-a strategy for meeting nitrogen requirements of marine and terrestrial
cyanobacteria mats. FEMS Microbiol. Ecol., 21:149-156.

Stoltzfus, J and F. de Bruijn. 2000. Evaluating diazotrophy, diversity and endophytic
colonization ability of bacteria isolated from surface sterilization. In: J. Ladha,
and P. Reddy, (Eds.), The quest for nitrogen fixation In rice. Proceedings of the
Third Working Group Meeting on assessing opportunities for Nitrogen Fixation in
Rice. 9-12 August 1999. Laguna, Philippines, IRRI. p. 63-91.

Stoltzfus, J.R., R. So, P.P. Maarvithi, J.K. Ladha and F.J. de Bruijn. 1997. Isolation of
endophytic bacteria from rice and assessment of their potential for supplying rice
with biologically fixed nitrogen. Plant Soil, 194: 25-36.

Sturz, A and J. Kimpinski. 2004. End root bacteria derived from marigolds (Tagetes spp.)
can decrease soil population densities of root lesion nematodes in the potato root
zone. Plant Soil, 262: 241-249.

Subba Rao, N. S. 1977. Soil microorganisms and plant growth, p-251., Oxford and IBH
Publishing Co., New Delhi.

Subbiah, B.V and G.C. Asija. 1956. A rapid procedure for estimation of available
nutrients in soils. Curr. Sci., 25: 259-260.

Sultana, V., J. Ara, G. Parveen, S.E. Hague and V.U. Ahmad. 2006. Role of Crustacean
chitin, fungicides and funga antagonists on the efficacy of Pseudomonas
aeruginosa in protecting Chilli from root rot. Pak. J. Bot., 38:1323-1331.



Suman, A., A.K. Shasany, M. Singh, H.N. Shahi, A. Gaur and S.P.S. Khanuja. 2001.
Molecular assessment of diversity in endophytic diazotrophs of sub-tropical
Indian sugarcane. World J. Microbiol. Biotechnol., 17: 39-45.

Surette, M.A., A.V. Sturz, R.R. Lada and J. Nowak, 2003. Bacteria endophytes in
processing carrots (Daucus carota L. var. sativus): Their localization, population
density, biodiversity and their effects on plant growth. Plant Soil, 253: 381-390.

Suzuki, N., S. Okayama, H. Nonaka, Y. Tsuge, M. Inui and H. Yukawa. 2005. Large-
scale engineering of the Corynebacterium glutamicum genome. Appl. Environ
Microbiol., 71: 3369-3372.

Taghavi, S., C. Garafola, S. Monchy, L. Newman, A. Hoffman, N. Weyens, T. Barac,
J. Vangronsveld and D. Van der Lelie. 2009. Genome survey and characterization
of endophytic bacteria exhibiting a beneficia effect on growth and devel opment
of poplar trees. Appl. Environ. Microbiol., 75: 748-757.

Tamura, K., J. Dudley, M. Nei and S. Kumar. 2011. MEGAS5: Molecular Evolutionary
Genetics Analysis (MEGA) software version5.0. 1596-1599.

Tapia-Hernandez, A., M.R. Bustillos-Cristales, T. Jimenezsalgado, J. Cabellaro-Mellado
and L.E. Fuentes-Ramirez. 2002. Endophytc nifH gene diversity in African sweet
potato. Can. J. Microiol., 44: 162-167.

Teng, S, Y. Liuand L. Zhao. 2010. Isolation, identification and characterization of ACC
deaminase-containing endophytic bacteria from halophyte Suaeda salsa,
50:1503-1509.

Thiel, T. 1993. Characterization of genes for an aternative nitrogenase in the
cyanobacterium Anabaena variabilis. J. Bacteriol., 175: 6276-6286.

Thiel, T., EM. Lyons, J.C. Erker and A. Ernst. 1995. A second nitrogenase in vegetative
cells of a heterocyst forming cyanobacterium. Proc. Natl. Acad. Sci. USA., 92:
9358-9362.

Tian, F., Y. Ding, H. Zhu, L. Yao and B. Du. 2009. Genetic diversity of siderophore-
producing bacteria of tobacco rhizosphere. Braz. J. Microbiol., 40: 276-284.


http://www.ncbi.nlm.nih.gov/pubmed?term=Teng%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21268896�
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21268896�
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21268896�

Timmusk, S., B. Nicander, U. Granhall and E. Tillberg. 1999. Cytokinin production by
Paenibacillus polymyxa. Soil. Biol. Biochem., 31: 1847-1852.

Timmusk, S., N. Grantcharova and E.G.H. Wagner. 2005. Paenibacillus polymyxa
invades plant roots and forms biofilms. Appl. Environ. Microbiol., 71:
7292- 7300.

Tran Van, V., O. Berge, S.N. Ke, J. Balandreau and T. Heulin. 2000. Repeated beneficial
effect of rice inoculation with a strain of Burkholderia viethamiensis on early and
late yield component in low fertility sulphate acid soil of Vietnam. Plant Soil,
218: 273-284.

Tripathi, A.K., T. Nagargan, S.C. Verma and D. Le Rudulier. 2002. Inhibition of
biosynthesis and activity of nitrogenase in Azospirillum brasilense Sp7 under
salinity stress. Curr. Microbiol., 44 363-367.

Vadivelu, M., R. Muthukumarasamy, S.R. Maaand A.R. Solayappan.1996. Mealy bugs:
Vectors for nitrogen fixing bacteria in sugarcane. X Southern Regional

Conference Microbial Inoculants, Poondi, India., p. 17.

Van Elsas, J.D., P. Garbeva and J.F. Salles. 2002. Effect of agronomical measures on the
microbia diversity of soil as related to the suppression of soil-borne plant
pathogens. Biodegradation, 13: 29-40.

Van, V.T., O. Berge, SN. Ke, J. Baandreau and T. Heulin. 2000. Repeated beneficial
effects of rice inoculation with a strain of Burkhoderia vietnamiensis on early and
late yield components in low fertility sulphate acid soils of Vietnam. Plant Soil.,
218: 273-284.

Vasquez, M.M., S. Cesar, R. Azcon and JM. Barea. 2000. Interactions between arbuscular
mycorrhizal fungi and other microbid inoculants (Azospirillum, Pseudomonas,
Trichoderma) and other effects on microbia population and enzyme activities in the
rhizosphere of maize plants. Appl. Soil. Ecol., 15: 261-272.

Venieraki,V., M. Dimou, E.Vezyri, |. Kefalogianni, N. Argyris, G. Liara, P. Pergdlis, I.
Chazipavlidisand P.  Katinaki. 2011. Characterization of nitrogen  fixing
bacteriaisolated from field-grown barley, oat and whest. J. Microbiol., 49: 525-534.



Venkateswarlu, B., S.S. Balloli and Y.S. Ramakrishna. 2007. Organic farming in rainfed
Agriculture. Central research ingtitute for dry land agriculture, Hyderabad, p: 88.

Verma S. C., K. Jagdish, B. Ladha, K. Anil and A.K. Tripathi. 2001. Evaluation of plant
growth promoting and colonization ability of endophytic diazotrophs from deep
water rice. J. Bacteriol., 91: 27-141.

Verma, S.C.,, A. Singh, S. Paul Chowdhury and A.K. Tripathi. 2004. Endophytic
colonization ability of too deep water rice endophytes Pantoea spp. and
Ochrobactrum sp. using green fluorescent protein reporter. Biotechnol. Lett., 26:
425-429.

Wakelin, SA. 2011. Regional and local factors affecting diversity, abundance and
activity of freeliving No-fixing bacteria in Austraian agricultural soils.
Pedobiologia, 53: 391-399.

Wakelin,S.A., M.J. Colloff, P.R. Harvey, P. Marshner, A.L. Gregg and S.L. Roger. 2007.
The effect of stubble retention and nitrogen application on soil microbial
community structure and functional gene abundance under irrigated maize.
FEMS. Microbiol. Ecol., 59: 661-670.

Wani, PA., M.S. Khan and A. Zaidi. 2007. Chromium reduction, plant growth-
promoting potentials, and metal solubilization by Bacillus sp. isolated from
aluvia soil. Curr. Microbiol., 54: 237-243.

Weber, O.B., V.L.D. Badani, K.R.S. Teixeira, G. Kirchhof, JI. Baldani and
J. Dobereiner. 1999. Isolation and characterization of diazotrophic bacteria from

banana and pineapple plants. Plant Soil, 210: 103- 113.

Weisburg, W.G., Barns, SM., Pdletier, D.A., Lane, D.J.,, 1991. 16S ribosoma DNA
amplification for phylogenetic study. J Bacteriol .173, 697—703

Wellingtonn, E.IM.H and 1.K.Toth. 1963. Microbiological and biochemical properties.

University of warwick. UK.

Whipps, J.M. 2001. Microbial interactions and biocontrol in the rhizosphere. J. Exper.
Bot., 52:487-511.



Whitton, B.A and J.A. Rother. 1988. Diet changes in the environment of deepwater rice-
field in Bangladesh. Verh. Int. Ver. Limnol., 23: 1074-1079.

Wilson, D. 1995. Endophyte—the evolution of a term, and clarification of its use and
definition. Oikos, 73: 274— 276

Wold, S., K. Esbensen and P. Geladi. 1987. Principal component analysis. Chemometr.
Intell. Lab. Sys., 2, 37-52.

Wu, S.C,, K.C. Cheung, Y.M. Luo and M.H. Wong. 2006. Effects of inoculation of plant
growth-promoting rhizobacteria on metal uptake by Brassica juncea. Environ.
Poll., 140: 124-135.

Wu, S.C., Z.H. Caob, Z.G. Lib, K.C. Cheunga and M.H. Wonga. 2005. Effects of
biofertilizer containing N-fixer, P and K solubilizers and AM fungi on maize
growth: A greenhouse trial. Geoderma, 125: 155-166.

Wuertz, S and M. Mergeay. 1997. The impact of heavy metals on soil microbial
communities and their activities. In: J.D. van Elsas, EIM.H. Wellington and
J.T. Trevors (Eds.), Modern Soil Microbiology. Marcel Decker, NY.1-20.

Xie, G., Z. Cui, J. Yu, J. Yan, W. Ha and Y. Steinberger. 2006. Identification of nif
genes in Np-fixing bacterial strains isolated from rice fields along the Y angtze

River Plain. J. Basic Microbiol., 46: 56—63.
XLSTAT, 2010. Addinsoft SARL, Paris. Available at http://www.x|stat.com.

Yamada, Y., K. Hoshino and T. Ishikawa. 1998. Taxonomic studies of acetic acid bacteria and
dlied organisms. XII, The phylogeny of acetic acid bacteria based on the partia
sequences of 16S ribosoma RNA. Int. J. Syst. Bacteriol., 48: 3270-3280.

Yanni, Y.G and F.K.A. El-Fattah. 1999. Towards integrated biofertilization management
with free living and associative dinitrogen fixers for enhancing rice performance
in the Nile delta. Symbiosis, 27: 319-31.

Yanni, Y.G., RY. Rizk, V. Corich, A. Squartini, K. Ninke, S. Philip-Hollingsworth,
G. Orgambide, F. De Bruijn, J. Stoltzfus, D. Buckley, T.M. Schmidt, P.F.
Mateos, JK. Ladha and F.B. Dazzo. 1997. Natural endophytic association
between Rhizobium leguminosarum bv.trifolii and rice roots and assessment of

potential to promote rice growth. Plant Soil, 194: 99-114.


http://www.xlstat.com/�

Yim, W.J., S. Poonguzhali, M. Madhaiyan and T.M. Sa. 2009. Characterization of plant-
growth promoting diazotrophic bacteria isolated from field-grown Chinese

cabbage under different fertilization conditions. J. Microbiol., 47: 147-155.

