Endophytic Nitrogen-Fixing Bacteria
as Biofertilizer
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Abstract Nitrogen is the most limiting nutritional factor for the growth of plants.
Since plants cannot reduce atmospheric N,, they require exogenously fixed nitrogen
for growth and development. Atmospheric N, must be first reduced to ammonia to
be used by plants. In practice, chemical N fertilizers are used to provide nitrogen
nutrition to plants. However, manufacture and use of N fertilizers are associated
with environmental hazards that include release of greenhouse gases at the time of
manufacture, as well as contamination of underground and surface water due to
leaching out of nitrates. Moreover, manufacture of chemical fertilizers requires
non-renewable resources like coal and petroleum products. Excess and continuous
use of chemical fertilizers to improve the yield of commercial crops has negative
effect on soil fertility and reduces their agricultural sustainability. All these con-
cerns necessitate the search for an alternative strategy that can provide nitrogen
nutrition to the plants in an efficient and sustainable manner. Here biological nitro-
gen fixation has immense potential and can be used as an alternate to chemical fertil-
izers. Biological nitrogen fixation has been reported to be exclusively carried out by
few members of the prokaryotic organisms. Biological nitrogen fixation is a process
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where atmospheric N, is reduced to NH,. This process is catalyzed by microbial
enzyme nitrogenase. Microorganisms having the capacity to fix atmospheric N, can
be used as efficient biofertilizer.

In this chapter, we review application, properties, ecology, and advances in biol-
ogy of nitrogen fixing bacteria with reference to endophytic bacteria that colo-
nize the interior of plant without exerting any substantive harm to their host
plant. Nitrogen-fixing endophytic bacteria have edge over its rhizospheric coun-
terparts because, being sheltered inside plant tissues, they face less competition
and can make available the fixed nitrogen directly to plants. Moreover, the partial
pressure of oxygen inside the plant tissue is more acquiescent for efficient nitro-
gen fixation. Nitrogen fixing endophytic bacteria have been isolated from several
plant species and found to contribute upto 47% of nitrogen derived from air,
which in turn enhance plant growth. Nitrogen fixing ability of bacteria can be
evaluated by total nitrogen difference method, acetylene reduction assay, analy-
sis of nitrogen solutes in xylem and other plant parts and N-Labeling Methods.
Furthermore, molecular approaches such as amplification, analysis of nitrogen-
fixing genes (nif genes), and qualitative and quantitative estimation of their products
can be used for evaluation of nitrogen fixing ability of the bacteria.

In addition to nitrogen-fixation ability, these bacteria can influence plant
growth through one or more properties. These include production of phytohor-
mones, siderophores, induced systemic tolerance through production of 1-amin-
ocyclopropane-1-carboxylase deaminase, induced systemic resistance and
antagonistic activities. The make-up of endophytic bacterial communities
depends on various factors such as soil type, soil composition, soil environment,
plant genotype and physiological status, bacterial colonization traits, and agri-
cultural management regimes. Colonization and abundance of different bacterial
species varies widely with host plants. Endophytic bacterial community can be
analyzed employing stable isotope probing as well as various modern molecular
approaches which are based on analysis of 16S ribosomal deoxyribonucleic acid
(DNA), gene encoding products for nitrogen fixation and repetitive DNAs.
Moreover, metagenomic approaches allow estimation and analysis of uncultura-
ble bacteria at genomic as well as functional genomic level. Colonization process
of an endophytic bacterium involves various steps which include migration
towards root surface, attachment and microcolony formation on plant surface,
distribution along root and growth and survival of the population inside plant
tissue. Ongoing progress towards in-depth analysis of genomic and whole pro-
tein profile of some of the potential endophytic bacteria such as Azoarcus sp.,
Gluconoacetobacter diazotrophicus, Herbaspirillum seropedicae, Serratia marc-
esens can help understand mechanism involved in plant-endophyte interaction
which in turn will be deterministic in use of suitable formulations of endophytic
bacteria to be used as biofertilizer for sustainable agriculture.

Keywords 1-aminocyclopropane-1-carboxylase deaminase ® Biofertilizer » Diazotrophic
* Endophytic ¢ Nitrogen  Reverse transcription-polymerase chain reaction
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Abbreviations

Co, Carbon dioxide

DNA Deoxyribonucleic acid

gfp gfp is a gene which encodes for green fluorescent protein
gus gus is a gene which encodes for 3-glucuronidase

HCN Hydrogen cyanide
mRNA  messenger RNA which is used as template for protein synthesis.

N Nitrogen
N, Atmospheric Nitrogen
NO Nitric oxide

nifHDK These are set of genes which encodes structural part of nitrogenase, an
enzyme which catalyzes nitrogen fixation.

PCR Polymerase chain reaction

PGPB Plant growth promoting bacteria

rDNA  ribosomal DNA encodes for rRNA, a structural component of ribosome

1 Introduction

Nitrogen is an important limiting factor for plant growth in various environmental
conditions. Despite abundance of atmospheric nitrogen (78%), it cannot be utilized
for growth and metabolism. It must be reduced to ammonia for use by any organ-
isms by a process called nitrogen fixation. Application of industrially manufactured
nitrogen fertilizer has been one of the most popular ways to provide nitrogen nutri-
tion to the plants to attain high crop productivity. However, excessive and continu-
ous use of chemically synthesized fertilizer can lead to several consequences which
include: (i) ground water contamination of nitrate due to leaching and denitrification
which is detrimental for human and animal health, (ii) surface water contamination
by eutrophication which may arise due to leaching of nitrogen in water and affects
growth of aquatic organisms and (iii) production of greenhouse gases CO, and NO,
during manufacture of nitrogen fertilizer using non-renewable resources like natural
gas and coal, thus contributing to global warming (Bhattacharjee et al. 2008).
Moreover, increase in prices of petroleum products has led to an upsurge in the cost
of chemical fertilizer. Therefore, use of alternative fertilizers, which are cost effective
and environmental friendly, must be sought.

Biological nitrogen fixation is considered to be the most potential way to
provide fixed form of nitrogen to the plants. However, nitrogen fixation is performed
solely by prokaryotes (bacteria and cyanobacteria) and archeans. The diazotrophic
(N,-fixing) bacteria are involved in the fixation process, in which these bacteria
either in the free living form or in symbiosis can covert the atmospheric nitrogen
into NH, with the help of nitrogenase enzyme. Nodulated legumes with endosymbiosis
with rhizobia are among the most prominent nitrogen fixing system in agriculture.
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Although most of the biologically fixed nitrogen made available to the plants is
contributed by Rhizobium sp. and cyanobacteria, their use is restricted only to certain
plant species. Applications of plant growth promoting endophytic bacteria are being
considered as a potential biofertilizer in recent years (Bhattacharjee et al. 2008;
Akhtar and Siddiqui 2010). This has driven intensive research towards in-depth
characterization and better understanding of endophytic diazotrophic bacteria
isolated from various plant species.

Any bacterium could be considered as an endophytic diazotroph if (i) it can be
isolated from the surface of disinfected plant tissue or extracted inside the plants
(i1) it proves to be located inside the plant, either intra- or inter-cellularly by in-situ
identification and (iii) it fix nitrogen, as demonstrated by acetylene reduction and/or
5N-enrichment. This definition includes internal colonists with apparently neutral
or saprophytic behavior as well as symbionts (Hartmann et al. 2000). Endophytic
bacteria are better than their rhizospheric and rhizoplanic counterparts in terms of
benefiting their host through nitrogen fixation as they can provide fixed nitrogen
directly to their host (Cocking 2003). As low partial oxygen pressure is necessary
for the expression of the O, sensitive enzyme, nitrogenase, endosphere of plant root
is more amenable for N, -fixation reaction. Moreover, endophytic bacteria are less
vulnerable to competition with other soil microbes for scarce resources and remain
protected to various abiotic and biotic stresses (Reinhold-Hurek and Hurek 1998).
In addition to diazotrophy, endophytic bacteria may enhance plant growth through
one or more mechanisms which include phytohormone production, siderophore
production, induced systemic tolerance and biocontrol potential. The applications
of diazotrophic endophytes in various fields have been depicted in the Fig. 1. The
intimate relationship of endophytic bacteria with plant can be utilized in developing
efficient biofertilizer and biocontrol agents for attaining sustainable agriculture
(Sevilla and Kennedy 2000). The present chapter unveils the importance of diazotrophic
endophytic bacteria to exploit its properties for the development of sustainable
agriculture.

2 Nitrogen Fixation by Endophytic Bacteria

In recent years, application of endophytic bacterial inoculants supplying N require-
ment have drawn attention for increasing plant yield in sustainable manner efficiently
to the various crop plants. Percent contribution of plant nitrogen as a result of bio-
logical N -fixation by endophytic bacteria has been summarized in Table 1. Some of
the promising endophytic biofertilizers include the members of Azoarcus,
Achromobacter, Burkholderia, Gluconoacetobacter, Herbaspirillum, Klebsiella
and Serratia (Rothballer et al. 2008; Franche et al. 2009). The efficient N supply by
endophytic diazotrophic bacteria in sugarcane and kallar grass suggests the possible
avenues of biological nitrogen fixation in interior niches of plants. In addition, bacteria
isolated from non-leguminous plants like rice, wheat, maize, sorghum also fix the
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Enhanced plant ) g
growth and biomass Industrial applications

*Phytostimulation +Antioxidants, bio fertilizers

*N,-fixation and biocontrol agents
*Phytohormone production *Antibiotics, antiviral

*Siderophore production sImmuno-suppressive
*Induced systemic tolerance and anticancer compounds

Plant disease control Pollution control

*Pathogen removal
*Antibiosis

*Competition

*Production of lytic enzyme
*Induced systemic resistance

*Phytoremediation
*Phenols, chlorophenols
*Insecticide and weedicide

Fig. 1 Multiple applications of diazotrophic (N, fixing) endophytic bacteria in various fields
including agricultural practices, industries and environment (Modified from Hardoim et al. 2008)

N in endophytic manner. It is evident from the reports that the Gluconoacetobacter
diazotrophicus (Acetobacter diazotrophicus) is the main contributor of endophytic
biological nitrogen fixation in sugarcane, and it has the ability to fix the N approxi-
mately 150 Kg Nha! year™' (Dobereiner et al. 1993; Muthukumarasamy et al. 2005).
Azoarcus is recognized as another potential N -fixing obligate endophytic diazotroph.
It dwell in the roots of kallar grass, and increased the hay yield upto 20-40 tha™' year!
without the addition of any N fertilizer in saline sodic, alkaline soils (Hurek and
Reinhold-Hurek 2003). In addition, many energy plants (C, plants) like Miscanthus
sacchariflorus, Spartina pectinata and Penisettum purpureum have been found to
harbour bacterial population, which have the potential to support the N nutrition of
the plant (Kirchhof et al. 1997). In a study, Herbaspirillum sp., inoculated into rice
seedlings maintained in N-free Hoagland solution containing *N-labelled N,
showed "N dilution amounting upto 40% increase in total N of plant (Baldani et al.
2000). Growth stimulation of wheat, corn, radish, mustard and certain varieties of
rice shoots following seed inoculation with a strain of Rhizobium leguminosarum
bv trifolii in pot experiment has also been reported (Hoflich et al. 1995; Webster
et al. 1997). These investigations suggest that endophytic diazotrophs have a con-
siderable potential to increase the productivity of non-legumes including important
cash crop plants.
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2.1 Quantification of Nitrogen Fixation

Quantification of fixed nitrogen made available to the plants by diazotrophic bacteria
can be estimated by the following methods.

2.1.1 Total N Difference Method

This method measures biological nitrogen fixation on the basis of difference between
the total N content of crop grown in presence of diazotrophic bacteria and their
counterpart grown without bacterial inoculation. It is the oldest and simplest method
which is based on an assumption that the control plant and the infected plants absorb
same amount of N from soil.

2.1.2 Acetylene Reduction Assay

This technique is based on the fact that the nitrogenase enzyme involved in
N_-fixation can also reduce acetylene into ethylene as both nitrogen and acetylene
are triple bonded structures. The assay is done by incubating bacterial culture with
acetylene (0.03-0.1 v/v) in an air-tight vessel. Finally, the gas phase of sample is
analyzed for ethylene generated as a result of reduction of acetylene by nitrogenase
using a gas chromatograph. The calculated ethylene amount can either be directly
used to quantify the amount of nitrogen fixed or can be converted into amount of
nitrogen fixed by directly multiplying it with a factor 3. It is because in conversion
of N, to NH,, three pairs of electron are used while in acetylene to ethylene con-
version only single pair of electrons is used. Therefore, this technique measures
N, -fixation indirectly on the basis of electron flux through nitrogenase. The acetylene
reduction assay is simple, cheap and sensitive technique.

2.1.3 Analysis of N Solutes in Xylem and Other Plant Parts

In this method, the composition of nitrogenous compounds present in plant the
xylem sap is analyzed. The basic idea is to differentiate between the nitrogen
fixed and the soil derived nitrate N in the plant. As the uptake from soil increase, it
inhibit the N, -fixation, which results in the change of composition of nitrogenous
compounds in xylem sap and by monitoring such changes, the N, -fixation can be
quantitatively analyzed.

2.1.4 N-Labeling Methods

There are three different methods for labeling viz. N gas labeling, isotope dilution
and A-value method. The principle behind this method is based on the difference of
SN/™N present in soil or plant system with that of atmosphere (0.33%). So, if the
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plants are incubated with N and then, the nitrogen fixation is evaluated in plants,
the ratio would differ in plants than that of present in atmosphere. And the change
occurring in the ratio can be monitored and analyzed for quantifying the nitrogen
fixing ability of microbes.

2.2 Molecular Analysis of Nitrogen Fixation

Bacterial communities show an immense phenotypic and genetic diversity (Ovreas
and Torsvik 1998). Since, the majority of microorganisms cannot be cultured on
media, estimation and analysis of natural diazotrophic bacterial communities is
quite challenging (Borneman et al. 1996). However, this problem can be overcome
by employing cultivation independent techniques using universal primers for
amplification of gene encoding the key enzyme nitrogenase (Kirk et al. 2004).

There are three types of nitrogenases based on the presence of core metal (molyb-
denum (Mo), vanadium (V) and iron (Fe)) which bridge two units of this enzyme
(Zehr et al. 2003; Raymond et al. 2004). Out of these three types, Mo-nitrogenase
is most prevalent. There are three genes namely nifHDK which encodes for the
structural part of nitrogenase complex. Apart from nifHDK, nitrogenase expression
and function depends on several other genes (20 in case of K. pneumoniae). The
genes nifHDK encodes for o and 3 fragments respectively of larger segment of
nitrogenase complex called dinitrogenase (a.,f3,), while nifH encodes smaller
segment Fe protein (dinitrogenase reductase). Nitrogenase activity can be estimated
by following procedures.

2.2.1 Polymerase Chain Reaction (PCR)

Amplification of nifH, nifD, and nifK by PCR or reverse transcriptase-PCR has been
frequently employed in detection of N_-fixing ability of bacterial and cyanobacterial
isolates taken either from laboratory grown culture or directly from environmental
samples (Ueda et al. 1995a, b; Chowdhury et al. 2007; Bothe et al. 2010). Sequence
of nifH encoding Fe protein of different species has been reported to be one of the
most conserved sequences, except for short species-specific sequence discrepan-
cies, which can be used for species determination (Izquierdo and Nusslein 2006).
Therefore, gene sequence of nifH is used for probing of nitrogenase among diaz-
otrophic bacteria as well as analysis of diazotrophic communities growing in diverse
environmental conditions (Diallo et al. 2008; Jha and Kumar 2009; Bothe et al.
2010). Based on the sequence of nifH, a variety of primers have been designed for
analysis of both culturable and non-culturable bacteria (Zehr et al. 1998; Widmer
et al. 1999; Deslippe and Egger 2006; Izquierdo and Nusslein 2006). However,
some of these primers can be biased in terms of amplification efficiency (Diallo
et al. 2008). In a very recent study, Islam et al. (2010) have demonstrated significant
contribution of diazotrophic bacteria in paddy plants growing in natural condition,
using acetylene reduction assay and nifH sequence analysis. Similarly, possible
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nitrogen contribution by Azospirillum sp., Rhizobium sp., and P. pseudoalcaligenes
was indicated on the basis of nifH amplification of culturable isolates obtained from
Lasiurus sindicus, a perennial grass growing in desert (Chowdhury et al. 2007).

