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ABSTRACT
Evolution and biodiversity of plants may depend on their mutual relationship with soil microbes. Endophytes are such
microbes that grow within the plants and can be isolated from leaves, stem, roots, seeds, fruits and flowers. This review
gives information on the importance of endophytic bacteria and their role in agriculture by giving some of the products
which is more beneficial in improving the agriculture and a detailed knowledge about the potential biotechnological
applications of endophytic bacteria in agriculture.
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Microorganisms such as fungi and bacteria
associate with host plant tissues without causing any adverse
effects and promote plant growth by secreting various
bioactive substances are called endophytes (Strobel et al.,
2004). As reported by Kusari et al. (2012), the term
endophyte (endo-inside, phyte-plant) was introduced by De
Bary in 1866 and the first endophyte was isolated from
Lolium temulentum by Freeman in1904. Endophytes are
involved in the synthesis of siderophores, in the production
of plant hormones, in nitrogen fixation, solubilization of
immobilized phosphorus, in nutrient cycling, production of
volatile organic compounds, pathogenic resistance and stress
tolerance. Normally plant roots help the plant tissues to grow
by absorbing the water and nutrients and in addition a rich
source of organic acids, amino acids and sugars are released
into the soil which makes the soil to colonize with
microorganisms around the surface of plant roots. In addition,
any seeds during germination also release low molecular
weight organic compounds into the surroundings thereby
attracting the microbes in the rhizosphere and rhizoplane
(Thrall et al., 2007). Many endophytes were reported to be
found in rhizosphere (Rosenblueth and Martinez-Romero,
2004). Some selected microorganisms occupy the internal
root tissues and reaches the xylem. At this stage the
microorganism gets differentiated into pathogenic,
associative, symbiotic, or neutralistic adaptation within the
plant, and plant beneficial microorganism become
endophytic (Hayat et al., 2010).Moreover, endophytes can
enter plants through lenticles, wounds (which occurs at
emerging site of lateral root and root tips),through vascular
system or xylem vessels or germinating radicles, secondary
roots, stomata or through foliar damage and also through
seeds and leaves (Mano and Morisaki, 2008). Inside seeds,
they found to be present in the embryonic stage through the