Young, JP.W. 1992. Phylogenetic classification of nitrogen fixing organisms.
In: Biological Nitrogen Fixation. Stacey, G., Evans, H.J., and Burris, R.H. (eds).
New Y ork: Chapman and Hall, pp. 43-86.

Zacha, W., J. Fatehi, M. Cardinale, R. Tilcher, and G. Berg. 2010. Strain-specific
colonization pattern of Rhizoctonia antagonists in the root system of sugar beet.
FEMS Microbiol. Ecol., 74: 124-35.

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

Zehr, J.P., M.T. Mellon and W.D. Hiorns. 1997. Phylogeny of cyanobacterial nifH genes:

evolutionary implications and potential applications to natural assemblages.
Microbiol., 143: 1443-1450.

Zinniel,D.K., P. Lambrecht, N.B. Harris, Z. Feng, D.Kuczmarski, P.Higley,
C.A.Ishimaru, A. Arunakumari, R.G. Narlettar and J. Vidaver. 2002. Isolation and
characterization of endophytic colonization bacteria from agronomic crops and
prairie. Appl. Environ. Microbiol., 68:2198-2208.



Apvpendices



Table 1. Effect of salt concentration on the growth of diazotrophs isolated from rhizosphere of grass species

ANNEXURE-1

Population (log cfu ml™) at different level of salt concentration (NaCl%)

Isolate 1% 2.5% 5% 7.5%
oh 12h | 24h | 36h 48h oh 12h | 24h | 36h 48h oh 12h | 2an | 36h 48h oh 12h 24h 36h 48h

Entercbacter a1 54 65 85 93 33 45 54 56 67 31 43 51 41 33
$(BRY) @07 | «08 | @04 | 03 | @03 | @02 | @02 | @02 | 09 | @03 | oo | @02 | oy | @03 | @op ND ND ND ND ND
Klebsiellasp.(CGL) a1 57 65 75 82 43 55 57 68 66 a1 51 51 41 33

04 | @0y | 04 | oy | @03 | @on | @on | 04 | @oe | @on | @02 | 0y | woe | w03 | wop | P ND ND ND ND
Enterchacter 34 54 56 62 82 43 55 51 a1 43 32 50 52 41 22 D O O O D
$.(CG3) (+04) | (*06) | (06) | (07 (£04) (#02) | *02) | (04 | 01 (£03) (£02) (#02) | (*03) | (£06) (£08)
Bacillussp. (CGS) a1 54 56 73 83 32 54 63 74 77 33 52 61 53 43 43 43 a1 27 24

@03 | =08 | 04 | 07 | 02 | @04 | oy | 02 | 03 | 03 | 05 | 03 | 04 | 0y | o5 | @0y | @oy | @01 | @oy | oy
Senotrophomonasp. | 34 56 60 61 83 32 43 51 53 71 31 43 53 54 67 25 38 25 17 14
(S @01 | @0l | @06 | 04 | 03 | @01 | @01 | @on | @ony | 02 | 03 | ©03 | 04 | @01y | 0n | @05 | @03 | @01y | o1 | @01
K.peumoniaelCR2) | 41 55 61 69 79 a1 54 59 59 69 31 42 54 55 44

@01 | @0y | o5 | @02 | o5 | o5 | @05 | o1 | @04 | @03 | @03 | (x02 | @oy | oy | @oy | P ND ND ND ND
K.peumoniae(CR3) | 4.1 55 62 71 82 33 43 52 53 56 a1 52 65 65 33

02 | @02 | @01y | oy | @01 | @05 | @05 | @02 | 02 | 02 | 04 | 06 | 02 | woy | @og | P ND ND ND ND
Serratiasp. (CB2) 43 54 64 74 84 33 53 60 63 65 32 42 57 35 25

04 | 05 | 06 | 08 | @07 | @06 | 03 | @05 | 0§ | 07 | 03 | @03 | w04 | on | oy | P ND ND ND ND
B. subilis (CB3) 43 53 62 72 80 31 52 63 63 63 43 53 54 46 48 26 37 25 25 19

@0l | @on | @on | @02 | 02 | 02 | @0y | @07 | @05 | @ony | o1y | @04 | @03 | @07 | 02 | @ony | @01y | @01 | 01 | @01
Klebsiellasp (CB4) 43 56 62 71 84 33 42 52 53 53 32 44 54 34 25

03 | 03 | 06 | @06 | 08 | @0l | @07 | 04 | oy | @01y | @0l | @01 | @08 | oy | oz | P ND ND ND ND
Serratia s (OR3) 33 54 63 73 83 33 53 60 61 64 33 44 51 44 33

06 | @0y | 06 | @05 | @01 | oy | @01 | 02 | @0y | @04 | @03 | @02 | @wop | wop | wogy | P ND ND ND ND
S sprophytious 33 56 72 83 91 43 52 59 54 63 32 45 43 31 24
(ORY) 01 | @01) | 02 | @0l | @01 | @05 | @05 | 06 | 07 | 08 | 05 | 04 | @06 | @04 | @op | P ND ND ND ND
Klebsiellasp.(OR?) 42 55 59 66 81 43 53 51 57 66 32 45 52 34 32

05 | 01) | @01 | @03 | 04 | @03 | @01 | @on | o1y | o1 | 04 | 03 | 08 | 0 | @os | P ND ND ND ND
Smarcexes(CDL) | 42 53 61 71 82 52 55 62 71 73 32 52 51 35 22

02 | @04 | o5 | @ony | oy | @on | @os | @ony | @02 | @0y | @02 | @03 | @0 | woy | wop | P ND ND ND ND
Bacillussp.(CD2) 33 53 63 63 82 33 44 47 60 63 33 | 31¢ | 56 34 35

01 | @01) | 03 | @02 | 02 | @01) | @03 | @03 | 02 | 04 | @05 | 02 | @02 | @wos | @og | P ND ND ND ND
K.peumoniae(SV1) | 43 53 63 73 81 33 51 63 63 73 32 52 a7 46 35

04 | 01) | 06 | @0y | @01 | @02 | @01y | @02 | oy | oy | oy | @01 | @og | @02 | oy | P ND ND ND ND
Alipoferum (Az a1 54 56 63 84 34 44 55 65 75
204y 02 | @0y | @02 | @oy | @01 | oy | @02 | woy | @oy | oy | NP ND ND ND ND ND ND ND ND ND

Vaues are mean (+ SE) (n=3); *hours after inoculation; **standard culture; ND-not detected




Table 2. Effect of salt concentration on the growth of diazotrophs isolated from the internal tissues of grass species

Population (log cfu mlI™) at different Ivel of salt concentration (NaCl%)

Isolate 1% 2.5% 5% 7.5%
Oh 12h 24h 36h 48h Oh 12h 24h 36h 48h Oh 12h 24h 36h 48h Oh 12h 24h 36h 48h
Peed COE3 41 49 71 9.1 105 40 56 6.9 6.1 73 25 43 50 41 29 ND ND ND ND ND
omonesp(CCE) | Lony | @03 | @oa @01 | @01 | 04 | 05 | @04 | o4 | @02 | ¢oy | @oy | @on | @on | o2
Part — 42 55 6.1 6.4 80 49 54 6.1 76 81 41 51 55 41 29 ND ND ND ND ND
00 (PRE2) 02 | 02 | 05 | @01 | 05 | @03 | @06 | 05 | 02 | @02 | @on | oy | @06 | 06 | 04
_ 41 51 53 71 80 35 53 62 79 84 33 51 61 53 44 43 43 41 23 27
Bacillus sp.(CRE9)
05 | 06 | @05 | @05 | 02 | 06 | @08 | @09 | 08 | 06 | @04 | €03 | @03 | 03 | @04 | @oy | oy | oy | @oy | o5
_ 29 48 66 76 87 41 54 34 59 63 32 50 52 41 31
Klebsiella 5p.(CREL0) ND ND ND ND ND
06 | 04 | @06 | @05 | 05 | 04 | @05 | @03 | o5 | @03 | @05 | ®03) | @03 | o9 | oy
B lcheriformis GBES 42 53 66 74 90 30 41 50 50 64 40 51 62 62 32 25 38 25 16 13
Hichenfformis(CBES) @05 | @07 | @06 | @05 | 02 | @04 | @04 | ®03) | ®02) | @03 | @03) | @02 | @01y | @02 | @oy | @oy | @oy) | @03 | @oy | (04
e obeer <(OR 32 47 57 63 81 35 45 52 51 71 30 40 51 51 65 " " " " "
e PORED | woay | @os) | @05 | 05 | ¢08 | o5 | ¢o4 | @on | @03 | o2 | @oy | @02 | o4 | ¢03| coy
P | OREY 44 57 50 70 76 36 49 57 58 6.9 31 43 50 31 23 ND ND ND ND
20gomaansORE) | o) | @04 | @0o | (0 | 02 | 03 | @03 | 05 | @05 | @03 | 03 | ¢04 | @0e | @o0e | 02
. 40 52 6.2 72 87 31 59 6.1 6.3 6.8 31 4.2 50 41 42 25 37 25 25 19
Bacillussp.(SVE9)
@04 | 02 | @05 | @06 | 05 | @05 | @05 | 04 | #02) | 04 | @0y | @01 | @05 | @01 | 04 | 04 | @03 | 04 | €03 | 02
*+ G, diazotropicus 33 53 63 7.2 74 36 54 68 67 71 32 43 51 43 33
(PALS) (£01) (02 (*0.1) (*02) (*08) | (05 | *04) | (£01) | *04) | (04 | *03) | (*02) *07) 05 | @01 ND ND ND ND ND

Vaues are mean (x SE) (n=3); *hours after inoculation; ** standard culture; ND-not detected




Table 3. Effect of temperature on the survival of diazotrophs isolated from the rhizosphere of different grass species