In addition to the detection of nif gene, assessment of N _-fixation in diazotrophic
bacteria can also be studied by evaluating expression level of nifH gene (Terakado-
Tonooka et al. 2008). Evaluation of diazotrophy by estimating the level of nifH
expression is based on the fact that there is tight relationship between nitrogenase
activity and nifH expression (Egener et al. 2001). Moreover, the advancement in
metagenomic approaches using reverse transcription of nifH mRNA (messenger
ribonucleic acid) has allowed identification of active diazotrophic bacteria in plants.
It also facilitates the identification of bacteria which are not culturable but contrib-
utes significant nitrogen nutrition to the host plant. Based on the difference in nifH
mRNA and deoxyribonucleic acid (DNA) profile obtained from same root extract of
rice, Knauth et al. (2005) stated that presence of diazotrophs does not necessarily
coincide with active diazotrophs inside the plants growing in environmental condi-
tion and reported that active diazotrophs were not related to cultured strains.
Recently, metagenomic analysis of nifH transcript identified R. rosttiformans as
active diazotroph of sugarcane and spruce from different locations. It was surprising
as none of the known diazotrophs associated with sugarcane such as G.diazotrophi-
cus, H. seropedicae or H. rubrisubalbicans were found to be active in sugarcane
plant (Burbano et al. 2010).

2.2.2 Fluorescent In-Situ Hybridization

Detection of diazotrophic bacteria and estimation of nitrogenase activity based on
expression of nifH mRNA employing Fluorescent in-situ hybridization is an effec-
tive approach. However, use of Fluorescent in-situ hybridization has been not used
frequently due to the instability of bacterial mRNA. Use of transcript polynucle-
otide probes can improve the sensitivity of signal as well as reduce signal to noise
ratio. Hurek et al. (1997) detected in-planta mRNA expression by Azoarcus sp.
using transcript oligonucleotide probe. Further, to improve the sensitivity and reli-
ability of the technique, Pilhofer et al. (2009) detected mRNA of nifH using digox-
igenin-labeled transcript probe. The resultant hybrid was detected by horse-radish
peroxidase marked anti-digoxigenin antibody. Subsequently the signal was amplified
using catalyzed reporter deposition where tyramide molecules preconjugated with
flurochrome were deposited in close proximity of horse-radish peroxidase binding
site and intensifies the signal.

2.2.3 Immunoblot Analysis

Nitrogenase activity can also be assessed by detecting nitrogenase complex
expressed by bacteria. Detection is based on localizing ca. 27-35 kDa of protein
band of dinitrogenase either by radiolabeling or immunoblotting using antibody
against Fe protein (Eckert et al. 2001; Jha and Kumar 2007). In a separate study,
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endophytic bacteria were localized in intercortical region of plant tissue by
immunostaining of dinitrogenase reductase (Chelius and Triplett 2000).

2.2.4 Microarray or DNA-Chip

Hybridization levels can be detected by fluorescence. Microarrays with oligonucle-
otides of nifH gene can be used to determine diazotrophic communities. For example,
the microarray developed from Zhang et al. (2006) compares 194 oligonucleotide
probes, which covers more than 90% of all nifH sequences present in the nifH
database. It is a highly reproducible and semiquantitative method of mapping.

Conclusively, the nitrogen fixing ability of bacteria can be evaluated by total
nitrogen difference method, acetylene reduction assay, analysis of nitrogen solutes
in xylem and other plant parts and N-Labeling Methods. Furthermore, molecular
approaches such as amplification, analysis of nitrogen-fixing genes (nif genes), and
qualitative and quantitative estimation of their products can be used for evaluation
of nitrogen fixing ability of the bacteria.

3 Plant Growth Promoting Properties of Endophytic Bacteria

Apart from N -fixation, endophytic bacteria can benefit their host through various
growth promoting effects which includes production of phytohormones (auxin and
cytokinin), synthesis of siderophore, 1-aminocyclopropane-1-carboxylate-deami-
nase activity and antagonistic activity. Several endophytic bacteria have been
reported to have ability to solubilize mineral phosphate. However, this ability may
not be useful for plants as endophytes reside in the interior of plant issue where
insoluble mineral phosphates are not available. The characteristics of some beneficial
endophytic bacteria are discussed below.

3.1 Phytostimulatory Compounds

Plant growth promoting bacteria produce phytohormones namely auxins, cytoki-
nins, gibberellins, certain volatiles and the co-factor pyrroquinoline quinine.
Many plant associated bacteria have been shown to produce auxins chiefly
indole-3-acetic acid, which enhances lateral root growth formation and thus,
nutrient uptake and root exudation by plants (Spaepen et al. 2007; Ali et al. 2009;
Reinhold-Hurek and Hurek 2011). Most of the beneficial bacteria synthesize
indole-3-acetic acid through indole-3-pyruvate pathway. In this pathway, trypto-
phan to indole-3-pyruvic acid conversion occurs by an aminotransferase, which
in turn gets decarboxylated by indole-3-pyruvate decarboxylase to indole-3-acetalde-
hyde and the oxidation of indole-3-acetaldehyde converts it to indole-3-acetic acid
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(Spaepen et al. 2007). Indole-3-acetic acid synthesis occurs in stationary phase
of growth and positively regulated by aromatic amino acid through a regulatory
protein 7yrR (Ryu and Patten 2008).

Cytokinins are also involved in plant growth promotion as Bacillus megatarium
UMCV1, arhizospheric bacterium, can promote biomass production in Arabidopsis
thaliana through the inhibition of primary root growth followed by increased lateral
root formation and root hair length of host plant (Lopez-Bucio et al. 2007).
Methylobacterium sp. strain NPFM-SB3, isolated from Sesbania rostrata was also
found to produce cytokinin (Schwab et al. 2007). Azospirillum sp., G. diazotrophicus,
H. seropedicae have also been reported to enhance plant growth by producing gib-
berellin (Bottini et al. 2004). Even some isolates are capable of producing more
than one phytohormone. Feng et al. (20006) isolated Pantoea agglomerans, which
produce four major plant hormones viz. abscisic acid, gibberellic acid cytokinin and
indole-3-acetic acid.

Zhang et al. (2008) identified the role of bacterial volatile organic compounds by
analyzing microarray results and histochemical data of Arabidopsis seedlings
exposed with B. subtilis and stated that the volatile organic compounds may influence
the plant growth by regulating auxin homeostasis in plants which was evident from
induction of genes encoding enzymes of metabolism of indole-3-acetic acid.

3.2 Induced Systemic Tolerance

Some of the plant growth promoting bacteria (PGPB) help the associated plants to
counter biotic and abiotic stresses such as drought, salt, nutrient deficiency or
excess, extremes of temperature, presence of toxic metals etc. PGPB-induced physi-
cal and chemical changes in plants in response to biotic and abiotic stresses are
termed as ‘induced systemic tolerance’ (Yang et al. 2009). Induced systemic toler-
ance results from the production of bacterial 1-aminocyclopropane-1-carboxylate
deaminase activity, antioxidants, cytokinin or volatile organic compounds.

In response to the various biotic or abiotic stresses, plant produces ethylene to
regulate plant homeostasis. Beyond a threshold level, production of ethylene is
inhibitory as it reduces root and shoot development and hence described as “stress
ethylene”. Some of the endophytes have property to synthesize 1-aminocyclopro-
pane-1-carboxylate-deaminase, which can degrade the immediate precursor of eth-
ylene from root exudates and convert it to o-ketobutyrate and ammonia and thus,
can promote growth of plant in the vicinity (Glick et al. 2007). In addition to
1-aminocyclopropane-1-carboxylate deaminase mediated induced systemic toler-
ance, there are various other mechanism through which induced systemic tolerance
is generated in response to stresses. It includes volatile organic compounds medi-
ated salt tolerance (Zhang et al. 2008), affecting abscisic acid signaling of plants
during stress through production of cytokinin (Figueiredo et al. 2008) and through
production of antioxidant catalase (Kohler et al. 2008). The role of phytohormone
produced by associative bacteria during salinity or drought stress in the promotion
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of plant growth has been well described (Egamberdieva 2009). Indole-3-acetic acid
producing bacteria in drought condition can stimulate formation of well developed
roots enough for providing sufficient water from soil (Marulanda et al. 2009).

3.3 Biocontrol Agent

The application of microorganism for the control of diseases seems to be one of the
most promising ways, as it is eco-friendly and cost-effective. To become an efficient
biocontrol agent, it should be stable under varying condition of pH, temperature
and concentrations of different ions. Several endophytic bacteria are known to
benefit host plant by reducing the growth of pathogenic organisms at laboratory,
greenhouse or field level in various studies (Compant et al. 2005; Bhatia et al.
2008; Kannan and Sureendar 2009). An efficient biocontrol agent must also pos-
sess certain traits like (a) efficient colonizer of root to deliver antibiotic along the
whole root system, (b) to protect itself from predators (protozoans) in the rhizo-
sphere and (c) release antibiotic in right microniche (Lugtenberg and Kamilova
2009). Bacteria can limit pathogen directly through antagonistic property, compe-
tition for iron, detoxification or degradation of virulence factors or indirectly by
inducing systemic resistance in plants against certain diseases (Lugtenberg and
Kamilova 2009). Endophytic bacterial biocontrol agents can inhibit the growth of
fungal or bacterial pathogens by one or more of the several mechanisms, some of
which are described below.

3.3.1 Antagonism

Endophytic bacteria can exhibit biocontrol activity (antifungal and antibacterial)
through production of allelochemicals or antibiotics. Gram negative biocontrol
agents like Pseudomonas produce HCN, pyoleutorin, pyrrolnitrin, 2,4-diacetylphlo-
roglucinol and phenazines chiefly phenazine-1-carboxylic acid and phenazine-1-
carboxamide (Lugtenberg and Kamilova 2009). In Pseudomonas fluorescens CHAO,
all these above mentioned metabolites are required for biocontrol. However, the
expression of their genes may change with different plant cultivars (Rochat et al.
2010; Joussetet al. 2011). Few other compound including gluconic acid and 2-hexyl-
5-propyl resorcinol produced by the antagonistic bacterial strains have also been
demonstrated recently (Cazorla et al. 2006; Kaur et al. 2006). Munumbicin, an anti-
biotic produced by endophytic bacteria inhibits growth of phytopathogenic fungi P.
ultimum and F. oxysporum (Castillo et al. 2002). Certain volatile organic compounds
like 2,3-butanediol, or blends of volatiles produced by Bacillus sp. also act as bio-
control agents (Strobel 2006). Level of antibiotic synthesis depends upon the nutri-
tional factors viz. type of carbon source utilized, trace elements and availability of
other nutrients as well as non-nutritional factors like environmental influences
(Compant et al. 2005).
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Bacteria can restrict the growth of pathogens by producing hydrolytic enzymes
such as chitinase, -1,3-glucanase, protease, laminarinase etc. (Ordentlich et al.
1988). Bacillus cepacia has been reported to destroy Rhizoctonia solani, R. rolfsii,
and Pythium ultimum by producing [B-1,3-glucanase (Fridlender et al. 1993).
Addition of endophytic bacteria B. cereus 65 directly to soil has been reported to
protect cotton seedlings from root rot disease caused by Rhizoctonia solani (Pleban
et al. 1997). Secretion of protease and chitinase by endophytic Enterobacter and
Pantoea species isolated from cotton were found to protect the plants against fungal
pathogen Fusarium oxysporum f. sp. vasinfectum (Li et al. 2010).

3.3.2 Siderophore Production

Under iron-limiting condition, some biocontrollers produce small molecular weight
compound, known as siderophore, which has the capability to chelate unavailable
iron and make it available to plants and cohabiting microorganism, and thus, deprive
pathogen (Compant et al. 2005). An array of siderophores is produced but majority
of biocontrollers are known to produce catacholate, hydroxymate and/or phenolate
type (Rajkumar et al. 2010). In addition to biocontrol, siderophores are known to
play multiple roles in diazotrophic bacterial species. As the diazotrophic bacteria
require both iron and molybdenum for the activity of nitrogenase, the role of sidero-
phore seems pivotal under iron deficient conditions (Kraepiel et al. 2009).

3.3.3 Induced Systemic Resistance

During their interaction with plants, endophytic bacteria results in improving the
immune response of plants for future attack by pathogens, a phenomenon called as
induced systemic resistance (Compant et al. 2005; van Loon 2007). In contrast to
biocontrol mechanisms, extensive colonization of root system is not required for
induced systemic resistance (Lugtenberg and Kamilova 2009).

The bacterial products that elicit induction of induced systemic resistance are of
diverse category and show their induction in plants which possibly possess receptors
for the respective ligands. These inducers may be lipopolysaccharides, flagella, sidero-
phores, antibiotics, volatile organic compounds and quorum-sensing signals (van
Loon 2007). It has been reported that both siderophore (pyochelin) and antibiotic
(pyocyanin) are needed for induced systemic resistance by P. aeruginosa TNSK2
(Audenaert et al. 2002). Role of volatile organic compounds such as 2,3-butanediol
produced by Bacillus sp. in induced systemic resistance has been reported by Ryu
et al. (2004). Mostly induced systemic resistance activated by plant growth promoting
bacteria are jasmonate or ethylene mediated (van Loon 2007). In Arabidopsis thali-
ana, jasmonate or ethylene mediated induced systemic resistance by Bradyrhizobium
sp. (Cartieaux et al. 2008) strain, ORS278 in Arabidopsis thaliana by transcriptome
analysis and SA mediated by endophytic bacteria Paenibacillus alvei (Tjamos et al.
2005) have been reported. The level of salicylic acid production and intensity of fungal
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growth inhibition was found to vary with different bacterial isolates (Forchetti et al.
2010). In a recent study, Bacillus cereus AR156 was reported to trigger induced
systemic resistance in A. thaliana through salicylic acid and jasmonic acid/ethylene-
signaling pathways in an NPR1-dependent manner (Niu et al. 2011).

Induced systemic resistance may induce various genes to immunize the host
plant mechanically or metabolically by increasing cell wall strength, alteration of
host physiology or metabolic responses, enhanced synthesis of plant defense chemi-
cals such as phenolic compounds, pathogenicity related protein (PR-1, PR-2, PR-5),
chitinases, peroxidases, phenyl alanine ammonia lyase, phytoalexins, oxidase and/
or chalcone synthase. These metabolic products shield the host plant from future
attacks from pathogens (Duijff et al. 1997; Compant et al. 2005).

Local immune response induced by plant growth promoting bacteria has also
been demonstrated in few studies. However, it is genotype specific and depends on
bacterial species. Burkholderia phytofirmans PsJN induces local immune response
by ion fluxes, salicylic acid production and defense gene activation in grapevine,
while production of phenylalanine ammonia lyase, peroxidase and polyphenol oxi-
dase activities have been observed in cucumber plant in response to Pseudomonas
sp. (Chen et al. 2000). Moreover, production of phytoalexins such as resveratrol and
viniferin in host plant have also been reported recently (Verhagen et al. 2010).

In addition to nitrogen-fixation ability, these bacteria can influence plant growth
through one or more properties. These include production of phytohormones,
siderophores, induced systemic tolerance through production of 1-aminocyclopro-
pane-1-carboxylase deaminase, induced systemic resistance and antagonistic
activities.

4 Ecology and Diversity of Endophytic Bacteria

The make-up of endophytic bacterial communities is very likely affected by deter-
ministic factors as well as stochastic events (Hardoim et al. 2008). Other than soil
factors, plants also offer a selective environment to microorganisms, ‘filtering out’
specific microbial groups from the diversity found at plant roots (Rosenblueth and
Martinez-Romero 2006). Thus, various factors like plant genotype and physiologi-
cal status, bacterial colonization traits, abiotic conditions and agricultural manage-
ment regimes can affect the diversity of bacterial communities in root tissues
(Hardoim et al. 2008). Out of these factors, plant genotype may play a key role in
the selection of distinct bacterial communities that associate with plants (Andreote
et al. 2010).

Endophytes can colonize more aggressively and displace others when inoculated
with other bacteria in a competition experiment. This opinion is based on the reports
where Pantoea sp. was found to be outcompeting Ochrobactrum sp. in rice (Verma
et al. 2004) and with different R. etli strains in maize (Rosenblueth and Martinez-
Romero 2006). Many endophytes have a broad host range. However, it has not been
studied in a systematic and quantitative manner. Recently, Klebsiella oxytoca and
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Achromobacter xylosoxidans originally isolated from Typha australis and wheat
respectively were reported to colonize rice plants (Jha and Kumar 2007, 2009).
However, colonization ability of different bacterial strains varies widely. Dong et al.
(2003) studied the colonization pattern of gfp-tagged Escherichia coli K-12,
Salmonella enterica serotype Typhimurium strain ATCC 14028, and K. pneumoniae
342 and concluded that significant strain specificity exists for plant entry and for
most strains. They also studied the kinetics of invasion by endophytic bacteria and
found a strong correlation between rhizosphere colonization and interior coloniza-
tion for all strains. Despite being best colonizer in the interior, K. pneumoniae 342
showed the lowest correlation between rhizospheric colonization and endophytic
colonization among the other six strains which showed a strong positive correlation.
Based on their experiment, they deduced that single colony forming unit in the
inoculum was sufficient to cause invasion of the plant interior for certain isolates
while higher number of cells was required for effective colonization for other strains.
They reported that endophytic colonization is an active process controlled by genetic
determinants from both partners (Dong et al. 2003).

A proper understanding of interactions and resulting exchange of signals between
microbial communities would facilitate the development of new strategies to pro-
mote beneficial interaction between the microorganisms and plants. The genetic
diversity of bacteria can be evaluated using amplified ribosomal DNA (rDNA)
restriction analysis, rep-Polymerase chain reaction genomic fingerprinting and
small subunit ribosomal DNA sequencing etc. (Grange and Hungria 2004). Sequence
analysis of amplified nifH has also been used to study the diversity of diazotrophic
bacteria isolated from plants (Rosado et al. 1998; Zhang et al. 2006; Chowdhury
et al. 2007). The nifH sequence of several known diazotroph families cluster were
similar to that of 16S ribosomal RNA (rRNA) analysis. Therefore, nifH analysis is
also used for study of diversity among diazotrophic bacteria (Ueda et al. 1995a;
Zhang et al. 2006; Venieraki et al. 2011).

For studying diversity of diazotrophic bacteria, combined use of rDNA and rRNA
analysis has been proposed to give more detailed understanding of bacterial com-
munity (Nogales et al. 2001). Community diversity in terms of desired metabolic
activity or rRNA-based approach can also be studied comprehensively by stable iso-
tope probing method (Manefield et al. 2002; Kiely et al. 2006). Active endophytic
bacterial community has been studied recently by analyzing 16S rRNA sequences of
density resolved DNA using stable isotope probing (Rasche et al. 2009). Denaturing
gradient gel electrophoresis of amplified rDNA and nifH of culturable or uncultura-
ble rhizospheric and endophytic bacteria has also been used for studying molecular
diversity (Lovell et al. 2000; Araujo et al. 2002; Abreu-Tarazi et al. 2010; Burbano
etal. 2010; West et al. 2010). In addition, other methods like single strand conforma-
tion polymorphism, Terminal restriction fragment length polymorphism of rDNA
can also be helpful in elucidating the prevalence of molecular diversity and studying
phylogenetic relationship among bacteria. Metagenomic approach has been useful in
understanding community structure of both cultivable and uncultivable bacteria.
Metagenomics is the genomic analysis of uncultured microorganisms, which is of
two types: a function-driven approach, in which metagenomic libraries are initially
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screened for an expressed trait, and a sequence-driven approach, in which libraries
are initially screened for particular DNA sequences (Schloss and Handelsman 2003;
Zeyaullah et al. 2009).

The make-up of endophytic bacterial communities depends on various factors such
as soil type, soil composition, soil environment, plant genotype and physiological
status, bacterial colonization traits, and agricultural management regimes. Colonization
and abundance of different bacterial species varies widely with host plants. Endophytic
bacterial community can be analyzed employing stable isotope probing as well as
various modern molecular approaches which are based on analysis of 16S ribosomal
deoxyribonucleic acid (DNA), gene encoding products for nitrogen fixation and
repetitive DNAs. Moreover, metagenomic approaches allow estimation and analysis
of unculturable bacteria at genomic as well as functional genomic level.

5 Colonization of Endophytic Bacteria

Colonization of bacteria in the plant is a complex process, which involve interplay
between several bacterial traits and genes, and plant responses. The colonization is
an orchestra of number of steps: (a) migration towards root surface i.e. chemotaxis,
(b) attachment and microcolony formation, (c) distribution along root and, (d)
growth and survival of the population. Colonization pattern of bacteria can be
obtained by tagging the putative colonizing bacteria with a molecular marker such
as auto-fluorescent marker such as green fluorescent protein (gfp) or B-glucuroni-
dase (gus) followed by electron or confocal laser scanning microscopy (Singh et al.
2011). The presence of various reporter genes on the colonization of diazotrophic
endophytic bacteria was summarized in Table 2. Although, molecular mechanism
involved in the endophytic colonization process is not well understood, recent
reports based on genomic data suggest resemblance of colonization process between
pathogenic and endophytic bacteria (Krause et al. 2006; Hardoim et al. 2008).

5.1 Chemotaxis and Electrotaxis

Root colonization is the first and critical step in the establishment of plant-microbe
association. Microorganisms move towards rhizosphere in response to root exudates
which are rich in amino acids, organic acids, sugars, vitamins, purines/pyrimidines
and other metabolic products. Thus, motility and chemotaxis play a key role in the
root colonization. At the same time, in addition to providing nutritional substances,
plants start cross-talk with microorganisms by secreting some signals which cause
colonization by some bacteria while inhibit the others (Bais et al. 2006; Compant
et al. 2010b). Like plant-rhizobia interaction, plant root exudates do influence the
expression of genes in associating bacteria. Stimulation of colonization of wheat
and Brassica napus by A. brasilense and A. caulinodans in response to flavonoids
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Table 2 Effect of reporter genes on the colonization of diazotrophic endophytic bacteria

Gene product/

Gene function Advantages/disadvantages References

tfdA 2,4-dichlorophe Low resolution King et al. (1991)
noxyacetate
monooxygenase

phoA Alkaline Soluble end product Reuber et al. (1991)
phosphatase

xylE Catechol Amplification or photographic ~ Winstanley et al.

Heavy metal

2,3-dioxygenase
Heavy metal

exposure for detection
Requires plate counting

(1991)
de Lorenzo (1994)

resistance resistance
lacZ B-galactosidase High background in most Kovach et al. (1994)
plant and bacteria
Antibiotic Antibiotic Requires plate counting Kovach et al. (1995)
resistance Resistance
celB B-glucosidase Detection after denaturation Voorhorst et al.
of endogenous enzymes (1995)
luxA, luc Luciferase Low resolution Ladha and Reddy
(2000)
g, bfp, yfp, Autoflourescent High resolution. Real time Godfrey et al.
cfp, rfp protein application. Requires (2010)
oxygen for proper folding
gusA B-glucuronidase No background in bacteria Singh et al. (2011)

and plants, requires
substrate

from host exudates indicates that flavonoid may be determinant for endophytic
colonization (O’Callaghan et al. 2000). In a more recent report, naringenin, a
flavonoid present in exudates of plants has been reported to modulate the expression
of genes in H. seropedicae and this alteration in gene expression were the decisive
for endophytic colonization (Tadra-Sfeir et al. 2011). In addition to chemotaxis,
electrotaxis (electrogenic ion transport at the root surface) has also been considered
as a possible mechanism for initiating rhizobacterial colonization (van West et al.
2002). Sloughed up root cap cells also have large impact on plant-microbe interac-
tion (Hawes et al. 1998). Root hair regions and emergence points are preferred site
for colonization (Lugtenberg and Kamilova 2009).

Colonization of root by microorganism may further induce release of exudates
which can create ‘biased’ rhizosphere with exudation of specific metabolic prod-
ucts, which in turn induce flagellar motility that directs their colonization on plant
surfaces. Motility of endophytic bacteria is considered as one of the most important
aspect for successful colonization event. P. fluorescence defective in chemotaxis-
driven flagellar motility was found to have reduced colonization efficiency
(Lugtenberg et al. 2001). Similarly, type IV pili mediated twitching motility has
been found to be instrumental in the establishment of successful endophytic coloni-
zation by P. stutzeri, Azoarcus sp. and H. seropedicae (Bohm et al. 2007; Yan et al.
2008; Pedrosa et al. 2011).



200 G. Gupta et al.
5.2 Attachment on Root Surface

Chemotaxis or electrotaxis driven migration of bacteria to roots is followed by
adhesion of bacteria on root surface to get entry into the plant tissue. Adherence of
these bacterial cells depends on various cell surface molecules which includes cell
appendages (flagella or pili), major outer membrane proteins and secretion system
of bacteria which play major role for invasion. Bacterial flagella and pili also play
an important role in the colonization process by adhering on plant surfaces.
Glycosylated polar flagellum is thought to act directly as a root adhesion (Croes
et al. 1993). Role of flagella in colonization has evidenced recently where FliC3
(product of flagellin genes) which was considered previously as microbe associated
molecular pattern, has been found to be required for endophytic colonization in the
Azoarcus-rice interaction, most likely for spreading inside the plant (Reinhold-
Hurek and Hurek 2011). Involvement of type IV pili in adherence to plant surface
in Azoarcus has also been demonstrated (Dorr et al. 1998). Additional mechanisms
can also be operative for initial plant-microbe interaction. Bilal et al. (1993) sug-
gested that cellulose fibrils, a cell-surface protein and Ca** dependent adhesion may
be implicated in the specific interaction with plants. Moreover, chemical composition
of lipopolysaccharides present on the surface of bacteria might be determinative for
successful colonization in host plants (Serrato et al. 2010).

Role of bacterial major outer membrane protein in early host recognition has
been recognized in earlier report, where major outer membrane proteins from
Azospirillum brasilense showed stronger adhesion to extracts of cereals than extracts
of legumes and tomatoes. It suggests the involvement of major outer membrane
proteins in adhesion, root adsorption and cell aggregation of bacterium (Burdman
et al. 2000). Bacterial cells are equipped with various secretion systems which
enable them to interact successfully with the host plant. Preston et al. (2001)
identified secretion system type III (hrp) in P. fluorescens SBW25 by in-vitro expres-
sion technology, a promoter trapping technique used to identify genes expressed
in-vivo during colonization process.

5.3 Entry and Distribution Along Root

Entry of endophytic bacteria in plant roots is known to occur through (a) wounds
particularly where lateral or adventitious roots occur; (b) root hairs and (c) space
between undamaged epidermal cells (Sprent and de Faria 1988). Chi et al. (2005)
demonstrated that the colonization of gfp-tagged rhizobia in crop plants begin with
surface colonization of the rhizoplane at lateral root emergence, followed by endo-
phytic colonization within roots, and then ascending endophytic migration into the
stem base, leaf sheath, and leaves where they develop high populations. Azospirillum
may also colonize endophytically through wounds and cracks of the plant root.
Spreading of Azospirillum from the lateral root emergence to other part of root
depends on the status of the nitrogen and carbon source present in the vicinity
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(Ramos et al. 2002). G. diazotrophicus gains its entry into micropropagated sugarcane
plantlet through wounds caused by emerging lateral roots (Sevilla and Kennedy
2000). James et al. (2001) reported that G. diazotrophicus enters in sugarcane and
other gramineous plant roots via lateral root junctions and/or root tips and subse-
quently colonizes the root vascular system from where it is translocated to the
lower stem in the xylem. Similarly, massive colonization of P. fluorescens PICF7
on root hairs and site of differentiation of olive plant was noticed in a very recent
report (Prieto et al. 2011). Crack entry of A. caulinodans ORS571 in response to
release of flavonoids such as naringenin from host plant and subsequent intercellular
colonization of the cortex of root systems of rice, wheat and Arabidopsis thaliana
have earlier been observed (Gough et al. 1997; Webster et al. 1997). Compant et al.
(2008) reported the chronological detection of endophytic B. phytofirmans PsIN
on the root surfaces, in the endorhiza and inside inflorescence stalks of Vitis
vinifera (Fig. 2).

Endophytic bacteria may colonize root tissues and spread actively in aerial parts
of plants through expressing moderate amount of degradative enzymes such as pec-
tinases and cellulases. Utilization of aforesaid enzymatic activities for colonization
by A. irakense (Khammas and Kaiser 1991), Azoarcus sp. (Hurek and Reinhold-
Hurek 2003) and others, has been demonstrated as one of the efficient methods to
get entry into the host plant. Endoglucanase is one of the major determinants for the
colonization of endorhizosphere, which was evident from the observation that
Azoarcus strain lacking endoglucanse was not effective in colonizing the rice plant
(Reinhold-Hurek et al. 2006). The endoglucanase preferably attacks oligosaccha-
rides larger than cellobiose and releases larger oligomers from substrates such
as carboxymethylcellulose, and is thus likely to loosen larger cellulose fibers, which
may help bacteria to enter in the plant tissue (Hurek and Reinhold-Hurek 2003).
A homologue of endoglucanase gene has also been identified in P. stutzeri A1501,
which occasionally colonizes cortex of crop plants (Yan et al. 2008). In addition to
endoglucanse, exoglucanases may also help in the colonization process. An exoglu-
canase having cellobiohydrolase and B-glucosidase activity on wide substrate spec-
trum including xylosides was identified to be key player in Azoarcus sp. BH72 for
colonization process (Reinhold-Hurek et al. 2006). A. irakense isolates have been
found to colonize intracellularly in rice that may be enabled by the expression of
pectinolytic, cellulotyic and B-glucosidase enzymes (Somers et al. 2004). In plants
like Elaegnus and Mimosa sp., the endophyte penetrates the root radial walls pre-
sumably by digesting the middle lamella and then proceeds between cells and
through intercellular spaces. In Parasponia plants, the colonizing bacteria stimulate
cell division in the outer cortex. In due course these newly formed cells rupture the
epidermis resulting in an effective wound infection (Sprent and de Faria 1988).
In contrast to above examples, genes encoding plant cell wall degrading enzymes
has not been found in the endophytic bacteria H. seropedicae strain SmR1 (Pedrosa
et al. 2011).

Azoarcus sp., an obligate endophyte of Kallar grass, has been critically studied
by using transposon mutant expressing 3-glucuronidase constitutively as a reporter
gene (Hurek and Reinhold-Hurek 2003). Azoarcus sp. BH72 colonize apical region
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Fig. 2 Epifluorescence microscopic images of roots of grapevine fruiting cuttings inoculated with
Burkholderia phytofirmans PsJIN::gfp2 x 1-4 weeks after soil inoculation with 5x 10® colony forming
units g~' of soil. Gfp-tagged bacteria (arrows) were visualized at the root hair zone (a—c) colonized
root hairs (a—c), on other rhizodermal cells (d and e), at lateral root emergence sites (f) and at the
root tip (g—i). A natural epiphytic microbial communities was also detected on the root surface of
inoculated plants (arrows in b, e, f and i) as well as on the roots of control plants (arrows in j and
k). Similar rhizoplane colonizations by strain PSJN were found from 1 to 4 weeks postinoculation.
Scale bars: (a) 100 mm, (b) 30 mm, (¢) 75 mm, (d and e) 30 mm, (f) 100 mm, (g) 1 mm, (h)
500 mm, (i) 250 mm and (j and k) 100 mm (Reproduced from Compant et al. (2008) with permission
from Wiley)

of roots behind the meristem intensively and penetrate the rhizoplane preferentially
in the zone of elongation and differentiation. It colonize in the cortex region both
inter- and intra-cellularly. In older parts of the roots, it also occurs in aerenchymatic
air spaces. Azoarcus sp. is capable of invading even the xylem vessels suggesting its
systemic spreading into shoots through the transport in vessels. However, shoot
colonization of Gramineae appears to be more pronounced in Gluonoacetobacter
diazotrophicus (James and Olivares 1998) and H. seropedicae (Gyaneshwar et al.
2002). Intercellular colonization of endophytic bacteria in cortex as well as xylem
of root has been reported in recent studies (Prieto et al. 2011; Schmidt et al. 2011).
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Fig. 3 Schematic presentations for the sites of plant colonization by endophytic bacteria. Figure
in the left panel represents longitudinal section of root depicting possible sites for entry of endo-
phytic bacteria. Figure in the right panel represents transverse section of root showing the distribu-
tion and colonization of endophytic bacteria (Reproduced from Compant et al. (2010a) with
permission from Elsevier)

Compant et al. (2011) reported the colonization of endophytic bacteria in epidermis
and xylem of even reproductive organ of grapevine. Based on the colonization
pattern of P. fluorescens PICP2 and PICF2 in root hairs of olive plant, Prieto et al.
(2011) suggested that endophytic bacteria are confined within an organelle most
likely vacuole which arises by narrowing of an internal membranous structure in
roots. The possible sites of colonization by diazotrophic endophytic bacteria are
depicted in Fig. 3.

5.4 Growth and Survival

Endophytic colonization is not as specific as of Rhizobia but successful endophytic
colonization does involve a compatible host plant (Ryan et al. 2008). However,
endophytic colonization indeed depends upon the physiological changes in plants
and is restricted or slowed down by the defense mechanisms (Rosenblueth and
Martinez-Romero 2006). Colonization of G. diazotrophicus was found to be dimin-
ished in plants grown under high nitrogen fertilizer regime. This reduction in colo-
nization was explained as a result of altered plant physiology in the presence of
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nitrogen fertilizer, which reduces sucrose concentration to be utilized by endophytic
bacteria (Fuentes-Ramirez et al. 1999). Influence of organic amendment on endo-
phytic population has also been demonstrated (Hallmann et al. 1997). Plant defense
responses play a critical role in regulating colonization of endophytic bacteria.
In dicotyledonous plants, salicylic acid and ethylene restricts the endophytic colo-
nization. Ethylene, a signal molecule of induced systemic resistance in plants
decreases endophytic colonization as observed in Arabidopsis thaliana inoculated
with K. pneumoniae 342 (Iniguez et al. 2005). However, proteomic approach used
to study the bacterial colonization indicated that instead of ethylene and salicylic
acid, it is the jasmonic acid which contributes in restricting endophytic coloniza-
tion in grasses (Miche et al. 2006). Expression of jasmonic acid induced pathogen-
esis related proteins (defense proteins) depends upon the compatibility of plant
variety and endophytic bacteria. Inoculation of Azoarcus sp. to more compatible
rice (Oryza sativa) culivar IR36 led to the expression of fewer jasmonic acid-
induced pathogenesis related proteins than that of less compatible cultivar IR42.
Antimicrobial peptides synthesized by some plants like rice and maize may
reduce endophytic colonization (Fuentes-Ramirez et al. 1999). Understanding of
molecular mechanism and conditions limiting the colonization process need to be
elucidated for exploiting the beneficial endophytic or associative interaction with
plants.