Population (log cfu mlI™) at different level of temperature

olate 40°C 45°C 50°C 55°C
oh 12h | 24h 36h 48h oh 12h | 240 | 36h 48h oh 12h 24h 36h 48h oh 12h | 24h 3h | 48h
Enterobacter 33 52 61 84 94 42 55 54 61 65 31 43 50 | 41@ 30
.(BRY) @01 | @o1) | @o1n | @on | @02 | 04 | o5 | @01y | 03 | @02 @04 | @02 | ®on | 02 *01) ND ND ND ND ND
) 32 52 54 74 94 43 55 31 50 63 32 55@ | 52 | 41@ 31
Klebsellasp(CGD) |, o1y | on | o1y | @on | @ony | @on | @02 | o3 | @03 | oy @on | o1y | «on | og (+05) ND ND ND ND ND
Enterobacter 41 54 63 72 94 40 53 58 59 68 30 52¢ | 53 | 55@ 53
P0G ®02) | @03) | @04 | @03 | o5 | @on | @oy | ¢on | @oz | @02 *06) 04 | «on | o1 05 ND ND ND ND ND
il (00 40 54 73 82 92 43 55 61 71 75 41 51 51 40 29 41 51 51 49 29
ussp. (CGY) @01 | @01 | @0l | @03 | @o1n | @0y | o1y | 08 | 02 | @o1 @01 | @0l | 03 | @03 | @02 | 06 | 08 | o1y | @oy | o5
Senotrophomorasp. | 43 51 54 74 89 32 54 63 73 76 33 52 61 53 43 43 | 43¢ | 41 21 27
(SH #0) | @03 | o5 | @04 | @02 | @02 | @opy | @on | @03 | @on | @03 | @on | @03 | oy | 03 | wos | 05 | 05 | @oe | 04
_ 45 54 61 71 102 33 42 51 52 65 40 51 62 62 22
K-preumoniae CR2) |, 04 | o1) | @07 | @07 | @04 | @on | @os) | @on | o4 | 02 @0l | @04 | @on | oy | eoe ND ND ND ND ND
< ooy |31 54 62 63 84 32 43 51 53 71 31 43 53 53 65 25 38 25 16 13
-preumoniae(CR3) |67 | 04) | 06 | @01 | @02) | 04 | @0l | 03 | 04 | @03 | @05 | @07 | 04 | @0y | 03 | @oe | @os | @01y | 03 | ol
. 43 54 60 71 101 33 52 63 61 63 51 41 50 33 23
Saratiasp. (CB2) @02 | @03 | 04 | o5 | @o5 | @04 | @02 | 02 | (04 | @03 | @02 | oy | 03 | oy | oas | NP ND ND ND ND
il (B 43 52 63 84 100 30 51 64 64 72 42 52 | 50 41 42 25 37 25 25 | 194
Subtilis (CB3) *06) | @01 | @02 | 01 | @01 | 01 | (01 | 01 | 05 | (03 *05) 07) #01) | (04 | 05 | *06 | ®07) | 05 | 03 01)
Klebsiellasp.(CB4) (14 52) (156‘.13) (15 61.5) (i7(.)%6) (196?7) (13 bs.a (¢46?3) (¢5 61.2) (166?7) (176?5) (1%(.)5) (¢46%7) (156?5) (136?6) (i'z 62.5) ND ND ND ND ND
) 33 54 70 81 o1 43 52 53 63 73 31 ) 50 33 23
Saratiasp.(OR3) @06 | @07 | @on | ©os | @on | @on | @on | o1 | @on | @on | @o1m | @on | @on | ¢on | oy ND ND ND ND ND
S sprophyticus 33 52 63 74 90 30 51 64 64 63 32 42 50 41 32 25 37 25 25 19
(ORS) @06 | @01 | oy | oy | oy | @oy | oy | oy | @oy | @oy | oy | @0y | @0y | @04 | @os | @0y | @08 | @06 | ol | o1
_ 41 55 64 71 93 42 52 61 72 83 31 45 53 33 33
Klebsiellasp.(OR7) @on | @02 | @on | @os | @07 | @on | @on | @on | o1 | @on @01 | @08 | @04 | won | @03 ND ND ND ND ND
40 53 72 83 92 53 52 63 73 83 32 53 51 35 23
Smaroesons(CDY) | (o5 | 01 | 01) | 04 | 04 | @07 | @01 | @04 | @02 | 03 @01 | @01 | 0§ | ¢ony | i) ND ND ND ND ND
) 32 52 62 62 87 33 43 47 59 73 32 31 55 31 34
Bacillussp.(CD2) 08 | @01 | @01 | oz | @oe | o | 08 | ¢os | oy | oy @01) | @04 | @on | @o7 | oy ND ND ND ND ND
. 43 53 63 73 93¢ | 33 51 61 72 83 31 51 45 43
K.preumoniae (V1) |, 04 | o1 | @01 | (2019 | 06 | @05 | @05 | @on | oy | @02 | o7 | o4 | @os | o4 | 35®08 | ND ND ND ND ND
Al Az 204 41 54 64 73 84 33 43 55 65
{pofaum (Az209 @01 | 03 | @01 | @03 | @oy | @oy | @02 | @oy | oy | €0 | ND ND ND ND ND e R NP NP

Values are mean (+ SE) (n=3); *hours after inoculation; ** standard culture; ND-not detected




Table 4. Effect of temperature on the survival of diazotrophs isolated from the tissues of different grass species

Population (log cfu mlI) at different level of temperature

Isolates 40 °C 45°C 50°C 55°C
oh 12h 24h | 36h | 48h oh 12h | 24n | 36h | 48h oh 12h | 24h | 36h | 48nh | oh | 12h | 24h | 36h | 48h
41 45 71 91 100 40 54 63 65 73 31 43 52 43 29
Pseudomonas sp.(CCES) 09 | o1 03 | 01 | @01 | oy | oy | oy | @05 | 08 | @0y | @0 | 03 | @04 | @oy | "° [ NP | NP | ND  ND
41 51 60 62 83 42 51 63 65 86 41 53 53 51 28
Paocasp. (FRE) 09 | og | ¢opy | ¢03 | oy | eop | ¢0n | eoD | o5 | @0y | (09 | on | @0y | @0y | @oy | 0 | NP | NP NP
i co, (GRES 41 51 53 71 80 31 50 61 72 80 34 51 60 51 44 | 43 | 46 | a1 | 30 | 31
ratiasp. (CRE9) ©08 | o1 | @03 | ®03 | @09 | o6 | @0y | @03 | @02 | @os | @04 | @on | oy | @oyn | @oy | @oy | cos | @oy) | @02 | oy
30 62 72 81 94 41 55 31 51 70 32 50 52 41 33
Peudomonessp(CRELO) |, 07 | (x08) @01 | @on | @04 | @on | @049 | won | @o3 | os | @os | @on | eon | @01 | @og | NP | NP | ND | ND | ND
ecilie (CBES 42 53 60 71 92 32 41 51 53 61 45 54 63 62 31 25 | 42 | 31 | 21 | 13
ussp. (CBE9) @0l | 08 | 02 | @01 | 02 | @01 | 04 | @0l | @0l | @0l | @03 | @0l | @0l | @0l | @0l | @ol | @o1) | @01 | o1 | o5
31 51 63 75 82 35 41 | sie | 53 73 30 40 51 51 55
Enterobacter sp(ORE7) ©02) | @04 @02 | @07 | @on | 01 | 05 | 03 | @og | ¢oe | @on | @os | @on | @oy | @oy | NP | NP | NP | NP ND
46 54 63 74 92 32 52 62 64 75 51 41 50 31 16
P.agglomerans (ORE9) *05) @0) @05 | 03 | @on | @04 | @on | con | @03 | o4 | @0z | @on | eon | o4 | wog | NO | NP | NDp ND ) ND
c Ve 40 55 66 73 85 30 50 60 63 66 31 42 53 45 44 | 25 | a1 | 31 | 31 | 22
sacohari (SVE9) @05 | @04 | @03 | oy | @02 | @oy | @oy | @opy | @oy | @os | @on | @oy | @oy | @02 | @oy | @oy | @os | @os) | @oy) | @os)
o .| 51 63 63 71 81 31 51 59 63 74 32 43 51 44 30
G. diazotropicus (PALS) @01 | @01y | 03 | @01 | @01 | @04 | @02 | 02 | ¢01) | 03 | @02 | @01 | @1 | @oy | oy | O | NP | NP | ND | ND

Values are mean (+ SE) (n=3); *hours after inoculation; ** standard culture; ND-not detected




Table 5. Effect of soil moisture potential on the growth of diazotrophs isolated from the rhizosphere of different grass species

solates Moisture Potential (1BAR) Moisture Potential (15BAR)
1DAI 15 DAI 30 DAI 45 DA 60 DA 1 DAI 15 DAI 30 DA 45 DA 60 DA
Enterobacter sp.(BR1) 34 (+04) 54(x04) 67(x05 85(x01) 96(x04) [31(x02) 5102 63(x04) 84(x04) 96(+0.5)
Klebsiella sp.(CG1) 42(+x03) 54(x03) 6.7(x04) 7.8(x03) 103(x02) | 40(x01) 59(x02) 73(x01) 82(x01) 10.1(x0.6)
Enterobacter sp.(CG3) 38 (+03) 57(x03) 7.8 (x0.1) 89*03) 96(x04) |40(x04) 53(x01) 74(x01) 82*01) 10.8(0.8)
Bacillus sp. (CGb5) 32 (#01) 59(x01) 68(x01) 78(x01) 102(x01)|31(x07 5007 53(x01) 74(x07) 95(x07)
Senotrophomonas sp. (S4) 34 (#01) 54(x01) 69(x01) 79(x01) 97(x01) | 41(x01) 53(+x04) 63(x01) 7.4(x01) 94(x02)
K. pneumoniae (CR2) 35 (+02) 56(x01) 64(x01) 78(x01) 98(x01) |33(x08 55(01) 62(+x01) 63(x02) 84(x0.7)
K. pneumoniae (CR3) 35(+x07) 6.2(x01) 7.4(x01) 83(x01) 94(x0.1) |40(x01) 53(*x02 60(x01) 7.0(x01) 10.0(+0.4)
Serratia sp. (CB2) 32 (x06) 6.4(x01) 7.4(+01) 84(+t04) 93(+06) |41(+x04) 52(x01) 63(x01) 84(x01) 10.0(x0.9)
B.subtilis (CB3) 32 (+04) 54(x01) 7.4(x01) 85(x06) 91(x01) |41(x06) 53(x01) 6.0(x01) 72(+x07) 101(x0.7)
Klebsiella sp.(CB4) 31 (x04) 52(x01) 63(*01) 7401 92(+x08) |41(x01) 55(+x03) 54(x0.1) 7.0(x08) 10.0(x0.6)
Serratia sp.(OR3) 35 (+03) 53(x01) 64(x01) 71(x09) 91(x01) |30(x03) 53(x01) 62(+x01) 7.3(x02) 92(+0.1)
S. saprophyticus (OR5) 34 (£01) 56(x01) 62(x01) 7308 95(x01) | 3.2(+0.1) 51(x04) 72(x01) 82(x03) 92(+01)
Klebsiella sp.(OR7) 32 (x01) 49(x01) 61(x01) 81(x01) 97(x01) |41(x01) 55(x01) 69(x09) 7.6(x04) 101(x0.1)
S marcescens (CD1) 34(x03) 49(x01) 63(x01) 81(x06) 93(x02) |41(x01) 52(+x05 71(x01) 81(x06) 92(x0.1)
Bacillus sp.(CD2) 31(x01) 45(x04) 6.7(x01) 85(x01) 94(x06) |32(x09) 52(x01) 61(x05 63(x06 94(x04)
K. pneumoniae (SV1) 30(x0.2) 43(x05) 64(x01) 85(+x01) 95(+x05) |44(+x08) 53(+x08) 63(x08) 74(x01) 9.4(+05)
A.lipoferum (Az 204) ** 32(x03) 43(x03) 57(x01) 83(x01) 95(x0.1) |40(x01) 52(x0.1) 6.2(x01) 7.14x01) 83(x0.1)

Vaues are mean (x SE) (n=3); *hours after inoculation; ** standard culture



Table 6. Effect of soil moisture potential on the growth of diazotrophs isolated from the tissues of different grass species

Moisture Potential (1BAR)

Moisture Potential (15BAR)

Ioolate 0 DAI 15 DAI 30 DAI 45 DAI 60 DAI 0 DAI 15DAI  30DAlI  45DAI 60 DAI
Pseudomonas sp.(CGE3) 42 (#07) 52(x02) 7.3(+x02) 91(x07) 106 (+04)|41(x01) 57(x04) 7.901) 94(x01) 108(x0.1)
Pantoea sp. (PRE2) 47 (£05) 54 (+02) 61(x03) 62(+05) 86(x06) | 42(+02) 59*04) 69*01) 7.3(x03) 80(x03)
Serratia sp. (CRE9) 45(+02) 49 (£03) 53(x04) 73(x01) 84(x07) |42(+04) 56(x03) 57(x02) 7.7(x04) 89(x04)
Pseudomonas sp.(CRE10) 35 (+03) 6.2(x07) 7.2(x05 81(x09) 94(x01) |30(x05 67(x05) 7.2(+x04) 85(x05) 9.8(+0.6)
Bacillus sp. (CBE9) 37(x03) 51 (x06) 63(x07) 75(x07) 82(x01) | 32(+x03) 59*03) 68*04) 89(+x01) 84(+07)
Enterobacter sp.(ORE7)  38(x0.3) 50 (x04) 60 (03 7.1 (x05) 92 (x08) |38(x04) 55(x09 64(x02) 73(x01) 92 (09
P.agglomerans (ORE9) 47 (£02) 52(x03) 66(x04) 7.3(+04) 85 (+04) |40(*0.1) 52(x04) 6.7(x05) 7.8(x01) 85(x03)
E. sacchari (SVE9) 35 (+05) 50(x02) 62(+x01) 71(x03) 79(x03) |33(+x0.2) 52(x02) 65+06) 74(x02) 7.9(+0.2)
G. diazotropicus (PAL5) ** 34 (£01) 53(x01) 53(x03) 7.1(x02) 81(x04) |33(*0.1) 53(x04) 59(+06) 7.5(x01) 84(+06)

Vaues are mean (x SE) (n=3), * DAI-Days after inoculation,

**gtandard strain



Soil extract agar medium (Subba-Rao, 1977)

Glucose
KsHPOo,
Soil extract

Distilled water (volumeto)

pH
Agar

Rose Bengal medium (Martin, 1950)

Glucose
Peptone

KH, PO,

Mg SO,
Streptomycin
Agar

Rose Bengal
Ditilled water

Kenknights Agar Medium (Rangaswami, 1966)

Dextrose

KH; PO,
NaNO;

KCl

MgSO,

Agar

Ditilled water

Total diazotroph medium (Do6bereiner, 1989)

Glucose
Malic acid

Y east extract
K> HPO,

ANNEXURE Il
COMPOSITION OF VARIOUS MEDIA

10.0g
509
100 mi
1000 ml
7.5
2009

10.0g
5.0g
1.0g
0.05¢g
30.0g
15.0g
0.035g
1000ml

1.0g
0.1g
0.1g
0.1g
0.1g
15.0g
1000ml

0.5g
0.5g
0.1g
0.59



FeSO,

MgSO,

NaMoO,2H,0

CaCl,

H3BO3

ZnS0O4

CuSO4

MnCL,

Agar

Distilled water

pH

NFb medium (Dobereiner, 1989)
Malic acid

KoHPO,

MgSO47H,0

NaCl

CaCl,

Bromthymol blue0.5% in KOH 0.2 N
Vitamin solution
Micronutrient solution

1.64% FeEDTA solution
KOH

pH

Distilled water

Agar

The vitamin solution(100ml)
biotin

pyridoxol-HCl
Micronutrient solution (1000ml)
CuS0O,

ZnS0O47H,0

0.05g
0.02g
Trace
0.29
0.15g
0.07g
Trace
Trace
20.0g
1000ml
7.0

509
059
0.2g
01g
0.02¢g
2ml
1ml
2ml
4 ml
45¢g
6.8
1000ml
199

10 mg
20mg

049
0.12¢g



H.BO; - 149

NaM00,42H,0 - 109

MnSO4H,0O - 159

JNFb medium (Kirchhof et al., 1997)

The medium called INFb consisted of the same components as NFb-medium except

following different ingredients

KoHPO, - 0.6g
KH,PO, - 18¢
pH - 5.8
Distilled water - 1000ml
Agar - 19¢g
LGI medium (Reis et al., 1994)
Sucrose - 5049
KoHPO, - 029
KH,PO4 - 0.6g
MgSO47H,0 - 0.2¢g
CaCl, - 0.02g
NaM00,42H,0 - 0.002 g
FeCl3 - 0.01g
Bromthymol blue 0.5% in KOH 0.2 N - 5SmL
pH - 6.0
Distilled water - 1000ml
Agar - 19¢g
NFMM (Piao et al., 2005)
Sucrose - 10.0g
KoHPO, - 049
KH,PO, - 029
MgSO47H,0 - 01g
CaCl, - 0.01g
NaM00,42H,0 - 0.002 g

FeCls - 0.01g



pH

Distilled water
Agar
SM medium (Reinhold et al., 1985)
Malic acid

KOH

KH,PO4

KoHPO,

MgSO, 7H,0

NaCl

MnSOy- H20

NaMoO,- 2H,0
Fe(I11)-EDTA (0.66% (w/v) in H,0)
Biotin
Vitamin solution

pH

Distilled water
Agar
Vitamin solution(1000ml)
Biotin

Calcium pantothenate
Myoinositol

Niacinamide
Paminobenzoic acid
Pyridoxine hydrochloride
Riboflavin

Thiamine dichloride

7.2
1000ml
19¢g

509
45¢g
0.6g
04¢9
0.2¢9
01lg
0.01g
0.002g
10ml
0.1mg
10ml
6.8
1000ml
199

200 mg
40 mg
200 mg
40 mg
20mg
40mg
20 mg
4 mg



SSM medium (Reinhold et al., 1986)
Malic acid

KOH

NaCl

NapSO4
NaHCO;3;

CaCl,

MgSO, .7H-0
K2SO,

Na,CO3
Fe(l11)-EDTA
KoHPO,

Biotin

MnCl; - 4H,0
CuCl; 2H,0
ZnC1,

H3BO;
Na;M00,. 2H,0
Agar

Distilled water
pH

Rennie medium (Rennie, 1980)
Soution A
KoHPO,
KH,PO,
NaFeEDTA
NaM00,.2H,0
Y east extract
Mannital
Sucrose

60% sodium acetate

509
489
129
249
059
0.22¢g
0.25¢g
0179
0.09¢g
0.0779g
0.13¢g
0.1 mg
0.2mg
0.02 mg
0.15mg
0.20 mg
2mg
2049
1000ml
85

0.8
0.2
28mg
25mg
100mg
3.0g
509
0.5ml



Sodium malate
Semisolid medium agar
Didtilled water

pH

Solution B

MgSo4

Cacl2

Didtilled water

2049
179
900ml
7.0

0.2g
0.069
100

The solutions were autoclaved separately and mixed after cooling. Biotin and
Para aminobenzoic acid (100ul each) filter sterilize separately were added at final
concentrations of 5 and 10ug/l respectively. The combined solution was mixed with
1.25ml of plant extract that had been extracted with ethanol.
Cellulase activity test medium (Cotty et al., 1990)

O-phosphoric acid swollen cellulose
KH,PO,
NH42S0,
Urea
MgS04.7H,0
FeSO,

MnSO,

CoCl;

Agar

pH

Distilled water

10.0g
209
l4g
0.3g
0.3g
8.0mg
1.6 mg
2.0mg
1809
7.0
1000ml

Pectinase activity test medium (Rautelaand Cowling, 1966)

Pectin
KH,PO,
Na;HPO,

Y east extract
Agar

pH

DW

509
40¢g
6.09
10g
18.0g
7.0
1000 ml



Peptone water

Peptone - 10.0g
NaCl - 159
Distilled water - 1000ml
pH - 7.0
Composition of Luria-Bertani (LB) medium (Melody, 1997)
Tryptone - 10.09

Y east extract - 5009
NaCl - 509
Distilled water - 1000 ml
pH - 7.4
Agar - 20.0g
Succinate medium for siderophore production

Succinic acid 409
KoHPO, 309
Ammonium sulphate 0.2g
Agar 18.0g
Distilled water 1000 ml
pH 7.0
Chorom azurol s agar

Solution A (Dye solution)

Chorom azurols S 60.5mg
Didtilled water 50.0ml
Solution B

1Mm FeCl3.6H,0 in 10 mm HCL 10ml
Solution C

Hexadead trimethyl anmonium bromide 729
Didtilled water 40ml



Modified Fiss minimal medium
KH,PO4

L-asparagine
Glucose
MgSO4
MnSO,

ZnCl,
Distilled water
Pikovaskaya broth
Glucose
Cag(POy)
(NHg) 2S04
KCI
MgS04.7H20
MnSO,

FeSo,

Y east extract

Distilled water
pH

Sperberg’s hydroxy apetite medium (Sperber, 1958)

Glucose

Y east extract
MgSO,
(NH3)2S04
KCl

Soil extract
Agar

Tap water

K, HPO, (10%)

5.03¢g
5.039
5049
40 mg
100 pg
500 pg
1000 ml

10.0g
5.0g
0.5g
0.2g
0.1g
Trace
Trace
0.2g

1000 ml
6.5

10.0g
0.2g
01g
01g
0.2¢9
200 ml
2009
1000 mi
40 mli



CaCl; (10%) - 60 ml
pH - 6.8

Soil extract was prepared by autoclaving soil:water in 1:1 ratio and filtering
through country filter paper. K;HPO, (10%) and CaCl, (10%) were prepared and
sterilized separately. K;HPO, followed by CaCl, was added to the medium just before

plating.

Aleksandrov medium (Aleksandrov et al., 1967)

Glucose - 5.09
MgSo, - 0.5g
FeCl, - 0.005g
CaCl, - 0.1g
CaPo, - 2.0g
Potassium aluminium silicate - 2.0g
Agar - 209
Distilled water - 1000ml
pH - 85
Zinc solubilizing bacterial medium (Bunt and Rovira, 1955)

Peptone - 1.0g

Y east Extract - 1.0g
K2HPO, - 0.4g
Ammonium sulphate - 0.50g
Magnesium chloride - 0.10g
Ferric chloride - 0.10g
Soil Extract - 250 ml
Zinc Oxide - 1.00g
Distilled water - 750ml
Agar - 15.0g

pH - 6.6- 7.0



Sail extract was prepared by pressure steaming 10009 of sieved garden soil mixed
with 1000 ml of tap water in the autoclave for 30 min. A pinch of CaCO3; was added after

steaming and the supernatant was filtered through Whatman No: 3 filter paper.
N-free Plant Nutrient medium (Fahreus, 1957)

CaCl,

KH,PO,

NapgHPO,

MgSO,

Ferric citrate

Trace element solution
Agar

Distilled water

pH

Trace element stock solution
Boric acid

Manganous sul phate
Zinc sulphate

Copper sulphate
Sodium molybdate
Ditilled water

0.1g
0.12g
0.1G
0.15g
0.005g
1.0ml
20g
1000ml
7.0

2.869
2.03g
0.22g
0.08g
0.14g
1000ml

Antibiotics used for intrinsic antibiotic resistance test of diazotrophic isolates from

selected grass species

Hi-Media Dodeca Universal |11 - DEO 008

Antibiotic Symbol  Concentration (ug) Antibiotic Symbol  Concentration (ug)
Ampicillin A 10 Cefaclor Cj 30
Cefuroxime Cu 30 Azithromycin At 30
Cephadroxyl Cq 30 Erythromycin E 15
Augmentin Au 30 Cefaperazone Cs 75
Penicillin P 10 units Clariththromycin Cw 15
Cephotaxime  Ce 30 Ciprofloxacin Cf 5

* Concentration is in pg unless and otherwise specified
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ABSTRACT

In this study, beneficial effects of multifaceted growth promoting isolates for rice were investigated under
two different salt concentrations in pot culture conditions. Two most salt tolerant isolates (TRY2) Serratia
sp. and Bacillus sp. (TRY4) were selected and their growth promoting characters were studied under
slight and moderate NaCl concentration. Isolates Serratia sp. and Bacillus sp. were able to fix the nitrogen
and solubilise phosphate, synthesise IAA, acc deaminase regardless of NaCl concentration in most cases,
under conditions of salinity. In pot experiments, plant growth (plant height, dry weight, and chlorophyll
content) was promoted by bacterial inoculation with 2.9 and 5.8 g NaCl/kg soil. In this study, uptake
nutrients (N*, P*, and K*) were increased regardless of NaCl concentration with inoculation of Serratia sp.
and Bacillus sp. and uptake of Na* was reduced with treatments receiving 5.8 NaCl/kg soil with Serratia
sp. and Bacillus sp. isolates used as inoculants as compared to control. The present observations showed
that strains Serratia sp. and Bacillus sp. partially alleviated the saline stress in rice, likely through the

integration of several mechanisms that improve the plant response.