Colonization process of an endophytic bacterium involves various steps which
include migration towards root surface, attachment and microcolony formation on
plant surface, distribution along root and growth and survival of the population
inside plant tissue.

6 Revamp in Genomic and Proteomic Studies
of Endophytic Bacteria

This section critically summarizes the recent advances in the genomic and proteomic
aspects of diazotrophic endophytic bacteria.

6.1 Genomic Studies

Prospects of potential application of endophytic bacteria led the exploration of their
genomic make up so that these bacteria can be exploited for sustainable and produc-
tive agriculture advancement. In recent years, genomic sequences of several endo-
phytic diazotrophs other than rhizobia have been summarized in tabular form
(Table 3).

Recently Kaneko et al. (2010) reported the complete genome sequence of
Azospirillum sp. B510. In this, nitrogenase genes and assembly related protein are
located in three separate loci in chromosome. It is also mentioned that it possess genes
of 1-aminocyclopropane-1-carboxylate deaminase activity and indole-3-acetic acid
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Table 3 Some diazotrophic endophytic bacteria with their genome sizes and annonate genes

No. of genes
Endophytic bacteria Genome size (bp) annotated References
Azoarcus sp. EbN1 4,727,255 4,686 Rabus et al.
(2005)
Azoarcus sp. BHT2 5,376,040 4,073 Krause et al.
(2006)
Bacillus amylolique- 3,918,589 3,693 Chen et al. (2007)
faciens FZB42
Klebsiella pneumoniae 5,920,257 5,881 Fouts et al. (2008)
342
Pseudomonas stutzeri 4,567,418 4,237 Yan et al. (2008)
A1501
Gluconoacetobacter 3,999,591 3,997 Bertalan et al.
diazotrophicus Pal5 (2009)
Azotobacter vinelandii 5,365,318 5,133 Setubal et al.
DJ, BAA-1303 (2009)
Azospirillum sp. B510 3,311,395 2,893 Kaneko et al.
(2010)
Enterobacter sp. 638 4,676,467 4,444 Taghavi et al.
(2010)
B. subtilis BSn5 4,093,599 4,177 Deng et al. (2011)
Variovorax paradoxus 6,754,997 6,279 Han et al. (2011)
S110
Azoarcus sp. strain 5,081,166 4,531 Nishizawa et al.
KH32C (2012)
Herbaspirillum 5,513,887 4,804 Pedrosa et al.
seropedicae (2011)
Burkholderia 8,214,658 7,487 Weilharter et al.
phytofirmans PsIN (2011)
Serratia proteamaculans 5,448,853 4,942 Zhu et al. (2012)
568

production. Other than this, genes related to ion transport, Quorom sensing, secretion
system (Type IV), motility genes have been described. The information provided in this
study can be exploited to study the role of various genes in the colonization process
described above as well as augmentation of genes related to plant growth promoting
bacteria activities can provide a potential genetically modified biofertilizer candidate.

The strain Azoarcus sp. BH72 consists of gene cluster that encodes cell surface
components (Type IV pili) which seems to be important factor for host-microbe
interaction as this cluster is absent in related non-endophytic soil bacteria Azoarcus
sp. EbN1 (Krause et al. 2006). Genes encoding products for exopolysaccharide
polymerization, translocation (gum operon of Xanthomonas compestris and rhizo-
bial pss gene cluster) and products required for plant-microbe interaction resemble
to that of pathogenic bacteria and rhizobium. It differs from that of pathogenic
bacteria in not secreting hydrolases. However, genes for producing low amount of
macerating enzyme endoglucanase (EglA) is synthesized which is probably required
for endophytic colonization (Krause et al. 2006).
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Analysis of the G. diazotrophicus Pal5 complete genome sequence provides
important insights into the endophytic relationship, and suggests many interesting
candidate genes for post-genomic experiments (Bertalan et al. 2009). The genome
sequence results showed unexpectedly high number of mobile elements for an endo-
phytic bacterium; thus suggest a high number of horizontal gene transfer events. To
change niche from rhizosphere to endophytic, the bacteria should penetrate the plant.
The putative gum-like cluster containing an endoglucanase could be important in this
regard. The genome shows various properties such as biological nitrogen fixation,
phytohormones and biocontrol genes. Several features for an endophytic lifestyle are
found in genome islands, including type IV secretion systems, flagella, pili, chemot-
axis, biofilm, capsular polysaccharide and some transport proteins.

Comparison of G. diazotrophicus and Azoarcus sp. BH72 genome sequences
showed that these endophytic diazotrophic bacteria adopted very different strategies
to colonize plants. Features like, large number of TonB receptors, gum-like and nif
clusters, and osmotolerance mechanisms are common to both endophytic diaz-
otrophic bacteria. Presence of TonB receptors has been found to be common in
almost all endophytic bacteria (Reinhold-Hurek and Hurek 2011). Apart from this,
G. diazotrophicus has a larger number of transport systems, and it is capable of grow-
ing on a wide variety of carbon sources, while Azoarcus sp. BH72 has rather complex
signaling mechanisms to communicate with its plant host (Bertalan et al. 2009).

Herbaspirillum seropedicae is well characterized diazotrophic endophytic bacteria,
which is known to interact with several plant species belonging to family Graminiae.
Presence of few mobile elements in most of the endophytic bacteria with exception
of G. diazotrophicus Pal5 indicates low recombination or rearrangement which
might be a reason for their adaptation to endophytic lifestyle (Krause et al. 2006;
Pedrosa et al. 2011). It is well equipped with nif gene cluster with 46 open reading
frames which includes structural and regulatory genes for nitrogenase synthesis and
activity, molybdenum uptake, electron transport, metal cluster analysis and other
related functions. In addition to diazotrophy, H. seropedicae possesses complete
machinery for auxin, siderophore and 1-aminocyclopropane-1-carboxylate deaminase
synthesis which make it suitable candidate for plant growth promotion. In order to
colonize plant, H. seropedicae expresses a variety of secretion system including
secretion system type II, III, V and type IV pili. Genes for type IV pili encode for
proteins which play role in attachment to surfaces, twitching motility, biofilm formation,
virulence and protein secretion. Expression of lytic transglycolase help in plant-
microbe interaction through its ability to degrade peptidoglycan partially which
allow efficient assembly and anchoring of transport complexes (secretions system
type II and III) and type IV pili to the cell envelope. However, expression of type I11
secretion system has not been observed in proteomic analysis which suggest for
availability of suitable physiological condition for their synthesis and function.
Since, invasion of bacteria into the plant is kind of stress for both microbe and host,
genes encoding function to combat osmotic stress, salinity desiccation, nitrogen
starvation, ultraviolet radiation, pH and other stresses are present in H. seropedicae.
These include, synthesis of amylopectin like polysaccharides, trehalose and Na*(K*)/
H* antiporter which contribute to defense against osmotic stress. Genes for hemolysin
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and hemagglutins have also been found which may be presumably required for surface
attachment and biofilm formation during plant tissue colonization. Moreover, avail-
ability for metabolic pathways for the degradation of several aromatic compounds
indicate that these pathways may be instrumental for given bacteria to thrive on plant
tissue owing to their metabolic flexibility and defense against toxic phytochemicals
(Pedrosa et al. 2011).

Comparative genomic analyses of diazotrophic K. pneumoniae 342 with the pre-
sumed human pathogen K. pneumoniae MGH78578 suggested that the later appar-
ently cannot fix nitrogen, and the distribution of genes essential to surface attachment,
secretion, transport, and regulation and signaling varied between both genome,
which revealed a critical divergences between the strains that influence their pre-
ferred host ranges and lifestyles. Little genome information is available concerning
endophytic bacteria. The K. pneumoniae 342 genome unveil bacterial-plant host
relationships, which could ultimately enhance growth and nutrition of important
agricultural crops and development of plant-derived products and biofuels (Fouts
et al. 2008).

In addition to above mentioned bacterial species, genome of other endophytic
bacteria namely B. phytofirmans (strain DSM 17436/PsJN), Enterobacter sp. (strain
638), Methylobacterium populi (strain ATCC BAA-705/NCIMB 13946/BJ001),
P. putida (strain W619), Serratia proteamaculans (strain 568), Stenotrophomonas
maltophilia (strain R551-3) have also been sequenced (Table 3). Although, genome
sequences of many endophytic bacteria are being compiled, it still needs thoughtful
analysis and strategy to develop a potential biofertilizer strain which can be manipu-
lated in different environmental conditions.

6.2 Proteomics Studies

In the last decade, proteomics has been applied for the identification of proteins that
are important in plant responses to microorganisms. Several grasses have interac-
tion with plant growth-promoting N -fixing bacteria which do not form a specific
root structure like a nodule. A large number of proteomic techniques are available
for the analysis of various aspects of proteins, including their post-translational
modification, expression profile, and interaction network (Pandey and Mann 2000).
The two most famous proteomic methods are two-dimensional gel electrophoresis
and mass spectrometry. Differential display tool difference gel electrophoresis is an
extension of two-dimensional gel electrophoresis technique to compare multiple
samples simultaneously. There are numerous other gel-based or gel-free and quan-
titative or qualitative proteomic methods, which includes isotope-coded affinity tag,
isobaric tag for relative and absolute quantification, stable isotope labeling with
amino acids in cell culture, label-free comparative Liquid chromatography-Mass
Spectrometry, protein phosphorylation identification, and protein microarrays, that
can be used to elucidate plant bacterial interactions (Xing et al. 2004; Roe and
Griffin 2006; America and Cordewener 2008; Gong et al. 2008).
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Proteome analysis of rice roots infected with Azoarcus sp. was carried out to
characterize the plant responses to these endophytes. Out of 1,000 displayed proteins,
47 responded to inoculation, including salt-stress and pathogenesis-related proteins
and a putative receptor kinase. These proteins are involved in the endophyte infec-
tion process as they were also induced by jasmonic acid, which inhibits the infection
process (Miche et al. 2006)

In G. diazotrophicus, 583 proteins were identified by two-dimensional gel elec-
trophoresis /Matrix associated laser desorption/ionization for the establishment of a
proteome reference map (Lery et al. 2008). Proteins of various pathways related to
nucleotides, amino acids, carbohydrates, lipids, cofactors and energy metabolism
have been described for comparative studies with other bacterial species. Various
proteins related to Nitrogen-fixation, ion transporting, adaptation and protection
related, regulatory and metabolic pathway proteins. When G. diazotrophicus colo-
nizes sugarcane present in the cocultivation medium, changes occurs in various
metabolic pathways, membrane-associated structure, redox reactions, transcript and
translational regulation, and energy metabolism in comparison to control. So, the
differentially expressed proteins showing modifications in bacterial metabolism and
physiology in G. diazotrophicus during cocultivation with sugarcane provided
information about the proteins involved in plant-bacterial interaction. The knowl-
edge of metabolic fundamentals and coordination of these pathways are important
for studying plant-endophyte interaction for attaining sustainable agriculture (Lery
et al. 2008).

Cheng et al. (2009) observed that among the 275 identified proteins, in P. putida
UW4, 1-aminocyclopropane-1-carboxylate deaminase is noteworthy because of its
substantial role in plant growth-promoting activity. Furthermore, majority of the
identified proteins were in bacterial cytosol. The identification of periplasmic,
membrane-spanning and extracellular proteins indicated that the methodology is
capable of providing a degree of representation from all cellular compartments
including less soluble membrane fractions. One additional protein was identified as
homologous to a Bradyrhizobium japonicum protein, which was later confirmed by
several independent mass spectrometry analyses. It suggested a possibility that this
protein was acquired from Bradyrhizobium species via lateral transfer, but it needs
further confirmation. The functional diversity of the identified proteins can be used
to investigate the responses of P. putida UW4 in response to various environmental
signals. This data set will be helpful to unveil plant growth-promoting mechanisms
present in this and similar bacteria, and in future to characterize bacterial interac-
tions in the environment (Cheng et al. 2009).

Chaves et al. (2007) reported the proteome reference map of H. seropedicae. Out
of 205 proteins identified during their study, 17 were hypothetical or conserved
hypothetical proteins. The annotated proteins were classified in 19 clusters of
orthologous groups categories, except proteins involved in defense mechanisms
which all were identified. The clusters of orthologous groups categories were
grouped in four classes: proteins involved in metabolism, information storage and
processing, cellular processes and poorly characterized class (Chaves et al. 2007).
Analysis of samples for meta-proteogenomics can be performed following the major
steps mentioned as shown in Fig. 4.
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Fig. 4 Diagrammatic representation of meta-proteogenomics sample analysis methods

Ongoing progress towards in-depth analysis of genomic and whole protein
profile of some of the potential endophytic bacteria such as Azoarcus sp.,
Gluconoacetobacter diazotrophicus, Herbaspirillum seropedicae, Serratia marcesens
can help understand mechanism involved in plant-endophyte interaction which in
turn will be deterministic in use of suitable formulations of endophytic bacteria to
be used as biofertilizer for sustainable agriculture.

7 Conclusion

Exploration of endophytic bacteria and their abilities to enhance plant growth and
productivity indeed indicates the existence of their natural associations and beneficial
impact which can be exploited to feed burgeoning population of the world. Despite
the fact that a large number of associative and endophytic bacteria have shown the
potential in laboratory and green house condition but their consistent performance
was failed under natural condition (Lucy et al. 2004). The reduction in the efficiency
was noted when plants inoculated with endophytic bacteria were shifted from pot to
field conditions (Gyaneshwar et al. 2002). These factors that affect colonization and
the bacteria derived benefit to plants may be soil type, nutritional status of soil, host
plant genotype and age as well as climatic conditions (Muthukumarasamy et al.
2005). It has been also evident from the earlier reports that plant growth and yield
can be increased by the combined use of fertilizers and endophytic bacteria. This
practice reduced the inputs of chemical fertilizers in the soil (Yanni et al. 1997;
Saleh and Glick 2001). However, high amount of available utilizable N results
in reduced colonization of endophytic bacteria and also reduce the process of
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N, -fixation due to regulatory mechanism acting in the diazotrophs. As observed in
some studies, high nitrogen fertilized soil reduced the colonization of sugarcane by
G. diazotrophicus and H. seropedicae (Fuentes-Ramirez et al. 1999; dos Reis et al.
2000). Therefore, a challenge is posed for systematic optimization for the applica-
tion of suitable diazotrophs isolates and the amount of fertilizer to be added to
obtain maximum output. Use of compost may be useful at some extent which pro-
vides utilizable N to support the growth of microorganism and make the plant evade
from negative effects of diazotrophs colonization (Muthukumarasamy et al. 2007).

One of the major challenges includes selection of plant genotype and age, and
compatible associative bacteria. Understanding of this compatibility would be helpful
in enhancing the productivity using specific bacterial strain. Since, the colonization
of associative bacteria depends upon seasonal changes and soil hydric stress, multiples
field trials are required to optimize the parameters for obtaining the maximum
output. Another factor which might be plays a crucial role is the plant defense
response because it may limit or reduce the colonization of associative bacteria.
In addition, the colonization mechanism is still not well understood. Intelligent
analysis of genomic and functional genomic studies can help to manipulate the
conditions in order to enhance the bacterial colonization process and increased plant
growth attributes and also provides a better way to understand the ecology and
behaviours of the endophytic diazotrophs.