Key words: Bacillus sp, Plant growth promoting diazotrophs, Rice, Salinity stress, Serratia sp.

Salinity is one of the most serious environmental prob-
lems influencing crop growth throughout the world. In
India, out of an estimated area of 187.7 million ha of total
degraded lands, 8.1 million ha are salt affected in which
3.1 million ha are in the coastal regions (Sziderics et al.
2007). In most saline soils, sodium chloride is the pre-
dominant salt species, and its effect can be observed by
decreased productivity or plant death (Munns 2005). Most
of the plants possess several mechanisms to decrease the
negative effects of salinity including regulation and com-
partmentalization of ions, synthesis of compatible solutes,
induction of antioxidative enzymes, induction of plant hor-
mones, and changes in photosynthetic pathways (Parida
and Das 2005).

Cynodon dactylon Pers. (Poaceae), a hardy peren-
nial grass, is one of the most commonly occurring weeds
in India. It is widely accepted that the rhizosphere of any
plant species is a unique niche harboring diversified bac-
terial communities, which serve as potential resource for
bioprospecting. The rhizosphere of plant species growing
profusely under stress-conditions harbors novel
diazotrophs to meet their nitrogen requirement as observed
in salt marsh grasses such as Sp. artina alterniflora, Juncus

*Corresponding author: saratha6@gmail.com
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roemerianus (Bagwell and Lovell 2000), ligotrophic habi-
tant Drosera villosa (Albino et al. 2006) and desert grow-
ing Lasiurus grass (Chowdhury et al. 2009).

The beneficial roles of diazotrophs to plants include
nitrogen-fixation, mineral solubilization, production of
phyto hormones such as indole acetic acid (IAA) and cy-
tokinins. By virtue of such attributes, pre-treatment of
seeds with a suspension of Azotobacter was shown to
improve seed germination and plant growth (Ravikumar
etal. 2004). Anincreasing supply of N through dinitrogen
fixation may increase crop production in saline habitats
(YYaoet al. 2010). Diazotrophic bacteria are also PGPR,
because of their competitive advantage in C-rich and N-
poor environments (Kennedyet al. 2004). Several reports
revealed that inoculation with free living diazotrophs like
Azotobacter, Pseudomonas and Azosp. irillum increased
the yield of rice by 20-55% (Mirza et al. 2006) and a
strain of diazotrophic Burkholderia increased the rice plant
biomass by 69% (Kennedy et al. 2004). Some isolations
including genus Pseudomonas and Bacillus have been
shown to have capacity to promote the wheat growth in
salinated soils of Uzbekistan (Nautiyal et al. 2008). In other
work, Palomino et al. (2009) reported that Bacillus subtilis
is a Gram-positive sporulating bacterium able to adapt to
wide variations in osmotic and saline strength. Studies
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showed that inoculation with Azosp.irillum spp. increased
plant growth and the K*/Na* ratio of two maize cultivars
(Hamdia et al. 2004). Moreover, Yao et al (2010) reported
that inoculation with Pseudomonas putida promoted cot-
ton growth and germination under conditions of salt stress.
Considering the efficacy, input cost and environmental
safety, use of chemical fertilizers for crop production in
saline soil is not a sound proposition.

The objective of this study was to identify the multi-
faceted growth promoting salt tolerant diazotrophs from
the rhizosphere of Cynodon dactylon and their effect on
rice seedling in the presence and absence of salt stress
under pot culture conditions.

MATERIALS AND METHODS

Isolation and screening of growth promoting diazot-
rophs

The soil samples were collected from the rhizosphere
of C. dactylon at salinity affected agricultural fields of
Trichy district, Tamilnadu on March, 2012. Diazotrophic
gnicroorganisms isolated using serial dilution technique (10

dilution) on selective N-free malate medium (NFM) (Piao
et al. 2005) with 1% (w/v) NaCl concentration. After re-
quired incubation period, colonies growing on N-free me-
dia were counted and grouped according to their morpho-
logical characteristics. Single colonies from rhizosphere
soil samples picked from NFM plates and sub-cultured
several times in same medium to obtain pure cultures and
stored as glycerol stocks at -20° C. The salt tolerances of
diazotrophic bacterial isolates were determined on free
nitrogen media supplemented with different NaCl concen-
trations of 0-10%.

Identification of diazotrophs by 16S rRNA gene se-
quencing

Nearly full-length of 16S rRNA gene was amplified
from elite isolates as described earlier using universal
eubacterial primers, FD1 and RP2 (Weisburg et al. 1991)
and the band of expected size was gel-purified using spin
columns (Bangalore genei, India) according to the
manufacturer’s instructions and cloned using PGMT vec-
tor supplied with TA cloning kit (Promega, USA) prior to
sequencing. Sequencing reactions were performed using
ABI prism terminator cycle sequencing ready reaction kit
and electrophoresis of the products were carried out on
an Applied Biosystems (Model 3100) automated sequencer.
The identity of 16S rDNA sequence was established by
performing a similarity search against the GenBank data-
base (http://www.ncbi.nih.gov/BLAST).
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Plant growth promoting features of isolates

Plant growth-promoting capabilities of the selected
strains were studied in the presence and absence of NaCl
(nitrogen fixation, phosphate solubilization, indole acetic
acid, acc d synthesis and siderophore production).The
nitrogen fixing capacity of the diazotrophic isolates was
evaluated by estimating the acetylene reduction activity
(ARA) (Bergersen 1980) using gas chromatograph
(Chemito-7610) equipped with FID detector and Porapak
N column (2m x 1/8”). Temperatures such as injector,
detector, and column were maintained at 110°C, 120°C
and 73°C, respectively. Nitrogen gas was used as carrier
gas at the flow rate of 30 ml/min. After completion of
ARA, the bacterial cells in the medium were evenly mixed
and the protein concentration was measured (Lowry et
al.1951). ARA results were expressed as n mole ethylene
/mg/protein/h. An aliquot was taken from each pure cul-
ture for evaluation of plant growth promoting character-
istics indole acetic acid (IAA) production was done using
the method of Chandramohan and Mahadevan (1968).
Solubilization of insoluble phosphates (Bunt and Rovira
1955) were also assayed. Siderophore production was
checked using the Chrome Azurol S (CAS) agar plates
(Dubey and Maheshwari 2004). ACC deaminase activity
was measured by measuring the production of a-
Ketobutyrate as described by Honma and Shimomura
(1978).

Effects of NaCl and bacterial inoculation on rice
growth

Pot experiments were conducted in order to evaluate
the effect of NaCl and bacterial inoculation on growth of
rice. Pots containing 400 g of dry-sterilized soil were
supplemented to reach 0, 2.9 and 5.8 g NaCl/kg soil, which
was prepared by adding 0, 1.08 and 2.25 g NaCl dissolved
in 100 mL water. The treatment without exogenous addi-
tion of NaCl was considered as 0 g NaCl/kg soil concen-
tration. Characteristics of the soil without added salt were
pH (1:5 water)- 6.5, EC- 1.50 dS /m, organic matter -15 g
/kg, available N-289 kg/ha, P-18.92 kg/ha, potassium -
134.34 kg/ha. Dehulled rice seeds var. ADT43 were disin-
fected by soaking in 30% hydrogen peroxide and 70%
ethanol for 10 min, and followed by rinsing several times
in sterilized distilled water. The seeds were then pre-ger-
minated in sterilized plain agar at room conditions for five
days. For inoculum preparation, bacteria were grown in
nutrient broth for 24 h at 37°C, rinsed twice, and finally
resuspended to the same initial volume using phosphate
buffer pH7.0. Roots of seedlings, with the same size, were
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submerged three times in bacterial suspension adjusted to
ODgp = 1 and planted in each pot supplemented or not
with NaCl. Seedlings submerged in sterilized water were
used as a control. Biometric observations such as plant
height and dry matter production were taken at 4 weeks
after the inoculation. In addition, chlorophyll content of
rice leaves was estimated by the method of Hiscox and
Israelstam (1979).

Inorganic elements

Leaf tissues were separated after harvesting and air-
dried at 70°C for 5 days. Dried materials were ground and
then digested in H,SO, for the determination of total nitro-
gen (Kjeldahl method) or in a ternary solution (HNO;: H,SO,
: HCIO, = 10:1:4 with volume) for the determination of P,
K and Na (Mani et al. 2007).

RESULTS AND DISCUSSION

In the present study 18 pure cultures of diazotrophic
organisms were isolated from saline soils and tested for
tolerance of NaCl. Among the isolates tested, isolates C2
and C4 tolerated a higher content of NaCl (10%) than
other isolates (Fig. 1). Due to their high tolerances, TRY2
and TRY4 were selected for further studies. ldentifica-
tion of isolates based on phenotypical and physiological
criteria however was difficult, if the features displayed by
a particular isolate are not fully identical with a described
species. Utilization of PGPB has become a promising al-
ternative to alleviate plant stress caused by salinity (Fu et
al. 2010). Thus the molecular based method, 16S rDNA
sequence analysis, was therefore chosen to identify the
selected isolates. The isolates were identified as Serratia
sp. (TRY2) and Bacillus sp. (TRY4) within the order
Enterobateriales and Firmicutes, respectively (Table 1).

Table 1. Molecular characteristics of selected isolates

Code of Lengthof  Most closely Similarity

the isolate 16sr DNA related (%)
sequence (bp)  organism

TRY2 1540 Serratia sp. 99

TRY4 1469 Bacillus sp. 99

Plant growth-promoting features

The isolates Serratia sp. and Bacillus sp. were able
to reduce acetylene in both the presence and absence of
NaCl. In the present study, the nitrogenase enzyme activ-
ity of the isolates ranged from 114 + 4.63 t0 136 £ 7.92 n
moles of ethylene/mg of protein/h. The highest nitroge-
nase activity was exhibited by isolate Bacillus sp. with
2.9g NaCl concentration (136+7.92 n moles of ethylene/
mg of protein/ h) (Table 2).
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Fig. 1. Maximum salt tolerance level of diazotrophic
isolates

The microbial synthesis of plant growth regulators
is an important factor in soil fertility. Salt-tolerant IAA-
producing bacterial strains P. aureantiaca and P.
extremorientalis alleviated quite successfully the reduc-
tive effect of salt stress on percentage of germination (up
to 79%), probably through their ability to produce I1AA
(Egamberdieva et al. 2008). They were able to produce
indole-3-acetic acid (IAA) in saline conditions. In the
present study, the maximum amount of IAA was produced
by Bacillus sp. (18.8 +1.0 pg/ml of sample) followed by
Serratia sp. (14.8+0.8 pg/ml of sample) with 2.9 g/l NaCl
concentration (Table 2).

Diazotrophic microorganisms showing phosphate
solubilizing activity have beenreported. (Mayak et al.
2004). Phosphate solubilization activity was exhibited by
both strains Serratia sp and Bacillus sp (Table 2). In the
present study, the maximum amount of siderophore was
produced by isolate Bacillus sp and Serratia sp with 2.9
NaCl concentration which produced 16.5+0.9 and
15.5+0.8 pg/ml of sample respectively. In other work, di-
rect use of P. putida siderophores by plants has been dem-
onstrated in many species, including dicot legumes such
as peanut or monocots such as sorghum (Albino et al.
2006).