References

Abeysingha NS, Weerarathne CS (2010) A preliminary study on quantification of biological nitrogen
fixation in sugarcane grown in Sevanagala in Sri Lanka. J Nat Sci Found Sri Lanka 38:207-210.
doi:10.4038/jnsfsr.v38i3.2311

Abreu-Tarazi MF, Navarrete AA, Andreote FD, Almeida CV, Tsai SM, Almeida M (2010)
Endophytic bacteria in long-term in vitro cultivated “axenic” pineapple microplants revealed
by PCR-DGGE. World J Microbiol Biotechnol 26:555-560. doi:10.1007/s11274-009-0191-3

Akhtar MS, Siddiqui ZA (2010) Role of Plant growth promoting rhizobacteria in biocontrol of
plant diseases and sustainable agriculture. In: Maheshwari DK (ed) Plant growth and health
promoting bacteria, vol 18, Microbiology monographs. Springer, Berlin/Heidelberg, pp 157-196.
doi:10.1007/978-3-642-13612-2_7

Ali SKZ, Sandhya V, Grover M, Kishore N, Rao LV, Venkateswarlu B (2009) Pseudomonas sp.
strain AKM-P6 enhances tolerance of sorghum seedlings to elevated temperatures. Biol Fertil
Soils 46:45-55. doi: 10.1007/s00374-009-0404-9

America AHP, Cordewener JHG (2008) Comparative LC-MS: a landscape of peaks and valleys.
Proteomics 8:731-749. doi:10.1002/pmic.200700694

Andreote FD, Rocha UN, Araujo WL, Azevedo JL, van Overbeek LS (2010) Effect of bacterial
inoculation, plant genotype and developmental stage on root-associated and endophytic
bacterial communities in potato (Solanum tuberosum). Antonie van Leeuwen 97:389-399.
doi:10.1007/s10482-010-9421-9

Araujo WL, Marcon J, Maccheroni WJ, van Elsas JD, van Vuurde JWL, Azevedo JL (2002) Diversity
of endophytic bacterial populations and their interaction with Xylella fastidiosa in citrus plants.
Appl Environ Microbiol 68:4906-4914. doi:10.1128/AEM.68.10.4906-4914.2002

Audenaert K, Pattery T, Comelis P, Hofte M (2002) Induction of systemic resistance to Botrytis
cinerea in tomato by Pseudomonas aeruginosa TNSK2: role of salicylic acid, pyochelin, and
pyocyanin. Mol Plant Microbe Interact 15:1147-1156. doi:10.1094/MPM1.2002.15.11.1147


http://dx.doi.org/10.4038/jnsfsr.v38i3.2311
http://dx.doi.org/10.1007/s11274-009-0191-3
http://dx.doi.org/10.1007/978-3-642-13612-2_7
http://dx.doi.org/10.1007/s00374-009-0404-9
http://dx.doi.org/10.1002/pmic.200700694
http://dx.doi.org/10.1007/s10482-010-9421-9
http://dx.doi.org/10.1128/AEM.68.10.4906-4914.2002
http://dx.doi.org/10.1094/MPMI.2002.15.11.1147

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 211

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of root exudates in rhizosphere
interactions with plants and other organisms. Annu Rev Plant Biol 57:233-266. doi:10.1146/
annurev.arplant.57.032905.105159

Baldani VLD, Baldani JI, Dobereiner J (2000) Inoculation of rice plants with the endophytic diaz-
otrophs Herbaspirillum seropedicae and Burkholderia spp. Biol Fertil Soils 30:485—491.
doi:10.1007/s003740050027

Bertalan M, Albano R, de Padua V, Rouws L, Rojas C, Hemerly A, Teixeira K, Schwab S, Araujo
J, Oliveira A, Franga L, Magalhaes V, Alqueres S, Cardoso A, Almeida W, Loureiro MM,
Nogueira E, Cidade D, Oliveira D, Simao T, Macedo J, Valadao A, Dreschsel M, Freitas F,
Vidal M, Guedes H, Rodrigues E, Meneses C, Brioso P, Pozzer L, Figueiredo D, Montano H,
Junior J, de Souza FG, Flores VMQ, Ferreira B, Branco A, Gonzalez P, Guillobel H, Lemos M,
Seibel L, Macedo J, Alves-Ferreira M, Sachetto-Martins G, Coelho A, Santos E, Amaral G,
Neves A, Pacheco AB, Carvalho D, Lery L, Bisch P, Rossle SC, Urmenyi T, Pereira AR, Silva
R, Rondinelli E, von Kruger W, Martins O, Baldani JI, Ferreira PC (2009) Complete genome
sequence of the sugarcane nitrogen-fixing endophyte Gluconacetobacter diazotrophicus Pal5.
BMC Genomics 10:450. doi:10.1186/1471-2164-10-450

Bhatia S, Maheshwari DK, Dubey RC, Arora DS, Bajpai VK, Kang SC (2008) Beneficial effects
of fluorescent Pseudomonads on seed germination, growth promotion, and suppression of char-
coal rot in groundnut (Arachis hypogea L.). J Microbiol Biotechnol 18:1578-1583

Bhattacharjee RB, Singh A, Mukhopadhyay SN (2008) Use of nitrogen-fixing bacteria as biofertiliser
for non-legumes: prospects and challenges. Appl Microbiol Biotechnol 80:199-209. doi:10.1007/
$00253-008-1567-2

Bilal R, Rasul G, Arshad M, Malik KA (1993) Attachment, colonization and proliferation of
Azospirillum brasilense and Enterobacter spp. on root surface of grasses. World J Microbiol
Biotechnol 9:63-69. doi:10.1007/BF00656519

Biswas JC, Ladha JK, Dazzo FB, Yanni YG, Rolfe BG (2000) Rhizobial inoculation influences
seedling vigor and yield of rice. Agron J 92:880-886

Bohm M, Hurek T, Reinhold-Hurek B (2007) Twitching motility is essential for endophytic rice
colonization by the N,-fixing endophyte Azoarcus sp. strain BH72. Mol Plant Microbe Interact
20:526-533. doi: 10.1094/MPMI-20-5-0526

Borneman J, Skroch PW, O’Sullivan KM, Palus JM, Rumjanek NG, Jansen J, Nienhuis J, Triplett
EW (1996) Molecular microbial diversity of an agricultural soil in Wisconsin. Appl Environ
Microbiol 62:1935-1943

Bothe H, Schmitz O, Yates MG, Newton WE (2010) Nitrogen fixation and hydrogen metabolism
in cyanobacteria. Microbiol Mol Boil Rev 74:529-551. doi:10.1128/MMBR.00033-10

Bottini R, Cassan F, Piccoli P (2004) Gibberellin production by bacteria and its involvement in
plant growth promotion and yield increase. Appl Microbiol Biotechnol 65:497-503.
doi:10.1007/s00253-004-1696-1

Burbano CS, Reinhold-Hurek B, Hurek T (2010) LNA-substituted degenerate primers improve
detection of nitrogenase gene transcription in environmental samples. Environ Microbiol Rep
2:251-257. doi:10.1111/§.1758-2229.2009.00107.x

Burdman S, Jurkevitch E, Okon Y (2000) Recent advances in the use of plant growth promoting
rhizobacteria (PGPR) in agriculture. In: Rao NS, Dommergues YR (eds) Microbial interactions
in agriculture and forestry. Science Publishers, Plymouth, pp 29-250

Cartieaux F, Contesto C, Gallou A, Desbrosses G, Kopka J, Taconnat L, Renou JP, Touraine B
(2008) Simultaneous interaction of Arabidopsis thaliana with Bradyrhizobium sp. Strain
ORS278 and Pseudomonas syringae pv. tomato DC3000 leads to complex transcriptome
changes. Mol Plant Microbe Interact 21:244-259. doi:10.1094/MPMI-21-2-0244

Castillo UF, Strobel GA, Ford EJ, Hess WM, Porter H, Jensen JB, Albert H, Robison R, Condron
MAM, Teplow DB (2002) Munumbicins, wide-spectrum antibiotics produced by Streptomyces
NRRL 30562, endophytic on Kennedia nigriscans. Microbiology 148:2675-2685

Cazorla FM, Duckett SB, Bergstrom ET (2006) Biocontrol of Avocado dematophora root
rot by the antagonistic Pseudomonas fluorescens PCL1606 correlates with the production
of 2-hexyl 5-propyl resorcinol. Mol Plant Microbe Interact 19:418-428. doi:10.1094/
MPMI-19-0418


http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159
http://dx.doi.org/10.1007/s003740050027
http://dx.doi.org/10.1186/1471-2164-10-450
http://dx.doi.org/10.1007/s00253-008-1567-2
http://dx.doi.org/10.1007/s00253-008-1567-2
http://dx.doi.org/10.1007/BF00656519
http://dx.doi.org/10.1094/MPMI-20-5-0526
http://dx.doi.org/10.1128/MMBR.00033-10
http://dx.doi.org/10.1007/s00253-004-1696-1
http://dx.doi.org/10.1111/j.1758-2229.2009.00107.x
http://dx.doi.org/10.1094/MPMI-21-2-0244
http://dx.doi.org/10.1094/MPMI-19-0418
http://dx.doi.org/10.1094/MPMI-19-0418

212 G. Gupta et al.

Chaves DFS, Ferrer PP, de Souza EM, Gruz LM, Monteriro RA, de Oliveira PF (2007) A two-
dimensional proteome reference map of Herbaspirillum seropedicae proteins. Proteomics
7:3759-3763. doi:10.1002/pmic.200600859

Chelius MK, Triplett EW (2000) Immunolocalization of dinitrogenase reductase produced by
Klebsiella pneumoniae in association with Zea mays L. Appl Environ Microbiol 66:783-787.
doi:10.1128/AEM.66.2.783-787.2000

Chen C, Belanger R, Benhamou N, Paulitz TC (2000) Defence enzymes induced in cucumber
roots by treatment with plant growth-promoting rhizobacteria (PGPR) and Pythium aphanider-
matum. Physiol Mol Plant Pathol 56:13-23. doi:10.1006/pmpp. 1999.0243

Chen XH, Koumoutsi A, Scholz R, Eisenreich A, Schneider K, Heinemeyer I, Morgenstern B,
Voss B, Hess WR, Reva O, Junge H, Voigt B, Jungblut PR, Vater J, Sussmuth R, Liesegang H,
Strittmatter A, Gottschalk G, Borriss R (2007) Comparative analysis of the complete genome
sequence of the plant growth-promoting bacterium Bacillus amyloliquefaciens FZB42. Nat
Biotechnol 25:1007-1014. doi:10.1038/nbt1325

Cheng Z, Woody OZ, Song J, Glick BR, McConkey BJ (2009) Proteome reference map for the
plant growth-promoting bacterium Pseudomonas putida UW4. Proteomics 9:4271-4274.
doi:10.1002/pmic.200900142

Chi F, Shen SH, Cheng HP, Jing YX, Yanni YG, Dazzo FB (2005) Ascending migration of endo-
phytic rhizobia, from roots to leaves, inside rice plants and assessment of benefits to rice growth
physiology. Appl Environ Microbiol 71:7271-7278. doi:10.1128/AEM.71.11.7271-7278.2005

Chowdhury SP, Schmid M, Hartmann A, Tripathi AK (2007) Identification of diazotrophs in the
culturable bacterial community associated with roots of Lasiurus sindicus, a perennial grass of
Thar desert, India. Microb Ecol 54:82-90. doi:10.1007/s00248-006-9174-1

Cocking EC (2003) Endophytic colonization of plant roots by nitrogen-fixing bacteria. Plant Soil
252:169-175. doi:10.1023/A:1024106605806

Compant S, Duffy B, Nowak J, Clement C, Barka EA (2005) Use of plant growth-promoting bac-
teria for biocontrol of plant diseases: principles, mechanisms of action, and future prospects.
Appl Environ Microbiol 71:4951-4959. doi:10.1128/AEM.71.9.4951-4959.2005

Compant S, Kaplan H, Sessitsch A, Nowak J, Barka EA, Clement C (2008) Endophytic coloniza-
tion of Vitis vinifera L. by Burkholderia phytofirmans strain PsJN: from the rhizosphere to
inflorescence tissues. FEMS Microbiol Ecol 63:84-93. doi:10.1111/j.1574-6941.2007.00410.x

Compant S, Clement C, Sessitsch A (2010a) Plant growth-promoting bacteria in the rhizo- and
endosphere of plants: their role, colonization, mechanisms involved and prospects for utiliza-
tion. Soil Biol Biochem 42:669-678. doi:10.1016/j.s0ilbio.2009.11.024

Compant S, van der Heijden MGA, Sessitsch A (2010b) Climate change effects on beneficial plant micro-
organism interactions. FEMS Microbiol Ecol 73:197-214. doi:10.1111/j.1574-6941.2010.00900.x

Compant S, Mitter B, Colli-Mull JG, Gangl H, Sessitsch A (2011) Endophytes of grapevine
flowers, berries, and seeds: identification of cultivable bacteria, comparison with other plant
parts, and visualization of niches of colonization. Microb Ecol 62:188-197. doi:10.1007/
500248-011-9883-y

Croes CL, Moens S, van Bastelaere E, Vanderleyden J, Michiels KW (1993) The polar flagellum
mediates Azospirillum brasilense adsorption to wheat roots. J Gen Microbiol 139:960-967.
doi:10.1099/00221287-139-9-2261

de Lorenzo V (1994) Designing microbial system for gene expression in the field. Trends
Biotechnol 12:365-371. doi:10.1016/0167-7799(94)90037-X

de Morais RF, Quesada DM, Reis VM, Urquiaga S, Alves BJR, Boddey RM (2012) Contribution
of biological nitrogen fixation to elephant grass (Pennisetum purpureum Schum.). Plant Soil
356:23-34. doi:10.1007/s11104-011-0944-2

de Salamone IEG, Salvo LPD, Ortega JSE, Sorte PMFB, Urquiaga S, Teixeira KRS (2010) Field
response of rice paddy crop to Azospirillum inoculation: physiology of rhizosphere bacterial
communities and the genetic diversity of endophytic bacteria in different parts of the plants.
Plant Soil 336:351-362. doi:10.1007/s11104-010-0487-y

Deng Y, Zhu Y, Wang P, Zhu L, Zheng J, Li R, Ruan L, Peng D, Sun M (2011) Complete Genome
Sequence of Bacillus subtilis BSn5, an endophytic bacterium of Amorphophallus konjac with


http://dx.doi.org/10.1002/pmic.200600859
http://dx.doi.org/10.1128/AEM.66.2.783-787.2000
http://dx.doi.org/10.1006/pmpp. 1999.0243
http://dx.doi.org/10.1038/nbt1325
http://dx.doi.org/10.1002/pmic.200900142
http://dx.doi.org/10.1128/AEM.71.11.7271-7278.2005
http://dx.doi.org/10.1007/s00248-006-9174-1
http://dx.doi.org/10.1023/A:1024106605806
http://dx.doi.org/10.1128/AEM.71.9.4951-4959.2005
http://dx.doi.org/10.1111/j.1574-6941.2007.00410.x
http://dx.doi.org/10.1016/j.soilbio.2009.11.024
http://dx.doi.org/10.1111/j.1574-6941.2010.00900.x
http://dx.doi.org/10.1007/s00248-011-9883-y
http://dx.doi.org/10.1007/s00248-011-9883-y
http://dx.doi.org/10.1099/00221287-139-9-2261
http://dx.doi.org/10.1016/0167-7799(94)90037-X
http://dx.doi.org/10.1007/s11104-011-0944-2
http://dx.doi.org/10.1007/s11104-010-0487-y

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 213

antimicrobial activity to plant pathogen Erwinia carotovora subsp. carotovora. J Bacteriol
193:2070-2071. doi:10.1128/JB.00129-11

Deslippe JR, Egger KN (2006) Molecular diversity of nifH genes from bacteria associated with
high arctic dwarf shrubs. Microb Ecol 51:516-525. doi:10.1007/s00248-006-9070-8

Diallo MD, Reinhold-Hurek B, Hurek T (2008) Evaluation of PCR primers for universal nifH gene
targeting and for assessment of transcribed nifH pools in roots of Oryza longistaminata with and
without low nitrogen input. FEMS Microbiol Ecol 65:220-228. doi:10.1111/j.1574-6941.2008.00545.x

Dobereiner J, Reis VM, Paula MA, Olivares F (1993) Endophytic diazotrophs in sugarcane cereals
and tuber crops. In: Palacios R, Moor J, Newton WE (eds) New horizons in nitrogen fixation.
Kluwer, Dordrecht, pp 671-674

Dong Y, Iniguez AL, Ahmer BMM, Triplett EW (2003) Kinetics and strain specificity of rhizo-
sphere and endophytic colonization by enteric bacteria on seedlings of Medicago sativa and
Medicago truncatula. Appl Environ Microbiol 69:1783-1790. doi:10.1128/AEM.69.3.1783-
1790.2003

Dorr J, Hurek T, Reinhold-Hurek B (1998) Type IV pili are involved in plant-microbe and fungus-
microbe interactions. Mol Microbiol 30:7-17. doi:10.1046/j.1365-2958.1998.01010.x

dos Reis FB Jr, Reis VM, Urquiaga S, Dobereiner J (2000) Influence of fertilization on the popula-
tion of diazotrophic bacteria Herbaspirillum spp. and Acetobacter diazotrophicus in sugar cane
(Saccharum spp.). Plant Soil 219:153-159. doi:10.1023/A:1004732500983

Duijff BJ, Gianinazzi-Pearson V, Lemanceau P (1997) Involvement of the outer membrane lipopoly-
saccharides in the endophytic colonization of tomato roots by biocontrol Pseudomonas
Sfluorescens strain WCS417r. New Phytol 135:325-334. doi:10.1046/j.1469-8137.1997.00646.x

Eckert B, Weber OB, Kirchhof G, Halbritter A, Stoffels M, Hartmann A (2001) Azospirillum doe-
bereinerae sp. nov., a nitrogen-fixing bacterium associated with the C -grass Miscanthus. Int
J Syst Evol Microbiol 51:17-26

Egamberdieva D (2009) Alleviation of salt stress by plant growth regulators and IAA producing
bacteria in wheat. Acta Physiol Plant 31:861-864. doi:10.1007/s11738-009-0297-0