The results obtained demonstrated that the selected
salt-tolerant bacterium containing ACC deaminase.
Pseudomonas fluorescens strain TDK1 containing ACC
deaminase activity enhanced the saline resistance in ground-
nut plants and increased yield as compared to plants in-
oculated with Pseudomonas strains lacking ACC deami-
nase activity (Saravanakumar and Samiyappan 2007). In
the present study, maximum amount of ACC observed in
Bacillus sp. (89.8 + 1.1 nmoles of &-ketobutyrate /mg/h)
followed by Serratia sp. (76.6 £ 2.3 nmoles of & -
ketobutyrate/mg/h) with 5.8g/l NaCl concentration (Table
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Table 2. Plant growth promoting rhizobacteria (PGPR) features of strains

Strain NaCl  1,pa 2 AN ’p hosphate 2Siderop_hore %acc deaminase
(g solubilzation production activity

Serratia sp. 0 117(x9.2)° 11.7(x1.2)% 12.0(£0.9)® 11.0(x1.0)° 13.9 (1.0)°
29  122(x8.1)* 14.8(x0.8) 11.8(x0.7)® 15.5(+0.8)? 34.8 (+1.4)°
58 118(x7.1)° 10.3(0.9)° 14.8 (x1.2)? 11.0(x0.6)° 76.6 (£1.3)"

Bacillus sp. 0 114(x4.6)® 11.8(x0.8) ° 11.7 (20.9)® 12.5(+0.8)° 14.9 (¥1.2)°
2.9 136 (+7.9)°  18.8(*1.0)" 12.8 (+0.7)* 16.5 (+0.9)" 458 (+1.1)°
58 123 (#5.2)*  10.8(x1.0)° 10.8 (1.0)° 10.5 (¥1.0)° 109.8(x1.2)*

ARA: Acetylene reduction activity; IAA: Indole acetic acid; Values are mean (+ standard error) (n=3) and values followed by the same letter in
each column are not significantly different from each other as determined by DMRT (p<0.05). n moles of ethylene/ mg of protein/h, 2ug/ml of

sample, 3n moles of a-ketobutyrate/mg/h

35

A
=20
<
'%15*
=
2 10 -
=
o g
0 T T T T T

Serratia sp. Bacillus sp. Control  Serratia sp. Bacillus sp. Control
2.9 5.8
NaCl (g/kg soil)

08 -

I

Serratia sp. Bacillus sp. Control ~ Serratia sp. Bacillus sp. Control

2.9 5.8
NaCl (g/kg soil)

C
14 -
€19 |
06 1
04 -
L)0.2*
0 : : : : :

Serratia sp. Bacillus sp. Control ~ Serratia sp. Bacillus sp. Control

2.9 5.8
NaCl (g/kg soil)

Plant drymatter production (g)

=
D 0 N
‘

g/g fresh wt)
N
N

hlorophyll content
o
[ee]

Fig 2. Effect of NaCl and diazotrophic PGPR on a)
plant height, b) plant dry matter production
and C) chlorophyll content of rice seedlings

2). In other work, Pseudomonas putida UW4, which pro-
duces IAA and ACC deaminase, protected canola seedling
from growth inhibition by high levels of salt (Mayak et al.
2004).

Rice growth and nutrient uptake

Electrical conductivities were 3.05 and 6.00 dS/m
for 2.9 and 5.8 g NaCl/kg soil, respectively. Inoculation
with strains Serratia sp. and Bacillus sp. increased plant
growth, both normal and under saline stress. Similar work
conducted by Mayak et al. (2004) that Achromobacter
piechaudii having ACC deaminase activity significantly
increased the fresh and dry weights of tomato seedlings
grown in the presence of NaCl salt (up to 172 mM). In
the present study, the treatment inoculation with strain
Bacillus sp. in 1.5 g NaCl/kg soil, the increase in plant
height (28.9+ 1.3cm) and dry matter production (0.8 g)
(Fig. 2). Salinity decreases carbon uptake by limiting pho-
tosynthesis, causing an over-reduction of photosynthetic
electron chain, and redirecting the photon energy into pro-
cesses that favour the production of reactive oxygen spe-
cies (ROS) (Hichemet al. 2009). In our study, the maxi-
mum total chlorophyll (1.8+ 0.3 mg) was observed in
Serratia sp. with 2.9 NaCl g/kg. Diazotrophs may become
selectively enriched to promote plant growth because of
their competitive advantage in C-rich and N poor environ-
ments (Kennedy et al. 2004). Hence inoculation with
diazotrophic bacteria might improve crop growth and pro-
ductivity in such soils.

The PGPR strains varied greatly in their effect on
the concentration of major mineral nutrients in rice leaves
under soil salinity conditions. The N, P, K, and Na uptake
per plant in the soil salinity treatment were significantly
decreased compared to the non-salinity treatment (Fig.
3). The concentration of major cations in the non-salinity
treatment was increased more with the PGPR treatment
(Serratia sp. and Bacillus sp.) than the control, but Na’
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Fig. 3 Effect of NaCl and diazotrophic PGPR on uptake N, P, K and Na

25
=
S e BN mP =K mNa
=s 2T $44
2 -4 -4
> 20 444 44
e 22 49
~— 44 44
444 44 S ___
[+ 444 444 44 T
=2 1 b-4-4-4 444 -4 44
5 1 b4 4 +44 — 4
o3 444 444 +44 Feel_ 204
44 44 d 14 44
444 44 +44 ¢4 v
XY 444 444 $44 boe b $44 Er:w
- b4 -4 raad [9-4- -4 -84
o 10 || 4 4 4 faran —
; 444 444 +44 &40 204 +44
Pz 444 49 44 44450 >4+ 444
444 44 +44 ¢4 >44 444
b 444 444 +44 #4400 204 44
44 44 d 14 44 444
o 5 4 444 44 44 ¢4 >44 444
< 444 444 +44 #4400 204 44
[+ 44 44 d 14 44 444
= 202 +44 +44 ¢4 >44 444
o 484 +44 44 #4400 204 44
D 44 44 444 14 -4 444
+44 4] ¢4} 4 444
0 e M
Serratia sp. Bacillus sp. Control Serratia sp. Bacillus sp. Control
NaCl (g/kg soil)

uptake under soil salinity were decreased in the treatment
inoculated with (Serratia sp.) and (Bacillus sp.) strains.
Among the isolates, Bacillus sp. caused a lower uptake of
Na (22.5 + 0.6 mg) compared to Serratia sp. (Fig. 3).
Our findings clearly showed that two isolates of Serratia
sp. and Bacillus sp. were capable of exerting multifaceted
beneficial plant-growth promoting activities under mod-
erate saline conditions. These isolates could serve as po-
tential bioinoculants for meeting the nutritional require-
ment of the crop plants in an eco-friendly and cost effec-
tive manner in saline soil conditions.
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Abstract

In the present study, out of sixty rhizosphere
diazotrophic isolates, twenty seven isolates from
rhizosphere recorded positive in N- free medium.
Isolates showing growth in N- free medium were
subjected to ammonia production and total nitrogen
concentration measurement. Among the diazotrophic
isolates CD6 and CD12 were found to produce the
maximum amount (14.90 + 0.12 mg N g™* of malate) of
nitrogen and ammonia (4.3+0.26 mg ml?)
respectively. The nitrogenase enzyme activity of the
isolates ranged from 45.29 +0.03 to 174.25 +£0.89 n
moles of ethylene mg™ of protein h™. The highest
nitrogenase activity was exhibited by isolate CD6
(174.25 +0.89 n moles of ethylene mg™ of protein h™).
The maximum amount of IAA and GA was produced
by CD6 (26.7 +0.25ug g protein and CD20 (23.7ug
g 'protein) respectively.

In the present study the capability of the 8 isolates to
solubilize insoluble forms of phosphorus and zinc
were tested. Among the dizotrophic isolates, the
isolate CD20 recorded the maximum production of
siderophore and HCN (60.61 ug mg™ dry weight of
cell of catechol type and 61.8+1.18 g ml?)
respectively. The antagonistic activity of all the
diazotrophic isolates against 2 rice pathogenic
organism viz., sheath rot (R.solani) and blast
(P.oryzae) was evaluated and 7 isolates were effective
against 2 selected pathogens. The pot culture
experiment results revealed that there was a
significant increase in biomass, shoot length, root
length, nitrogen content of diazotrophic isolates when
compared with uninoculted control. Out of eight
isolates tested in the present investigation, two efficient
isolates viz., CR6 and CR20 were selected for 16 srRNA
sequencing, isolates belong to Serratia sp and
Klebsiella ~ pneumoniae  within  the  order
Enterobateriales.

Keywords: Saline soils, Cyanodon dactylon, Diazotrophs,
PGPR and16s rDNA sequencing.

Introduction

Environmental stresses such as drought, temperature,
salinity, air pollution, heavy metals and pesticides are
major limiting factors in crop production because they

affect almost all plant functions. Salinity is one of the most
serious environmental problems influencing crop growth
throughout the world 32 In India, out of an estimated area
of 187.7 million ha of total degraded lands, 8.1 million ha
are salt affected in which 3.1 million ha are in the coastal
regions’'. However, in these conditions, there are plant
populations successfully adapted and evolutionarily
different in their strategy of salt tolerance. N input for crop
production is very important which is possibly by an
increasing supply of N though dinitrogen fixation may
increase crop production in saline habitats. Salt tolerant
symbiotic nitrogen fixers like Rhizobium increase crop
productivity in saline soils*. Considering the efficacy,
input cost and environmental safety, the use of chemical
fertilizers for crop production in coastal saline soil is not a
sound proposition.

Cynodon dactylon Pers. (Poaceae), a hardy perennial grass,
is one of the most commonly occurring weeds in India. It is
a fast growing graminaceous plant and naturally adopted
saline conditions. Generally graminaceous plants survive
extreme environment conditions and grow even limited
bioavailable inorganic nutrients and those microorganisms
associated with such plants would possess higher adaptive
mechanisms to cope with various stress conditions (viz.
starvation, high osmolarity, high temperature, desiccation).

Hence, it is widely accepted that the rhizosphere of any
plant species is a unique niche harboring diversified
bacterial community which serves as potential resource for
bioprospecting. The rhizosphere of plant species growing
profusely under stress-conditions harbors novel diazotrophs
meets their nitrogen requirement as observed in salt marsh
grasses such as Spartina alterniflora, Juncus roemerianus®,
ligotrophic habitant Drosera villosa® and desert growing
Lasiurus grass'*.

Material and Methods

Soil sampling and analysis: Rhizosphere and non
rhizosphere soil from C.dactylon were collected from
salinity affected areas of Trichy district, Tamilnadu on
March, 2012. Plants were uprooted carefully and the soil
adhering to the root was separated in a sterile Petri dish and
mixed thoroughly so as to make a composite sample for
microbiological analysis. The non-rhizosphere (bulk) soils
were collected in the same location at a depth of 0-30 cm
where the influence of the root of plants was not there. The
samples were used immediately for preliminary analyses and
stored at 4°C in refrigerator for further studies™. The soil pH,
EC, total macro -nutrients including nitrogen, phosphorus
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and potassium were analysed by following standard
procedures.

Arginine ammonification rate was measured by the method
of Alef and Kleiner’ using an incubation period of 3 h and a
temperature of 25+8°C. Fluorescein diacetate hydrolysis
rate was estimated as described by Schnurer and Rosswall*®
using an incubation period of 3 h at 24+8°C. Potential N
mineralization was determined in an aerobic incubation for
10 days at 25+8°C. For microbiological analysis of soil,
total bacteria, fungi and actinobacteria were enumerated
using serial dilution plate technique *°.