Egener T, Martin DE, Sarkar A, Reinhold-Hurek B (2001) Role of a ferredoxin gene cotranscribed
with the nifHDK operon in N, fixation and nitrogenase “switch-off” of Azoarcus sp. strain
BH72. J Bacteriol 183:3752-3760. doi:10.1128/JB.183.12.3752-3760.2001

Feng Y, Shen D, Song W (2006) Rice endophyte Pantoea agglomerans YS19 promotes host plant
growth and affects allocations of host photosynthates. J Appl Microbiol 100:938-945.
doi:10.1111/j.1365-2672.2006.02843.x

Figueiredo MVB, Martinez CR, Burity HA, Chanway CP (2008) Plant growth-promoting rhizobac-
teria for improving nodulation and nitrogen fixation in the common bean (Phaseolus vulgaris L.).
World J Microbiol Biotechnol 24:1187-1193. doi:10.1007/s11274-007-9591-4

Forchetti G, Masciarelli O, Izaguirre MJ, Alemano S, Alvarez D, Abdala G (2010) Endophytic bac-
teria improve seedling growth of sunflower under water stress, produce salicylic acid, and inhibit
growth of pathogenic fungi. Curr Microbiol 61:485-493. doi:10.1007/s00284-010-9642-1

Fouts DE, Tyler HL, DeBoy RT, Daugherty S, Ren Q, Badger JH, Durkin AS, Huot H, Srivastava S,
Kothari S, Dodson RJ, Mohamoud Y, Khouri H, Roesch LFW, Krogfelt KA, Struve C, Triplett
EW, Mathe BA (2008) Complete Genome sequence of the N,-fixing broad host range endo-
phyte Klebsiella pneumoniae 342 and virulence predictions verified in mice. PLoS Genet
4:e1000141. doi:10.1371/journal.pgen.1000141

Franche C, Lindstrom K, Elmerich C (2009) Nitrogen-fixing bacteria associated with leguminous
and non-leguminous plants. Plant Soil 321:35-59. doi:10.1007/s11104-008-9833-8

Fridlender M, Inbar J, Chet I (1993) Biological control of soilborne plant pathogens by a 3-1,3-glu-
canase-producing Pseudomonas cepacia. Soil Biol Biochem 25:1211-1221. doi:10.1016/0038-
0717(93)90217-Y

Fuentes-Ramirez LE, Caballero-Mellado J, Sepulveda J, Martinez-Romero E (1999) Colonization
of sugarcane by Acetobacter diazotrophicus is inhibited by high N-fertilization. FEMS
Microbiol Lett 29:117-128. doi:10.1111/j.1574-6941.1999.tb 00603.x

Glick BR, Cheng Z, Czarny J, Duan J (2007) Promotion of plant growth by ACC deaminase-
producing soil bacteria. Eur J Plant Pathol 119:329-339. doi:10.1007/s10658-007-9162-4


http://dx.doi.org/10.1128/JB.00129-11
http://dx.doi.org/10.1007/s00248-006-9070-8
http://dx.doi.org/10.1111/j.1574-6941.2008.00545.x
http://dx.doi.org/10.1128/AEM.69.3.1783-1790.2003
http://dx.doi.org/10.1128/AEM.69.3.1783-1790.2003
http://dx.doi.org/10.1046/j.1365-2958.1998.01010.x
http://dx.doi.org/10.1023/A:1004732500983
http://dx.doi.org/10.1046/j.1469-8137.1997.00646.x
http://dx.doi.org/10.1007/s11738-009-0297-0
http://dx.doi.org/10.1128/JB.183.12.3752-3760.2001
http://dx.doi.org/10.1111/j.1365-2672.2006.02843.x
http://dx.doi.org/10.1007/s11274-007-9591-4
http://dx.doi.org/10.1007/s00284-010-9642-1
http://dx.doi.org/10.1371/journal.pgen.1000141
http://dx.doi.org/10.1007/s11104-008-9833-8
http://dx.doi.org/10.1016/0038-0717(93)90217-Y
http://dx.doi.org/10.1016/0038-0717(93)90217-Y
http://dx.doi.org/10.1111/j.1574-6941.1999.tb 00603.x
http://dx.doi.org/10.1007/s10658-007-9162-4

214 G. Gupta et al.

Godfrey SAC, Mansfield JW, Corry DS, Lovell HC, Jackson RW, Arnold DL (2010) Confocal
imaging of Pseudomonas syringae pv. phaseolicola colony development in bean reveals
reduced multiplication of strains containing the genomic island PPHGI-1. Mol Plant Microbe
Interact 23:1294-1302. doi:10.1094/MPMI-05-10-0114

Gong W, He K, Covington M, Dinesh-Kumar SP, Snyder M, Harmer SL, Zhu YX, Deng XW
(2008) The development of protein microarrays and their applications in DNA-protein and
protein-protein interaction analyses of Arabidopsis transcription factors. Mol Plant 1:27-41.
doi:10.1093/mp/ssm009

Gough C, Galera C, Vasse J, Webster G, Cocking EC, Denarie J (1997) Specific flavonoids pro-
mote intercellular root colonization of Arabidopsis thaliana by Azorhizobium caulinodans
ORS571. Mol Plant Microbe Interact 10:560-570. doi:10.1094/MPMI.1997.10.5.560

Govindarajan M, Balandreau J, Kwon SW, Weon HY, Lakshminarasimhan C (2008) Effects of the
inoculation of Burkholderia vietnamiensis and related endophytic diazotrophic bacteria on
grain yield of rice. Microb Ecol 55:21-37. doi:10.1007/s00248-007-9247-9

Grange L, Hungria M (2004) Genetic diversity of indigenous common bean (Phaseolus vulgaris)
rhizobia on two Brazilian ecosystem. Soil Biol Biochem 36:1389-1398. doi:10.1016/j.
s0ilbio.2004.03.005

Gyaneshwar P, James EK, Reddy PM, Ladha JK (2002) Herbaspirillum colonization increases
growth and nitrogen accumulation in aluminium-tolerant rice varieties. New Phytol 154:131-145.
doi:10.1046/j.1469-8137.2002.00371.x

Hallmann J, Quadt-Hallmann A, Mahaffee WF, Kloepper JW (1997) Bacterial endophytes in
agricultural crops. Can J Microbiol 43:895-914. doi:10.1139/m97-131

Han J, Choi HK, Lee SW, Orwin PM, Kim J, LaRoe SL, Kim TG, O’Neil J, Leadbetter JR, Lee
SY, Hur CG, Spain JC, Ovchinnikova G, Goodwin L, Han C (2011) Complete genome sequence
of the metabolically versatile plant growth-promoting endophyte Variovorax paradoxus S110.
J Bacteriol 193:1183-1190. doi:10.1128/J1B.00925-10

Hardoim PR, van Overbeek LS, Elsas JD (2008) Properties of bacterial endophytes and their pro-
posed role in plant growth. Trends Microbiol 16:463-471. doi:10.1016/j.tim.2008.07.008

Hartmann A, Stoffels M, Eckert B, Kirchhof G, Schloter M (2000) Analysis of the presence and
diversity of diazotrophic endophytes. In: Triplett EW (ed) Prokaryotic nitrogen fixation: a
model system for the analysis of a biological process. Horizon Scientific Press, Wymondham,
UK, pp 727-736

Hawes MC, Brigham LA, Wen F, Woo HH, Zhu Y (1998) Function of root border cells in plant
health: pioneers in the rhizosphere. Annu Rev Phytopathol 36:311-327. doi:10.1146/annurev.
phyto.36.1.311

Hoflich G, Wiehe W, Hecht-Buchholz C (1995) Rhizosphere colonization of different crops with
growth promoting Pseudomonas and Rhizobium bacteria. Microbiol Res 150:139-147.
doi:10.1016/S0944-5013(11)80048-0

Hurek T, Reinhold-Hurek B (2003) Azoarcus sp. strain BH72 as a model for nitrogen-fixing grass
endophytes. J Biotechnol 106:169-178. doi:10.1016/j.jbiotec.2003.07.010

Hurek T, Wagner B, Reinhold-Hurek B (1997) Identification of N _-fixing plant and fungus associ-
ated Azoarcus species by PCR-based genomic fingerprints. Appl Environ Microbiol
63:4331-4339

Iniguez AL, Dong Y, Triplett EW (2004) Nitrogen fixation in wheat provided by Klebsiella pneu-
moniae 342. Mol Plant Microbe Interact 17:1078-1085. doi:10.1094/MPMI1.2004.17.10.1078

Iniguez AL, Dong Y, Carter HD, Ahmer BMM, Stone JM, Triplett EW (2005) Regulation of
enteric endophytic bacterial colonization by plant defenses. Mol Plant Microbe Interact
18:169-178. doi:10.1094/MPMI-18-0169

Islam R, Trivedi P, Madhaiyan M, Seshadri S, Lee G, Yang J, Kim Y, Kim M, Han G, Chauhan PS,
Sa T (2010) Isolation, enumeration, and characterization of diazotrophic bacteria from paddy
soil sample under long-term fertilizer management experiment. Biol Fertil Soils 46:261-269.
doi:10.1007/s00374-009-0425-4

Izquierdo JA, Nusslein K (2006) Distribution of extensive nifH gene diversity across physical soil
microenvironments. Microb Ecol 51:441-452. doi:10.1007/s00248-006-9044-x


http://dx.doi.org/10.1094/MPMI-05-10-0114
http://dx.doi.org/10.1093/mp/ssm009
http://dx.doi.org/10.1094/MPMI.1997.10.5.560
http://dx.doi.org/10.1007/s00248-007-9247-9
http://dx.doi.org/10.1016/j.soilbio.2004.03.005
http://dx.doi.org/10.1016/j.soilbio.2004.03.005
http://dx.doi.org/10.1046/j.1469-8137.2002.00371.x
http://dx.doi.org/10.1139/m97-131
http://dx.doi.org/10.1128/JB.00925-10
http://dx.doi.org/10.1016/j.tim.2008.07.008
http://dx.doi.org/10.1146/annurev.phyto.36.1.311
http://dx.doi.org/10.1146/annurev.phyto.36.1.311
http://dx.doi.org/10.1016/S0944-5013(11)80048-0
http://dx.doi.org/10.1016/j.jbiotec.2003.07.010
http://dx.doi.org/10.1094/MPMI.2004.17.10.1078
http://dx.doi.org/10.1094/MPMI-18-0169
http://dx.doi.org/10.1007/s00374-009-0425-4
http://dx.doi.org/10.1007/s00248-006-9044-x

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 215

James EK, Olivares FL (1998) Infection and colonization of sugarcane and other gramineous plants
by endophytic diazotrophs. Crit Rev Plant Sci 17:77-119. doi:10.1080/07352689891304195
James EK, Olivares FL, de Oliveira ALM, dos Reis Jr FB, da Silva LG, Reis M (2001) Further
observations on the interaction between sugarcane and Gluconoacetobacter diazotrophicus
under laboratory and greenhouse conditions. J Exp Bot 52:747-760. doi:10.1093/
jexbot/52.357.747

Jha PN, Kumar A (2007) Endophytic colonization of Typha australis by a plant growth-
promoting bacterium Klebsiella oxytoca strain GR-3. J Appl Microbiol 103:1311-1320.
doi:10.1111/5.1365-2672.2007.03383.x

Jha P, Kumar A (2009) Characterization of novel plant growth promoting endophytic bacterium
Achromobacter xylosoxidans from wheat plant. Microb Ecol 58:179-188. doi:10.1007/s00248-
009-9485-0

Jousset A, Rochat L, Lanoue A, Bonkowski M, Keel C, Scheu S (2011) Plants respond to pathogen
infection by enhancing the antifungal gene expression of root-associated bacteria. Mol Plant
Microbe Interact 24:352-358. doi:10.1094/MPMI-09-10-0208

Kaneko T, Minamisawa K, Isawa T, Nakatsukasa H, Mitsui H, Kawaharada Y, Nakamura Y,
Watanabe A, Kawashima K, Ono A, Shimizu Y, Takahashi C, Minami C, Fujishiro T, Kohara M,
Katoh M, Nakazaki N, Nakayama S, Yamada M, Tabata S, Sato S (2010) Complete genomic
structure of the cultivated rice endophyte Azospirillum sp. B510. DNA Res 17:37-50.
doi:10.1093/dnares/dsp026

Kannan V, Sureendar R (2009) Synergistic effect of beneficial rhizosphere microflora in biocontrol
and plant growth promotion. J Basic Microbiol 49:158-164. doi:10.1002/jobm.20080001 1

Kaur R, Macleod J, Foley W, Nayudu M (2006) Gluconic acid: an antifungal agent produced by
Pseudomonas species in biological control of take-all. Phytochemistry 67:595-604.
doi: 10.1016/j.phytochem.2005.12.011

Khammas KM, Kaiser P (1991) Characterization of a pectinolytic activity in Azospirillum irak-
ense. Plant Soil 137:75-79. doi:10.1007/BF02187435

Kiely PD, Haynes JM, Higgins CH, Franks A, Mark GL, Morrissey JP, O’Gara F (2006) Exploiting
new systems-based strategies to elucidate plant-bacterial interactions in the rhizosphere.
Microb Ecol 51:257-266. doi:10.1007/s00248-006-9019-y

King RJ, Short KA, Seidler RJ (1991) Assay for detection and enumeration of genetically engi-
neered microorganisms which is based on the activity of a deregulated 2,4-dichlorophenoxyac-
etate monooxygenase. Appl Environ Microbiol 57:1790-1792

Kirchhof G, Reis VM, Baldani JI, Eckert B, Dobereiner J, Hartmann A (1997) Occurrence, physi-
ological and molecular analysis of endophytic diazotrophic bacteria in gramineous energy
plants. Plant Soil 194:45-55. doi:10.1023/A:1004217904546

Kirk JL, Beaudette LA, Hart M, Moutoglis P, Klironomos JN, Lee H, Trevors JT (2004) Methods
of studying soil microbial diversity. J Microbiol Methods 58:169-188. doi:10.1016/j.
mimet.2004.04.006

Knauth S, Hurek T, Brar D, Reinhold-Hurek B (2005) Influence of different Oryza cultivars on
expression of nifH gene pools in roots of rice. Environ Microbiol 7:1725-1733.
doi:10.1111/5.1462-2920.2005.00841.x

Kohler J, Hernandez JA, Caravaca F, Roldan A (2008) Plant-growth-promoting rhizobacteria and
arbuscular mycorrhizal fungi modify alleviation biochemical mechanisms in water-stressed
plants. Funct Plant Biol 35:141-151. doi:10.1071/FP07218

Kovach ME, Phillips RW, Elzer PH, Roop RM, Peterson KM (1994) pBBRIMCS: a broad-host-
range cloning vector. Biotechniques 16:800-802

Kovach ME, Elzer PH, Hill DS, Robertson GT, Farris MA, Roop RM, Peterson KM (1995) Four
new derivatives of the broad-host range cloning vector pPBBR1MCS, carrying antibiotic-resis-
tance cassettes. Gene 166:175-176. doi:10.1016/0378-1119(95)00584-1

Kraepiel AML, Bellenge JP, Wichard T, Morel FMM (2009) Multiple roles of siderophores in free-
living nitrogen-fixing bacteria. Biometals 22:573-581. doi:10.1007/s10534-009-9222-7

Krause A, Ramakumar A, Bartels D, Battistoni F, Bekel T, Bosh J, Bohm M, Friedrich F, Hurek T,
Krause L, Linke B, McHardy AC, Sarkar A, Schneiker S, Syed AA, Thauer R, Vorholter FJ,


http://dx.doi.org/10.1080/07352689891304195
http://dx.doi.org/10.1093/jexbot/52.357.747
http://dx.doi.org/10.1093/jexbot/52.357.747
http://dx.doi.org/10.1111/j.1365-2672.2007.03383.x
http://dx.doi.org/10.1007/s00248-009-9485-0
http://dx.doi.org/10.1007/s00248-009-9485-0
http://dx.doi.org/10.1094/MPMI-09-10-0208
http://dx.doi.org/10.1093/dnares/dsp026
http://dx.doi.org/10.1002/jobm.200800011
http://dx.doi.org/10.1016/j.phytochem.2005.12.011
http://dx.doi.org/10.1007/BF02187435
http://dx.doi.org/10.1007/s00248-006-9019-y
http://dx.doi.org/10.1023/A:1004217904546
http://dx.doi.org/10.1016/j.mimet.2004.04.006
http://dx.doi.org/10.1016/j.mimet.2004.04.006
http://dx.doi.org/10.1111/j.1462-2920.2005.00841.x
http://dx.doi.org/10.1071/FP07218
http://dx.doi.org/10.1016/0378-1119(95)00584-1
http://dx.doi.org/10.1007/s10534-009-9222-7

216 G. Gupta et al.

Weinder S, Puhler A, Reinhold-Hurek B, Kaiser O, Goesmann A (2006) Complete genome of the
mutualistic, N -fixing grass endophyte Azoarcus sp. strain BH72. Nat Biotechnol 24:1385-1391.
doi:10.1038/nbt1243

Ladha JK, Reddy PM (2000) The quest for nitrogen fixation in rice. In: Proceeding of the third
working group meeting on assessing opportunities for nitrogen fixation in rice, 9-12 Aug 1999.
International Rice Research Institute, Makati City, pp 354

Lery LMS, Coelho A, von Kruger WMA, Goncalves MSM, Santos MF, Valente RH, Santos EO,
Rocha SLG, Perales J, Domont GB, Teixeira KRS, Bisch PM (2008) Protein expression profile
of Gluconacetobacter diazotrophicus PALS, a sugarcane endophytic plant growth-promoting
bacterium. Proteomics 8:1631-1644. doi:10.1002/pmic.200700912

Li CH, Zhao MW, Tang CM, Li SP (2010) Population dynamics and identification of endophytic
bacteria antagonistic toward plant-pathogenic fungi in cotton root. Microb Ecol 59:344-356.
doi:10.1007/s00248-009-9570-4

Lin L, Guo W, Xing Y, Zhang X, Li Z, Hu C, Li S, Li Y, An Q (2012) The actinobacterium
Microbacterium sp. 16SH accepts pBBR1-based pPROBE vectors, forms biofilms, invades
roots, and fixes N, associated with micropropagated sugarcane plants. Appl Microbiol
Biotechnol 93:1185-1195. doi:10.1007/s00253-011-3618-3

Lopez-Bucio J, Campos-Cuevas JC, Hernandez-Calderon E, Velasquez-Becerra C, Farias-Rodriguez
R, Macias-Rodriguez LI, Valencia-Cantero E (2007) Bacillus megaterium rhizobacteria pro-
mote growth and alter root-system architecture through an auxin- and ethylene-independent
signaling mechanism in Arabidopis thaliana. Mol Plant Microbe Interact 20:207-217.
doi:10.1094/MPMI-20-2-0207

Lovell CR, Piceno YM, Quattro JM, Bagwell CE (2000) Molecular analysis of diazotroph diver-
sity in the rhizosphere of the smooth Cordgrass, Spartina alterniflora. Appl Environ Microbiol
66:3814-3822. doi:10.1128/AEM.66.9.3814-3822.2000

Lucy M, Reed E, Glick BR (2004) Applications of free living plant growth promoting rhizobacte-
ria. Antonie Van Leeuwenhoek 86:1-25. doi:10.1023/B:ANTO. 0000024903.10757.6¢

Lugtenberg B, Kamilova F (2009) Plant-growth-promoting Rhizobacteria. Annu Rev Microbiol
63:541-556. doi:10.1146/annurev.micro.62.081307.162918

Lugtenberg BlJ, Dekkers LC, Bloemberg GV (2001) Molecular determinants of rhizosphere coloniza-
tion by Pseudomonas. Annu Rev Phytopathol 39:461-490. doi:10.1146/annurev.phyto.39.1.461

Manefield M, Whiteley AS, Griffiths RI, Bailey MJ (2002) RNA stable isotope probing, a novel
means of linking microbial community function to phylogeny. Appl Environ Microbiol
68:5367-5373. doi:10.1128/AEM.68.11.5367-5373.2002

Marulanda A, Barea JM, Azcon R (2009) Stimulation of plant growth and drought tolerance by
native microorganisms (AM fungi and bacteria) from dry environments: mechanisms related to
bacterial effectiveness. J Plant Growth Regul 28:115-124. doi:10.1007/s00344-009-9079-6

Miche L, Battistoni F, Gernmer S, Belghazi M, Reinhold-Hurek B (2006) Upregulation of jas-
monate-inducible defense proteins and differential colonization of roots of Oryza sativa culti-
vars with the endophyte Azoarcus sp. Mol Plant Microbe Interact 19:502-511. doi:10.1094/
MPMI-19-0502

Mirza MS, Rasul G, Mehnaz S, Ladha JK, So RB, Ali S, Malik KA (2000) Beneficial effects of
inoculated nitrogen-fixing bacteria on rice. In: Ladha JK, Reddy PM (eds) The quest for nitro-
gen fixation in rice. International Rice Research Institute, Manila, pp 191-204

Muthukumarasamy R, Cleenwerck I, Revathi G, Vadivelu M, Janssens D, Hoste B, Gum KU, Park
K, Son CY, Sa T, Caballero-Mellado J (2005) Natural association of Gluconoacetobacter diaz-
otrophicus and diazotrophic Acetobacter peroxydans with wetland rice. Syst Appl Microbiol
28:277-286. doi:10.1016/j.syapm.2005.01.006

Muthukumarasamy R, Kang UG, Park KD, Jeon WT, Park CY, Cho YS, Kwon SW, Song J, Roh DH,
Revathi G (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. doi:10.1111/j.1365-2672.2006.03157.x

Nishizawa T, Tago K, Oshima S, Hattori M, Ishii S, Otsuka S, Senoo K (2012) Complete genome
sequence denitrifying and N,O-reducing bacterium Azoarcus sp. strain KH32C. J Bacteriol
194:1255. doi:10.1128/JB.06618-11


http://dx.doi.org/10.1038/nbt1243
http://dx.doi.org/10.1002/pmic.200700912
http://dx.doi.org/10.1007/s00248-009-9570-4
http://dx.doi.org/10.1007/s00253-011-3618-3
http://dx.doi.org/10.1094/MPMI-20-2-0207
http://dx.doi.org/10.1128/AEM.66.9.3814-3822.2000
http://dx.doi.org/10.1023/B:ANTO. 0000024903.10757.6e
http://dx.doi.org/10.1146/annurev.micro.62.081307.162918
http://dx.doi.org/10.1146/annurev.phyto.39.1.461
http://dx.doi.org/10.1128/AEM.68.11.5367-5373.2002
http://dx.doi.org/10.1007/s00344-009-9079-6
http://dx.doi.org/10.1094/MPMI-19-0502
http://dx.doi.org/10.1094/MPMI-19-0502
http://dx.doi.org/10.1016/j.syapm.2005.01.006
http://dx.doi.org/10.1111/j.1365-2672.2006.03157.x
http://dx.doi.org/10.1128/JB.06618-11

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 217

Niu DD, Liu HX, Jiang CH, Wang YP, Jin HL, Guo JH (2011) The plant growth-promoting
rhizobacterium Bacillus cereus AR156 induces systemic resistance in Arabidopsis thaliana, by
simultaneously activating salicylate- and jasmonate/ethylene-dependent signaling pathways.
Mol Plant Microbe Interact 24:533-542. doi:10.1094/MPMI-09-10-0213

Nogales B, Moore ERB, Llobet-Brossa E, Rossello-Mora R, Amann R, Timmis KN (2001)
Combined use of 16S ribosomal DNA and 16S rRNA to study the bacterial community of
polychlorinated biphenyl-polluted soil. Appl Environ Microbiol 67:1874—1884. doi:10.1128/
AEM.67.4.1874-1884.2001

O’Callaghan KJ, Stone PJ, Hu X, Griffiths DW, Davey MR, Cocking EC (2000) Effects of glu-
cosinolates and flavonoids on colonization of the roots of Brassica napus by Azorhizobium
caulinodans ORS571. Appl Environ Microbiol 66:2185-2191. doi:10.1128/AEM.66.5.2185-
2191.2000

Ordentlich A, Elad Y, Chet I (1988) The role of chitinase of Serratia marcescens in biocontrol of
Sclerotium rolfsii. Phytopathology 78:84—88. doi:10.1094/Phyto-78-84

Ovreas L, Torsvik VV (1998) Microbial diversity and community structure in two different
agricultural soil communities. Microb Ecol 36:303-315. doi:10.1007/s002489900117

Pandey A, Mann M (2000) Proteomics to study genes and genomes. Nature 405:837-846.
doi:10.1038/35015709

Pedrosa FO, Monteiro RA, Wassem R, Cruz LM, Ayub RA, Colauto NB, Fernandez MA, Fungaro
MHP, Grisard EC, Hungria M, Madeira HMF, Nodari RO, Osaku CA, Petzl-Erler ML, Terenzi
H, Vieira LGE, Steffens MBR, Weiss VA, Pereira LFP, Almeida MIM, Alves LR, Marin A,
Araujo LM, Balsanelli E, Baura VA, Chubatsu LS, Faoro H, Favetti A, Friedermann G, Glienke
C, Karp S, Kava-Cordeiro V, Raitzz RT, Ramos HJO, Ribeiro EMSF, Rigo LU, Rocha SN,
Schwab S, Silva AG, Souza EM, Tadra-Sfeir MZ, Torres RA, Dabul ANG, Soares MAM,
Gasques LS, Gimenes CCT, Valle JS, Ciferri RR, Correa LC, Murace NK, Pamphile JA, Patussi
EV, Prioli AJ, Prioli SMA, Rocha CLMSC, Arantes OMN, Furlaneto MC, Godoy LP, Oliveira
CEC, Satori D, Vilas-Boas LA, Watanabe MAE, Dambros BP, Guerra MP, Mathioni SM,
Santos KL, Steindel M, Vernal J, Barbellos FG, Campo RJ, Chueira LMO, Nicholas MF,
Pereira-Ferrari L, da Conceicao Silva JL, Gioppa NMR, Margarido VP, Menck-Soares MA,
Pinto FGS, Simao RDCG, Takahashi EK, Yates MG, Souza EM (2011) Genome of
Herbaspirillum seropedicae strain SmR1, a specialized diazotrophic endophyte of tropical
grasses. PLoS Genet 7:¢1002064. doi:10.1371/journal.pgen.1002064

Pilhofer M, Pavlekovic M, Lee NM, Ludwig W, Schleifer KH (2009) Fluorescence in sifu hybrid-
ization for intracellular localization of nifH mRNA. Syst Appl Microbiol 32:186-192.
doi:10.1016/j.syapm.2008.12.007

Pleban S, Chernin L, Chet I (1997) Chitinolytic activity of an endophytic strain of Bacillus cereus.
Lett Appl Microbiol 25:284-288. doi:10.1046/j.1472-765X.1997.00224.x

Preston GM, Bertrand N, Rainey PB (2001) Type I1I secretion in plant growth-promoting Pseudomonas
Sfluorescens SBW25. Mol Microbiol 41:999-1014. doi:10.1046/j.1365-2958.2001.02560.x

Prieto P, Schiliro E, Maldonado-Gonzalez MM, Valderrama R, Barroso-Albarracin JB, Mercado-
BlancoJ (2011) Root hairs play akey role in the endophytic colonization of olive roots by Pseudomonas
spp. with biocontrol activity. Microb Ecol 62:435-445. doi:10.1007/s00248-011-9827-6

Rabus R, Kube M, Heider J, Beck A, Heitmann K, Widdel F, Reinhardt R (2005) The genome
sequence of an anaerobic aromatic-degrading denitrifying bacterium strain EbN1. Arch
Microbiol 183:27-36. doi:10.1007/s00203-004-0742-9

Rajkumar M, Ae N, Prasad MNV, Freitas H (2010) Potential of siderophore-producing bacteria for
improving heavy metal phytoextraction. Trends Biotechnol 28:142-149. doi:10.1016/].
tibtech.2009.12.002

Ramos HJO, Roncato-Maccari LDB, Souza EM, Soares-Ramos JR, Hungria M, Pedrosa FO
(2002) Monitoring Azospirillum-wheat interactions using the gfp and gusA genes constitu-
tively expressed from a new broad-host range vector. J Biotechnol 97:243-252. doi:10.1016/
S0168-1656(02)00108-6

Rasche F, Lueders T, Schloter M, Schaefer S, Buegger F, Gattinger A, Hood-Nowotny RC, Sessitsch
A (2009) DNA-based stable isotope probing enables the identification of active bacterial endo-
phytes in potatoes. New Phytol 181:802-807. doi:10.1111/j.1469-8137.2008.02744 .x


http://dx.doi.org/10.1094/MPMI-09-10-0213
http://dx.doi.org/10.1128/AEM.67.4.1874-1884.2001
http://dx.doi.org/10.1128/AEM.67.4.1874-1884.2001
http://dx.doi.org/10.1128/AEM.66.5.2185-2191.2000
http://dx.doi.org/10.1128/AEM.66.5.2185-2191.2000
http://dx.doi.org/10.1094/Phyto-78-84
http://dx.doi.org/10.1007/s002489900117
http://dx.doi.org/10.1038/35015709
http://dx.doi.org/10.1371/journal.pgen.1002064
http://dx.doi.org/10.1016/j.syapm.2008.12.007
http://dx.doi.org/10.1046/j.1472-765X.1997.00224.x
http://dx.doi.org/10.1046/j.1365-2958.2001.02560.x
http://dx.doi.org/10.1007/s00248-011-9827-6
http://dx.doi.org/10.1007/s00203-004-0742-9
http://dx.doi.org/10.1016/j.tibtech.2009.12.002
http://dx.doi.org/10.1016/j.tibtech.2009.12.002
http://dx.doi.org/10.1016/S0168-1656(02)00108-6
http://dx.doi.org/10.1016/S0168-1656(02)00108-6
http://dx.doi.org/10.1111/j.1469-8137.2008.02744.x

218 G. Gupta et al.

Raymond J, Siefert JL, Staples CR, Blankenship RE (2004) The natural history of nitrogen fixation.
Mol Biol Evol 21:541-554. doi:10.1093/molbev/msh047

Reinhold-Hurek B, Hurek T (1998) Interactions of gramineous plants with Azoarcus spp. and other
diazotrophs: identification, localization and perspectives to study their function. Crit Rev Plant
Sci 17:29-54. doi:10.1080/07352689891304186

Reinhold-Hurek B, Hurek T (2011) Living inside plants: bacterial endophytes. Curr Opin Plant
Biol 14:435-443. doi:10.1016/j.pbi.2011.04.004

Reinhold-Hurek B, Maes T, Gemmer S, Montagu MV, Hurek T (2006) An endoglucanase is
involved in infection of rice roots by the not-cellulose-metabolizing endophyte Azoarcus Sp.
strain BH72. Mol Plant Microbe Interact 19:181-188. doi:10.1094/MPMI-19-01810

Reuber TL, Long S, Walker GC (1991) Regulation of Rhizobium meliloti exo genes in free-living
cells and in planta examined by using TnphoA fusions. J Bacteriol 173:426-434

Rochat L, Pechy-Tarr M, Baehler E, Maurhofer M, Keel C (2010) Combination of fluorescent
reporters for simultaneous monitoring of root colonization and antifungal gene expression by a
biocontrol Pseudomonad on cereals with Flow cytometry. Mol Plant Microbe Interact 23:949—
961. doi:10.1094/MPMI-23-7-0949

Roe MR, Griffin TJ (2006) Gel-free mass spectrometry-based high throughput proteomics: tools
for studying biological response of proteins and proteomes. Proteomics 6:4678-4687.
doi:10.1002/pmic.200500876

Rosado AS, Duarte GF, Seldin L, Elsas JDV (1998) Genetic Diversity of nifH gene sequences in
Paenibacillus azotofixans strains and soil samples analyzed by Denaturing gradient gel electro-
phoresis of PCR-amplified gene fragments. Appl Environ Microbiol 64:2770-2779

Rosenblueth M, Martinez-Romero E (2006) Bacterial endophytes and their interactions with hosts.
Mol Plant Microbe Interact 19:827-837. doi:10.1094/MPMI-19-0827

Rothballer M, Eckert B, Schmid M, Fekete A, Schloter M, Lehner A, Pollmann S, Hartmann A
(2008) Endophytic root colonization of gramineous plants by Herbaspirillum frisingense.
FEMS Microbiol Ecol 66:85-95. doi:10.1111/j.1574-6941.2008.00582.x

Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN (2008) Bacterial endophytes: recent develop-
ments and applications. FEMS Microbiol Lett 278:1-9. doi:10.1111/j.1574-6968.2007.00918.x

Ryu RJ, Patten CL (2008) Aromatic amino acid-dependent expression of indole-3-pyruvate decar-
boxylase is regulated by 7yrR in Enterobacter cloacae UWS5. J Bacteriol 190:7200-7208.
doi:10.1128/JB.00804-08

Ryu CM, Farag MA, Hu CH, Reddy MS, Kloepper JW, Pare PW (2004) Bacterial volatiles induce
systemic resistance in Arabidopsis. Plant Physiol 134:1017-1026. doi:10.1104/pp.103.026583

Saleh SS, Glick BR (2001) Involvement of gacS and rpoS in enhancement of the plant growth-
promoting capabilities of Enterobacter cloacae CAL2 and UW4. Can J Microbiol 47:698-705.
doi:10.1139/cjm-47-8-698

Schloss PD, Handelsman J (2003) Biotechnological prospects from metagenomics. Curr Opin
Biotechnol 14:303-310. doi:10.1016/S0958-1669(03)00067-3