Isolation of diazotrophs: Diazotrophic microorganisms
were enumerated and isolated using serial dilution
technique on selective N-free malate medium (NFM) *’.
Aliquots (0.1 ml) from the samples serially diluted up to
10 %were added to the media in petri plates and kept in an
incubator at 30 °C. Five days after incubation, colonies
growing on N-free media were counted and grouped
according to their morphological characteristics. Single
colonies from rhizosphere soil samples were picked from
NFM plates and sub-cultured several times in same
medium to obtain pure cultures and stored as glycerol
stocks at -20 "C.

Preliminary screening for diazotrophy of the isolates:
The diazotrophs isolated from rhizospheres of C.dactylon
were tested for their ability to grow in N-free medium’ and
those isolates which had positive value in N- free medium
were further analyzed for total nitrogen content'” and
ammonia productionl L

Secondary screening for diazotrophy of the

isolates

Acetylene Reduction Activity (ARA): The nitrogen fixing
capacity of the diazotrophic isolates was evaluated by
estimating the Acetylene Reduction Activity (ARA)
following the standard procedure’. Twenty five ml of
modified N-free malate broth was prepared in 100 ml vials.
The vials were inoculated with the cultures and were
incubated under static conditions in an incubator at 28 + 2°C.
After 5 days of growth, the cotton plugs were replaced by
suba-seal septa and capped with aluminium cap. The head
space volume was replaced by 5% (v/v) acetylene which
was generated from calcium carbide and water. The vials
were incubated for 24 h at room temperature. After
incubation, 1 ml of gas sample was withdrawn and injected
into the Gas chromatograph (Chemito-7610) equipped with
FID detector and Porapak N column (2m x %").
Temperatures such as injector, detector and column are
maintained at 110°C, 120°C and 73°C respectively.

Nitrogen gas was used as carrier gas at the flow rate of 30
ml min". After completion of ARA, the bacterial cells in
the medium were evenly mixed and the protein
concentration was measured”>. ARA results were expressed
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as n mole ethylene mg™ protein h™'. Those cultures which
showed nitrogenase activity were selected for further studies.

Screening of diazotrophs for Multifaceted-Plant
Growth promoting activities: An aliquot was taken from
each pure culture for evaluation of Plant Growth Promoting
characteristics. Indole Acetic Acid (IAA) and Gibberellic
acid (GAj3) production was done using the method of
Chandramohan and Mahadevan'? and Borrow et al’
respectively. Solubilization of insoluble phosphates *'and
zinc “were also assayed.

Siderophore production was checked using the Chrome
Azurol S (CAS) agar platesls. Hydrogen cyanide (HCN)
production by the diazotrophic isolates was assed using
method of Sadasivam and Manickam®. The antagonistic
potential of the isolates was determined against Rhizoctonia
solani and Pyricularia oryzae by dual-culture method *.

Pot culture experiment: Based on the N fixation and PGPR
studies, the efficient isolates were taken for pot culture
experiments to study the effect on biometric characteristics on
rice seedlings. The surface sterilized rice seeds (ADT 43) were
taken for the gnotobiotic study. The seeds were treated with
10°ml™ of respective inoculums and sown. For each isolates, 3
replications were maintained. An uninoculated plant served as
control. Biometric observations were taken at 90 days after the
inoculation.

Identification of diazotrophs by 16S rRNA gene
sequencing: Nearly full-length of 16S rRNA gene was
amplified from elite isolates as described earlier using
universal eubacterial primers, FD1 and RP2** and the band
of expected size was gel-purified using spin columns
(Bangalore genei, India) according to the manufacturer’s
instructions and cloned using PGMT vector supplied with
TA cloning kit (Promega, USA) prior to sequencing.
Sequencing reactions were performed using ABI prism
terminator cycle sequencing ready reaction kit and
electrophoresis of the products was carried out on an
Applied Biosystems (Model 3100) automated sequencer.

The identity of 16S rDNA sequence was established by
performing a similarity search against the GenBank
database  (http://www.ncbi.nih.gov/  BLAST).  The
phylogenetic  tree was constructed with existing 16S
rRNA gene sequences from related eubacteria obtained
from NCBI GenBank database by neighbor-joining method
of Saitou and Nei’® using MEGA 5.0 software™”.

Results and Discussion

Soil microorganisms play an important role in soil
processes that determine plant productivity. Rhizosphere
microbial communities are influenced by the plant
exudates, roots as mechanical support and competition for
nutrients. Equally, plants are affected by rhizosphere
microbial communities through their participation in fast
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soil nutrients cycle, water dependence and growth
promoting metabolites'’.

The results of the present study confirmed that the
rhizosphere had predominant influence on physico-
chemical as well as biological properties of the soil. High
pH, high Electrical conductivity and low organic carbon,
low available N medium P and high K were reported in
both rhizosphere soil. Generally, the pH was slightly lower
in the rhizosphere (8.46 + 0.02) than in the non-rhizosphere
(8.46 £ 0.02). The electrical conductivity was lower to
some extent in the rhizosphere. Both soils properties were
on par with each other with slight variations. Rietz and
Haynes33 reported that there was a significant negative
exponential relationship between EC and microbial
biomass C.

The availability of all the three major nutrients viz.
nitrogen, phosphorous and potassium also seemed to be
considerably higher in the rhizosphere region (311 + 15,
17.7 £ 279 and 265 + 22Kg/ha) respectively. Higher
microbial population was recorded in rhizospere soil of
C.dactylon (Table 1). Similarly soil biological properties
such as FDA and ADA were also higher in rhizosphere soil
(14.09 +0.30 pg flurescein g and 4.4 +0.17 (g g soil h™)
of C.dactylon. (Table 1). FDA hydrolysis rate is widely
accepted as an accurate and simple method for measuring
total microbial activity in soils' because FDA hydrolysis is
mediated simultaneously by protease, esterase and ligase
and it can reflect the activities of these enzymes in soil*".

Arginine ammonification rate is an indicator of microbial
activity in soil since most heterotrophs possess endocellular
ammonifying capacity and its rate has been found to be
closely correlated with soil microbial biomass and its
activity3. The inverse relationship between the FDA
hydrolysis rate, arginine ammonification rate and EC is in
accordance with Rietz and Haynes”. The remarkably low
FDA hydrolysis rate and arginine ammonification rate in
soils with high salinity indicate the inhibitory effects that
salinity inflicts on soil microbial activity.

In the present study, out of sixty rhizosphere diazotrophic
isolates, 27 isolates from rhizosphere recorded positive in
N- free medium. Isolates showing growth in N- free
medium were subjected to ammonia production and total
nitrogen concentration measurement. Total N determin-
ation using micro Kjeldhal distillation apparatus exhibited
variation from 1.1 + 0.01 to 14.90 + 0.12 mg N g of malate.
Among the diazotrophic isolates CD6 was found to produce
the maximum amount (14.90 = 0.12 mg N g'1 of malate) of
nitrogen and the least amount was produced by CD14 (1.1
+0.01 mg N g of malate) of nitrogen (Table 2).

The isolate CD12 lproduced maximum quantity of ammonia
(4.3+0.26 mg ml') and the least amount of ammonia was
produced by (3.1+£0.12 mg ml'l) isolates (Table 2). Rao et
al’’ isolated nitrogen fixing organisms from partially
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decomposed municipal solid waste and the nitrogen fixing
ability of the isolates were analyzed by microkjeldahl
method. The confirmation test for nitrogen fixing ability was
done by gas chromatographic analysis by acetylene reduction
assay and the results are reported in table 3. The nitrogenase
enzyme activity of the isolates ranged from 45.29 +0.03 to
174.25 £0.89 n moles of ethylene mg’l of protein h'. The
highest nitrogenase activity was exhibited by isolate CD6
(174.25 £0.89 n moles of ethylene mg™' of protein h™).

The standard culture Azospirillum lipoferum (AZ 204)
showed the ARA activity (45.29 £0.03) n moles of ethylene
mg" of protein h™'). Recently, Forchetti et al'® isolated
endophytic bacteria Achromobacter xiloxidans and B.
pumilus from sunflower (Helianthus annuus L.) roots and
both two strains were capable to grow in chemically
defined medium without nitrogen source through the
biological nitrogen fixation.

In the recent decades there has been increasing evidence
that besides N,—fixation, synthesis and export of
phytohormones by the N,—fixing bacteria may play an
important role in the observed plant growth promotion. Out
of 11 diazotrophic isolates, 7 isolates were able to produce
the TAA. The maximum amount of IAA was produced by
CD6 (26.7 £0.25ug mlI™) followed by CD 20 (24.6+0.23pg
ml™). The highest amount of GA was produced by CD20
(23.7ug ml") followed by CD6 which produced 22.4
+0.23pg ml”. From a point of view of salinity condition
regulated in plant-associated rhizobacteria, some isolations
including genus Pseudomonas and Bacillus have been
shown to have capacity to 1promote the wheat growth in
salinated soils of Uzbekistan'®.

Similar results were reported in India in groundnut
(Arachis hypogaeae) inoculated with Pseudomonas
fluorescens,  according to  Saravanakumar  and
Samiyappan”. In other interesting work, Mayak et al**
showed that Achromobacter piechaudii inoculation in
tomato seedlings promoted the plant growth and conferred
resistance to salt stress. The ability of the diazotrophic
isolates to solubilize insoluble mineral salts of phosphorus
and zinc was determined by observing the clearing zone
produced in the respective medium and the results are
presented in table 4. One of the various mechanisms by
which rhizobacteria promote plant growth is by
solubilization of insoluble minerals.

Hence, in the present study the capability of the 8 isolates
to solubilize insoluble forms of phosphorus (tri calcium
phosphate) and zinc (zinc oxide) were tested. Among the
dizotrophic isolates, the isolate CD20 recorded with the
maximum production of siderophore and HCN (60.61 pg
mg’l dry weight of cell of catechol type and 61.8+1.18 ug
ml’l) respectively. The antagonistic activity of all the
diazotrophic isolates against 2 rice pathogenic organism
viz. sheath rot (R.solani) and blast (P.oryzae) were
evaluated (Table 4). Among the 11 cultures, only 7 isolates
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were effective against 2 selected pathogens. Similar results
were reported by Lucy et al” who proved that diazotrophs
have an ability to produce IAA and solubilize insoluble
phosphorus, antibiotic activity and also that it was able to
colonize cereal roots effectively.

The effect of inoculated diazotrophic isolates on the growth
parameters of rice was studied and the results are presented in
table 5. Maximum biomass 0.09 g of rice seedlings was
recorded on 30 DAI due to the inoculation of CD6 and CD20.
It was observed that all the isolates and standard strain
significantly increased the root and shoot length of rice
seedlings when compared to control. The maximum shoot
length (19.56 cm) and root length (9.30 cm) of rice
seedlings were observed on CD6 at 30 DAIL It was
observed that all the isolates and standard strain have
significantly increased the nitrogen content of rice
seedlings when compared to control.

The maximum nitrogen content was recorded in rice
seedling inoculation with CD20 (1.88%) followed by CD
(1.88 %). Free living diazotrophs have been reported to
improve nutrient uptake efficiency and to fix N, through
associative and endophytic associations with graminaceous
plants’. The results revealed that there was a significant
increase in biomass, shoot length, root length, nitrogen
content and enhanced bacterial communities like
Azospirillum, P solublizers, total diazotrophs in rhizosphere
of rice seedlings. This may be due to the auxin production,
more nutrient (P and Zn) availability and nitrogen fixation
and pathogen control by elite isolates. Out of eight isolates
tested in the present investigation, two efficient isolates viz.
CD6 and CD20 were selected forl6 s rRNA sequencing
based on multiple plant growth promoting activity
compared to other cultures and standards.

Res. J. Chem. Environ.

Based on their 16S rDNA gene sequences, isolates were
classified as gammaproteobacteria (CD6 and CD20) with
members of the genus Serratia and Klebsiella with 98%
sequence similarity (Fig. 1 and table 6). The CD6 and
CD20 isolates belong to Serratia sp and Klebsiella
pneumoniae within the order Enterobateriales. Trees
constructed with neighbor joining and maximum
parsimony provided support for the coherence of these
clusters. Diverse species of Serratia have been isolated
from rice rhizosphere™ and rice seed”. It has been also
found as an endophytic colonizer of rice™.

Furthermore, the phosphate solubilization property and the
presence of the nitrogen fixation gene of S. marcescens
were demonstrated”. Due to chitinase activity inducing
systemic resistance in plants™, S. marcescens has been also
used as biocontrol agent. Previous reports were similar to
this research which found that non-pigmented S.
marcescens was isolated from C.dactylon and its nitrogen
fixing ability was confirmed. Klebsiella pneumoniae was
reported as endophytic bacteria in maize'. In wheat,
Iniquez et al*® demonstrated and confirmed the nitrogen
fixing activity of K. pneumoniae. Besides that the
production of IAA and related compound by K.
pneumoniae in culture media supplement with tryptophan
was found'’. The nitrogen fixation, growth promotion and
biocontrol activities of K. pneumoniae isolates were again
confirmed by our work.

Our study clearly showed that the plants growing under
severe salinity stress conditions having novel diazotrophs
and highly suitable salinity affected areas. The results of
the present study also revealed that most of these
diazotrophic bacteria were able to produce a variety of
plant growth promoting substances such as IAA, GA and
biocontrol activity in considerable amounts apart from
diazotrophy.

Table 1
Physico-chemical, microbial population and soil biochemical activity of soils obtained from C.dactylon

Soil properties | Non-Rhizosphere | Rhizosphere
Physico-chemical properties
pH 8.56 (+ 0.02) 8.29 (+ 0.02)
EC (dSm™) 4.8 (+0.03) 4.7 (+0.02)
Organic C (mg/kg) 0.36 (+0.09) 0.42 (£ 0.10)
Total N (kg/ha ) 176 (+ 12) 311 (+ 15)
Total P (kg/ha) 8.25 (£2.15) 17.7 (£2.79)
Total K (kg/ha ) 221 (£ 20) 265 (£ 22)
Microbial Population
Bacteria 10’ cfu g " of soil 9.0 (£1.15) 12.0 (+0.58)
Diazotrophs 10% c¢fu g ' of soil 5.6 (£0.88) 6.6 (£0.88)
Fungi 10" cfu g ' of soil 10.6 (+2.33) 14.3 (£3.18)
Actinobacteria 10° cfu g ' of soil 7.0(£1.53) 5.0(+2.52)
Soil biochemical activity
FDA hydrolysis rate (g flurescein g) 9.89 (£0.20) 14.09 (£0.30)
Arginine deaminase activity (ug g~ soil h) 2.3 (£0.14) 4.4 (x0.17)

Values are mean (£ standard error) (n=3)
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S.N. | Isolates | Growth @ 660nm | Total nitrogen mg/g of malate | Ammonia mg/ml
1. CDI ++ 10.3 (£0.12)® 3.1 (£0.24)°
2. CD2 + 8.4 (£0.13)=" 2.7 (£0.10)*
3. CD3 + 10.5( £0.45)"¢ 2.3 (£0.13)°°
4, CD4 ++ 12.6 (£0.14)° 3.8 (£0.17)"
5. CD5 - 9.4 (£0.01)®" 2.0 (£0.16)*
6. CD6 ++ 14.9 (£ 0.12)° 2.2 (£0.14)°¢
7. CD7 ++ 9.1 (£0.35)" 2.3 (£0.23)°°
8. CDS8 ++ 10.4(x0.16)"® 2.3 (£0.14)°°
9. CD9 ++ 2.1 (£0.48) 2.0 (£0.20)*
10. | CDI10 —++ 2.9 (£0.42) 1.5 (+£0.10)®
11. | CDIl + 9.5 (£0.16)°" 2.3 (£0.07)°°
12. | CDI12 + 14.6 (£0.53)™ 4.3 (£0.10)"
13. [ CDI13 + 9.4 (x0.10)" 4.2 (£0.26)"
14. | CDl14 + 1.1 (£0.01) -

15. | CDI15 + 2.2 (£0.23) -

16. | CDI6 - 1.8 (£0.56) -

17. [ CD17 + - -

18. | CD18 + 7.4 (+0.58)" -

19. | CDI19 ++ 10.1 (£0.69) * 1.3 (+0.08)2
20. | CD20 + 13.8 (£0.89)™ 2.2 (£0.13)°°
21. | CcD21 + 10.9 ( +0.98)%" 2.7 (+0.13)™
22. | cD22 + 8.4 (+0.78)° 2.1 (+0.09)°"
23. | CD23 —++ 11.8 (£0.42)" 2.2 (£0.23)
24, | CD24 n - -

25. | CD25 + 9.1 (+0.20)"" 2.5(+0.27)%
26. | CD26 + 7.2 (£0.84)" 3.1 (£0.12)°
27. | CcD27 ++ 6.4 (£0.70)' 2.5 (£0.15)%
28. | Az204* ++ 5.50 (£0.60) 1.8 (£0.13)°®
29. Control 0.10 0.04 0.93

- No ammonia production & total N content; *Azospirillum lipoferum;
Values are mean (+ standard error) (n=3) and values followed by the same letter in each column
are not significantly different from each other as determined by DMRT (p < 0.05).

Table 3

Nitrogenase activity of diazotrophs obtained from rhizosphere of C. dactylon

Nitrogenase activi

S.N. | Isolates (n moles of ethglene mg™* oftgrotein h™)
1. CDI -

2. CD2 96.58(x1.51)°
3. CD3 -

4. CD4 131.58(+1.27)°
5. CD5 95.91(+1.41)°
6. CD6 174.25(1.89)"
7. CD7 -

8. CD8 127.7(+1.40)°
9. CD9 -

10. | CDI10 84.45(+0.98)°
11. | CDIl 131.79(£1.46)°
12. | CDIl 89.20(+1.43)°
13. | CDI2 145.3(+1.35)°
14. | CDI3 -

15. | CD19 -

16. | CD20 140.25(+1.95)°
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17. | CD21 -
18. | CD22 -
19. | CD23 136.0(+1.23)°
20. | CD26 -
21. | CD27 130.57(+1.57)°
22. | Az204* 45.29(+1.03)°

*Azospirillum lipoferum; Values are mean (+ standard error) (n=3)
and values followed by the same letter in each column are not significantly
different from each other as determined by DMRT (p < 0.05).

Table 4

Vol.17 (12) December (2013)
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PGPR, mineral solubilzation and biocontrol activities of diazotrophic isolates obtained from C.dactylon

1 . Mineral Antagonistic
S. | |solates Phytohormone production | o, iization **Siderophore "HCN activity
N. IAA GA p 7N production production P. R. _
oryzae | solani
1. CD2 - + - - - -
2. | CD4 12.1(£0.44)° | 9.8(£0.19) | + - 22.35(£0.10)° 354(x1.24)° + +
3. | CD5 - - - - - - - -
4. | CD6 26.7(0.25)" | 22.4(z0.23)" | + + 58.44(+0.24)" 41.6(+1.19)° + +
5. | cD8 17.5(x0.52)° | 21.7(x0.19)° | + + 2347(x0.11)° + +
6. | CDI0 - - - - - - -
7. | CDI1 - - - - - - - -
8. | CDI12 | 12.3(£0.24)°® | 35.4(x0.10)" | + + 20.98(+0.15)° - + +
9. | CD20 | 24.6(x0.23)* | 23.7(x0.25)7 | + - 60.61(+0.14)" 61.8(x1.18)" + ¥
10. | CD23 8.4(x0.15)° | 5.1(x0.04° | + + 12.47(+0.13)° - - -
11. | CD27 | 16.7(x0.54)° | 12.1(x0.11)° | + - 17.94(+0.24)° 30.9(1.09) - -
12. | *Pfl 14.9(x0.19) | 6.1(0.67)™ + + 20.89(+0.26)° 32.8(1.04) - -

*Pseudomonas fluorescence, 'png g' of protein, “Catechol type siderophore;
Values are mean (+ standard error) (n=3) and values followed by the same letter in each column are not significantly
different from each other as determined by DMRT (p < 0.05).

Table 5
Effect of diazotrophic isolates on the growth parameters of rice seedlings at 30 Days after inoculation
Treatments | Biomass (g) ShootplleanngttEEI hlt?g;Tzength Nitrogen content (%)
T1-CD4 0.084 ( 0.013)° | 16.25 (£ 0.92)° | 8.1 (+0.35)° 1.37 ( 0.13)°
T2-CD6 0.098 (+ 0.011)" | 19.56 (£ 0.72)* | 9.3(+0.23)" 1.58 (+ 0.23)°
T3-CD8 0.065(x0.016)" | 14.81(+ 0.56)° | 7.8(+0.34)° 1.46( + 0.45)°
T4-CDI1 0.087(+0.041)° | 13.59(+0.76)" | 7.5(+0.31) 1.34( £ 0.24)°
T5-CDI12 0.078(x0.081)° | 15.89(+0.72)" | 6.8(+0.41)° 1.23(+0.23)°
T6- CD20 0.097 (£0.010)* | 19.00 (= 1.04)" | 8.3 (x0.57)° 1.88 (+ 0.06)"
T7-CD23 0.067(x0.010)" | 17.34 (+ 1.04)° | 7.4 (£ 0.57)° 1.37 (= 0.06)°
T8-*Az204 | 0.094 (£0.011)* | 17.04 (£ 047)" | 9.3 (£ 0.82)" 1.52 (= 0.11)°
T9-Control | 0.050(£0.003)° | 10.89 (£ 0.59)% | 6.79 (+ 0.62)° 0.70 (+ 0.07)"

Table 6

Molecular characteristics of the isolates

*Azospirillum lipoferum; Values are mean (+ standard error) (n=3) and values followed by the same
letter in each column are not significantly different from each other as determined by DMRT (p < 0.05).

Code of the isolate

Length of the 16srDNA sequence (bp)

Most closely related organism

% of similarity

CD6

1540

Serratia sp.

99

CD20

1469

Klebsiella pneumoniae

99

75




Research Journal of Chemistry and Environment

: Azotobacter chroococcum (AB175653)
A 59 Pseudomonas aeruginosa (X06684)

0.02

\

I~ (CD20) Klebsiella pneumoniae

—: Lysobacter brunescens (AB161360)
100
100 Lysobacter concretionis (AB161359)

-Proteobacteria
100L. (CD6) Serratia sp. > v

Y _/

Duganella violaceinigra (AY376163)

100 Oxalobacter formigenes (U49757)
7;|E Collimonas sp. (AY281146)
91 Herbaspirillum frisingense (AJ238358)

B-Proteobacteria

100

95

Novosphingobium acidiphilum (EU336977)
Inquilinus limosus (AY043374)
| Chelatococcus daeguensis (EF584507)

a-Proteobacteria
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94 _l
71

100l Rhizobium sp. (DQ322070)
Desulfovibrio gigas (DQ447183)
Bdellovibrio bacteriovorus (M59297 )

O-Proteobacteria

Myxococcus coralloides (M94278)
Nannocystis aggregans (AJ233945)

Figure 1: Phylogenetic relationship based on neighbor-joining analysis of 16S rDNA sequence data
from the selected isolates
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