Schmidt MA, Souza EM, Baura V, Wassem R, Yates MG, Pedrosa FO, Monteiro RA (2011)
Evidence for the endophytic colonization of Phaseolus vulgaris (common bean) roots by the
diazotroph Herbaspirillum seropedicae. Braz ] Med Biol Res 44:182-185. doi:10.1590/S0100-
879X2011007500004

Schwab S, Ramos HJ, Souza EM, Pedrosa FO, Yates MG, Chubatsu LS, Rigo LU (2007)
Identification of NH,*-regulated genes of Herbaspirillum seropedicae by random insertional
mutagenesis. Arch Microbiol 187:379-386. doi:10.1007/s00203-006-0202-9

Serrato RV, Sassaki GL, Cruz LM, Carlson RW, Muszynski A, Monteiro RA, Pedrosa FO, Souza
EM, Iacomini M (2010) Chemical composition of lipopolysaccharides isolated from various
endophytic nitrogen-fixing bacteria of the genus Herbaspirillum. Can J Microbiol 56:342-347.
doi:10.1139/W10-011

Setubal JC, dos Santos P, Goldman BS, Ertesvag H, Espin G, Rubio LM, Valla S, Almeida NF,
Balasubramanian D, Cromes L, Curatti L, Du Z, Godsy E, Goodner B, Hellner-Burris K,
Hernandez JA, Houmiel K, Imperial J, Kennedy C, Larson TJ, Latreille P, Ligon LS, Lu J,
Marek M, Miller NM, Norton S, O’Carroll IP, Paulsen I, Raulfs EC, Roemer R, Rosser J,


http://dx.doi.org/10.1093/molbev/msh047
http://dx.doi.org/10.1080/07352689891304186
http://dx.doi.org/10.1016/j.pbi.2011.04.004
http://dx.doi.org/10.1094/MPMI-19-01810
http://dx.doi.org/10.1094/MPMI-23-7-0949
http://dx.doi.org/10.1002/pmic.200500876
http://dx.doi.org/10.1094/MPMI-19-0827
http://dx.doi.org/10.1111/j.1574-6941.2008.00582.x
http://dx.doi.org/10.1111/j.1574-6968.2007.00918.x
http://dx.doi.org/10.1128/JB.00804-08
http://dx.doi.org/10.1104/pp.103.026583
http://dx.doi.org/10.1139/cjm-47-8-698
http://dx.doi.org/10.1016/S0958-1669(03)00067-3
http://dx.doi.org/10.1590/S0100-879X2011007500004
http://dx.doi.org/10.1590/S0100-879X2011007500004
http://dx.doi.org/10.1007/s00203-006-0202-9
http://dx.doi.org/10.1139/W10-011

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 219

Segura D, Slater S, Stricklin SL, Studholme D, Sun J, Viana CJ, Wallin E, Wang B, Wheller C,
Zhu H, Dean DR, Dixon R, Wood D (2009) Genome sequence of Azotobacter vinelandii, an
obligate aerobe specialized to support diverse anaerobic metabolic processes. J Bacteriol
191:4534-4545. doi:10.1128/JB.00504-09

Sevilla M, Kennedy C (2000) Genetic analysis of nitrogen fixation and plant-growth stimulating
properties of Acetobacter diazotrophicus, an endophyte of sugarcane. In: Triplett EW (ed)
Prokaryotic Nitrogen fixation: a model system for the analysis of biological process. Horizon
Scientific Press, Wymondham, UK, pp 737-760

Singh MK, Singh DP, Mesapogu S, Babu BK, Bontemps C (2011) Concomitant colonization of
nifH positive endophytic Burkholderia sp. in rice (Oryza sativa L.) promotes plant growth.
World J Microbiol Biotechnol 27:2023-2031. doi:10.1007/s11274-011-0664-z

Somers E, Srinivasan M, Vanderleyden J (2004) Rhizosphere bacterial signalling: a love parade
beneath our feet. Crit Rev Microbiol 30:205-240

Spaepen S, Vanderleyden J, Remans R (2007) Indole-3-acetic acid in microbial and microorganism-
plant signaling. FEMS Microbiol Rev 31:425-448. doi:10.1111/j.1574-6976.2007.00072.x

Sprent JI, de Faria SM (1988) Mechanisms of infection of plants by nitrogen fixing organisms.
Plant Soil 110:157-165. doi:10.1007/BF02226795

Strobel G (2006) Harnessing endophytes for industrial microbiology. Curr Opin Microbiol 9:240-244.
doi:10.1016/j.mib.2006.04.001

Tadra-Sfeir MZ, Souza EM, Faoro H, Muller-Santos M, Baura VA, Tuleski TR, Rigo L, Yates MG,
Waseem R, Pedrosa FO, Monteiro RA (2011) Naringenin regulates expression of genes
involved in cell wall synthesis in Herbaspirillum seropedicae. Appl Environ Microbiol
77:2180-2183. doi:10.1128/AEM.02071-10

Taghavi S, van der Lelie D, Hoffman A, Zhang YB, Walla MD, Vangronsveld J, Newman L,
Monchy S (2010) Genome sequence of the plant growth promoting endophytic bacterium
Enterobacter sp. 638. PLoS Genet 6:¢1000943. doi:10.1371/journal. pgen.1000943

Taule C, Mareque C, Barlocco C, Hackembruch F, Reis VM, Sicardi M, Battistoni F (2012) The
contribution of nitrogen fixation to sugarcane (Saccharum officinarum L.), and the identification
and characterization of part of the associated diazotrophic bacterial community. Plant Soil
356:35-49. doi:10.1007/s11104-011-1023-4

Terakado-Tonooka J, Ohwaki Y, Yamakawa H, Tanaka F, Yoneyama T, Fujihara S (2008) Expressed
nifH genes of endophytic bacteria detected in field-grown sweet potatoes (Ipomoea batatas L.).
Microbes Environ 23:89-93. doi:10.1264/jsme2.23.89

Tjamos SE, Flemetakis E, Paplomatas EJ, Katinakis P (2005) Induction of resistance to Verticillium
dahlia in Arabidopsis thaliana by the biocontrol agent K-165 and pathogenesis-related pro-
teins gene expression. Mol Plant Microbe Interact 18:555-561. doi:10.1094/MPMI-18-0555

Ueda T, Suga Y, Yahiro N, Matsuguchi T (1995a) Remarkable N, -fixing bacterial diversity detected
in rice roots by molecular evolutionary analysis of nifH gene sequences. J Bacteriol
177:1414-1417

Ueda T, Suga Y, Yahiro N, Matsuguchi T (1995b) Genetic diversity of N -fixing bacteria associ-
ated with rice roots by molecular evolutionary analysis of nifD library. Can J Microbiol
41:235-240

Urquiaga S, Xavier RP, de Morais RF, Batista RB, Schultz N, Leite JM, Sa JM, Barbosa KP, de
Resende AS, Alves BJR, Boddey RM (2012) Evidence from field nitrogen balance and "N
natural abundance data for the contribution of biological N,-fixation to Brazilian sugarcane
varieties. Plant Soil. doi:10.1007/s11104-011-1016-3

van Loon LC (2007) Plant responses to plant growth-promoting rhizobacteria. Eur J Plant Pathol
119:243-254. doi:10.1007/s10658-007-9165-1

van West P, Morris BM, Reid B, Appiah AA, Osborne MC, Campbell TA, Shepherd SJ, Gow NAR
(2002) Oomycete plant pathogens use electric fields to target roots. Mol Plant Microbe Interact
15:790-798. doi:10.1094/MPM1.2002.15.8.790

Venieraki A, Dimou M, Pergalis P, Chatzipavlidis I, Katinakis P (2011) The genetic diversity of
culturable nitrogen-fixing bacteria in the rhizosphere of wheat. Microb Ecol 61:277-285.
doi:10.1007/s00248-010-9747-x


http://dx.doi.org/10.1128/JB.00504-09
http://dx.doi.org/10.1007/s11274-011-0664-z
http://dx.doi.org/10.1111/j.1574-6976.2007.00072.x
http://dx.doi.org/10.1007/BF02226795
http://dx.doi.org/10.1016/j.mib.2006.04.001
http://dx.doi.org/10.1128/AEM.02071-10
http://dx.doi.org/10.1371/journal. pgen.1000943
http://dx.doi.org/10.1007/s11104-011-1023-4
http://dx.doi.org/10.1264/jsme2.23.89
http://dx.doi.org/10.1094/MPMI-18-0555
http://dx.doi.org/10.1007/s11104-011-1016-3
http://dx.doi.org/10.1007/s10658-007-9165-1
http://dx.doi.org/10.1094/MPMI.2002.15.8.790
http://dx.doi.org/10.1007/s00248-010-9747-x

220 G. Gupta et al.

Verhagen BW, Trotel-Aziz P, Couderchet M, Hofte M, Aziz A (2010) Pseudomonas spp. induced
systemic resistance to Botrytis cinerea is associated with induction and priming of defence
responses in grapevine. J Exp Bot 61:249-260. doi:10.1093/jxb/erp295

Verma SC, Singh A, Chowdhury SP, Tripathi AK (2004) Endophytic colonization ability of two
deep-water rice endophytes, Pantoea sp. and Ochrobactrum sp. using green fluorescent protein
reporter. Biotechnol Lett 26:425-429. doi:10.1023/B:BILE.0000018263.94440.ab

Voorhorst WGB, Eggen RIL, Luesink EJ, de Vos WM (1995) Characterization of the ce/B gene
coding for b-glucosidase from the hyperthermophilic archaeon Pyrococcus furiosus and its
expression and site-directed mutation in Escherichia coli. J Bacteriol 177:7105-7111

Webster G, Gough C, Vasse J, Bathchelor CA, O’Callaghan KJ, Kothari SL, Davey MR, Denarie
J, Cocking EC (1997) Interactions of rhizobia with rice and wheat. Plant Soil 194:115-122.
doi:10.1023/A:1004283819084

Weilharter A, Mitter B, Shin MV, Chain PSG, Nowak J, Sessitsch A (2011) Complete genome
sequence of the plant growth-promoting endophyte Burkholderia phytofirmans strain PsJIN.
J Bacteriol 193:3383-3384. doi:10.1128/JB.05055-11

West ER, Cother EJ, Steel CC, Ash GJ (2010) The characterization and diversity of bacterial endo-
phytes of grapevine. Can J Microbiol 56:209-216. doi:10.1139/W10-004

Widmer F, Shaffer BT, Porteous LA, Seidler RJ (1999) Analysis of nifH gene pool complexity in
soil and little at Douglas fir forest sites of the Orgegon cascade mountain range. Appl Environ
Microbiol 65:374-380

Winstanley C, Morgan JA, Pickup RW, Saunders JR (1991) Use of a xy/E marker gene to monitor
survival of recombinant Pseudomonas putida populations in lake water by culture on nonselec-
tive media. Appl Environ Microbiol 57:1905-1913

Xing T, Quellet T, Miki BL (2004) Towards genomic and proteomic studies of protein phosphory-
lation in plant-pathogen interactions. Trends Plant Sci 7:224-230. doi:10.1016/S1360-
1385(02)02255-0

Yan Y, Yang J, Dou Y, Chen M, Ping S, Peng J, Lu W, Zhnag W, Yao Z, Li H, Liu W, He S, Geng L,
Zhnag X, Yang F, Yu H, Zhan Y, Li D, Lin Z, Wang Y, Elmerich C, Lin M, Jin Q (2008) Nitrogen
fixation island and rhizosphere competence traits in the genome of root-associated Pseudomonas
stutzeri A1501. Proc Natl Acad Sci 105:7564—7569. doi:10.1073/pnas.0801093105

Yang J, Kloepper JW, Ryu C (2009) Rhizosphere bacteria help plants tolerate abiotic stress. Trends
Plant Sci 14:1-4. doi:10.1016/j.tplants.2008.10.004

Yanni YG, Rizk RY, Corich V, Squartini A, Ninke K, Phillip-Hollingswoth S, Orgambide G, de
Bruijn F, Stoltzfus J, Buckley D, Schmidt TM, Mateos PF, Ladha JK, Dazzo FB (1997) Natural
endophytic association between Rhizobium leguminosarum bv. trifolii and rice roots and
assessment of its potential to promote rice growth. Plant Soil 194:99-114.
doi:10.1023/A:1004269902246

Yanni YG, Rizk RY, Abd El-Fattah FK, Squartini A, Corich V, Giacomini A, de Bruijn F, Rasemaker
J, Maya-Flores J, Ostrom P, Vega-Hernandez M, Hollingsworth RI, Martinez-Molina E, Mateos
P, Velazequez E, Wopereis J, Triplett E, Umali-Gracia M, Anarna JA, Rolfe BG, Ladha JK, Hill
J, Mujoo R, Ng PK, Dazzo FB (2001) The beneficial plant growth-promoting association of
Rhizobium leguminosarum bv. trifolii with rice roots. Aust J Plant Physiol 28:845-870.
doi:10.1071/PP01069

Zehr JP, Mellon MT, Zani S (1998) New nitrogen-fixing microorganisms detected in oligotrophic
oceans by amplification of nitrogenase (nifH) genes. Appl Environ Microbiol 64:3444-3450

Zehr JP, Jenkins BD, Short SM, Steward GF (2003) Nitrogenase gene diversity and microbial
community structure: a cross-system comparison. Environ Microbiol 5:539-554. doi:10.1046/
j-1462-2920.2003.00451.x

Zeyaullah M, Kamli MR, Islam B, Atif M, Benkhayal FA, Nehal M, Rizvi MA, Ali A (2009)
Metagenomics-an advanced approach for noncultivable micro-organisms. Biotechnol Mol Biol
Rev 4:49-54

Zhang X, Candas M, Griko NB, Taussig R, Bulla LA Jr (2006) A mechanism of cell death involving
an adenylyl cyclase/PKA signaling pathway is induced by the CrylAb toxin of Bacillus
thuringiensis. Proc Natl Acad Sci 103:9897-9902. doi:10.1073/pnas.0604017103


http://dx.doi.org/10.1093/jxb/erp295
http://dx.doi.org/10.1023/B:BILE.0000018263.94440.ab
http://dx.doi.org/10.1023/A:1004283819084
http://dx.doi.org/10.1128/JB.05055-11
http://dx.doi.org/10.1139/W10-004
http://dx.doi.org/10.1016/S1360-1385(02)02255-0
http://dx.doi.org/10.1016/S1360-1385(02)02255-0
http://dx.doi.org/10.1073/pnas.0801093105
http://dx.doi.org/10.1016/j.tplants.2008.10.004
http://dx.doi.org/10.1023/A:1004269902246
http://dx.doi.org/10.1071/PP01069
http://dx.doi.org/10.1046/j.1462-2920.2003.00451.x
http://dx.doi.org/10.1046/j.1462-2920.2003.00451.x
http://dx.doi.org/10.1073/pnas.0604017103

Endophytic Nitrogen-Fixing Bacteria as Biofertilizer 221

Zhang H, Xie X, Kim MS, Kornyeyev DA, Holaday S, Pare PW (2008) Soil bacteria augment
Arabidopsis photosynthesis by decreasing glucose sensing and abscisic acid levels in planta.
Plant J 56:264-273. doi:10.1111/j.1365-313X.2008.03593.x

Zhu B, Liu H, Tian WX, Fan XY, Li B, Zhou XP, Jin GL, Xie GL (2012) Genome sequence of

Stenotrophomonas maltophilia RR-10, isolated as an endophyte from rice root. J Bacteriol
194:1280-1281. doi:10.1128/JB.06702-11


http://dx.doi.org/10.1111/j.1365-313X.2008.03593.x
http://dx.doi.org/10.1128/JB.06702-11

	Endophytic Nitrogen-Fixing Bacteria as Biofertilizer
	1 Introduction
	2 Nitrogen Fixation by Endophytic Bacteria
	2.1 Quantification of Nitrogen Fixation
	2.1.1 Total N Difference Method
	2.1.2 Acetylene Reduction Assay
	2.1.3 Analysis of N Solutes in Xylem and Other Plant Parts
	2.1.4 N-Labeling Methods

	2.2 Molecular Analysis of Nitrogen Fixation
	2.2.1 Polymerase Chain Reaction (PCR)
	2.2.2 Fluorescent In-Situ Hybridization
	2.2.3 Immunoblot Analysis
	2.2.4 Microarray or DNA-Chip


	3 Plant Growth Promoting Properties of Endophytic Bacteria
	3.1 Phytostimulatory Compounds
	3.2 Induced Systemic Tolerance
	3.3 Biocontrol Agent
	3.3.1 Antagonism
	3.3.2 Siderophore Production
	3.3.3 Induced Systemic Resistance


	4 Ecology and Diversity of Endophytic Bacteria
	5 Colonization of Endophytic Bacteria
	5.1 Chemotaxis and Electrotaxis
	5.2 Attachment on Root Surface
	5.3 Entry and Distribution Along Root
	5.4 Growth and Survival

	6 Revamp in Genomic and Proteomic Studies of Endophytic Bacteria
	6.1 Genomic Studies
	6.2 Proteomics Studies

	7 Conclusion
	References