endosperm. Later, when the seeds germinate, the endophytes
are released into the external environment and invade into
the internal tissues of the growing plants (Johnston-Monje
and Raizada, 2011). By this mode, endophytes are transferred
from generation to generation. The endophytes entering the
plants through various routes can be localized at a single
point or may spread to the whole plant (Strobel et al.,
2004).The organic compounds of plants act as
chemoattractants and facilitate the movement of bacteria by
flagellum-mediated chemotaxis (Buschart et al., 2012). Plant
secondary metabolites like flavanoids are chemoattractants
for colonization of bacteria (Santi et al., 2013; Bhattacharyya
and Jha, 2012; Chamam et al., 2013). Plants growing in low
phosphate environment release organic acids like malic acid
to attract the microbes (Pineros et al., 2002). Similarly, the
products of microbes produced during their metabolism
influences the plant colonization (Surette et al., 2003). It
was reported that endophyte has lipopolysaccharides on their
surface and plant derived isoflavanoids recognize these
lipopolysaccharide (Chang et al., 2009). Endophytes such
as Azospirillum brasilense move towards the extract of seeds
like cereals with strong adhesion due to its protein called
Major Outer Membrane Protein (MOMPS) present in their
glycosylated flagellum (Lugtenberg and Kamilova, 2009)
whereas Pseudomonas species involves the use of type IV
pili in colonizing the plants (Reinhold-Hurek et al., 2006).
Besides, Pseudomonas fluorescensuses secretion system
such as SSIII for their entry into plant roots (Preston, 2007)
and Azoarcus endophyte uses type IV pili and twitching
motility for their colonization (Dulla et al., 2012).
Isolation of endophytes: The bacterial endophytes are
isolated from all types of plants such as from wild to
agricultural crops (Bacon and White, 2000; Arnold, 2007).
From a single plant, different species of bacterial endophytes
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are also identified and reported (Gaiero et al., 2013).
Endophytic bacteria can be isolated from all the plant organs
such as leaf, root, stem and fruits.
Endophytic bacteria and pathogenic bacteria: The
beneficial microbes and pathogen invading the plants are
differentiated by the plants’ defence mechanism. Increase in
an intracellular calcium ion by a plant cell can activate such
a defence gene mechanism during pathogenic entry and
establish the beneficial interaction for endophytes through a
casual balance (Vadassery and Oelmüller, 2009). In addition,
plants can sense the entry of pathogen by cellwall integrity
(Hematy et al., 2009). Further, pathogen-associated (or
microbe-associated) molecular patterns (PAMPs/MAMPs)
is the another defence response of the plants that recognizes
the pathogens (Martínez-Viveros et al., 2010) which act as
a true filter in selecting the beneficial microbes (Hardoim
et al., 2008). Quorum sensing is the technique that
differentiates endophytic bacteria from pathogen where
communication process is made by pathogenic bacteria by
producing signal molecules called auto inducers to track the
density of population.
Plant growth promoting endophytes: “True endophyte”
is the term given to endophytes which can able to reinfect
the nonhost plants (Rosenblueth and Martínez-Romero,
2006). The clover nodulating bacteria Leguminosarum
trifolii was isolated from rice roots when it was grown on
rotation with clover (Yanni et al., 1997). Specific endophytic
bacteria are used in agriculture, medicine, pharmaceuticals
and also in pollution control (Taechowisan et al., 2005). In
agriculture, through mutual relationship with plants,
endophytic bacteria involves in their host plant growth
promotion (Beattie, 2006). They are used in agricultural
applications as biofertilizer and biocontrol agents (Botta et
al., 2013).Phytohormones are essential for growth and
development of plants. Plants can adapt to environmental
stress by altering their phytohormone levels (Bhattacharyya
and Jha, 2012). Even endophytic bacteria that produce
phytohormones can regulate the endogenous plant hormone
levels and eventually have an influence on plant growth and
development (Vanstraelen and Benkova, 2012). In the study
reported by Kannan et al. (2018), endophytic bacteria from
mango roots produces auxin and siderophore.
Phytohormone producing endophytic bacteria: Auxin is
the most common phytohormone secreted by endophytic
bacteria within the plant to stimulate root growth that results
in the formation of lateral, adventitious roots and root hairs
thereby increasing the root surface area (Hilbert et al., 2012).
For an efficient plant growth promotion, there should be an
optimal level of total phytohormone produced by the plant
and endophytes (Sgroy et al., 2009). Increase in auxin level
stimulates ethylene synthesis in high concentration and vice-
versa. Further, cytokinin stimulated apical dominance of
roots is counteracting by auxins (Woodward and Bartel,

2005). Indeed, endophytes improve the plant to absorb more
nutrients and help to form nodulation in legumes by the
production of auxin. Maximum secretion of auxin occurs in
logarithmic to stationary phase of endophytes. In addition,
auxin can protect the plant by increasing the resistance
against external stress (Bianco and Defez, 2009). It was found
that during stress condition plants synthesized auxin get
depleted and endophytic bacteria helps the plant to cope up
with stress by supplying auxin (Spaepen et al., 2007).

Cytokinins produced by microorganisms are
correlated with increased plant growth (Arkhipova et al.,
2005; Garcia de Salamone et al., 2001). Cytokinin helps in
controlling and retarding senescence. Cytokinin-like
compound producing endophytes could be used to increase
the shelf-life of cut-flowers, leafy vegetables and fruits
(Bhore et al., 2010). Azotobacter chroococcum was the most
important producer of cytokinin when compare to other
endophytes like Azotobacter beijerinckii, Pseudomonas
fluorescens and Pseudomonas putida. Endophytes isolated
from tropical legume crops were found to secrete cytokinin
(Dudeja et al., 2012).

Gibberellins are diterpenes involved in seed
germination, growth of stem, root, leaf, flower and also
fruit(Lange et al., 2005). Azotobacter insynthesizingGA-like
substances was reported by (Azcón and Barea, 1975) and
other diazotrophic endophyte producing GA-like substance
were observed in leguminous plants like Lupinus luteus,
Phaseolus vulgaris and Pisum sativum. These endophytes
increase the GA level in plants by hydrolyzing the inactive
form into active GA (Bottini et al., 2004).

Ethylene acts as a signaling molecule between
plants and bacteria for plant development, sex determination
and fruit ripening which is secreted by plants in response to
stress and when secretes in higher amount, can reduce plant
performance (Saleem et al., 2007). Endophytes indirectly
regulate ethylene level by synthesizing 1-amino
cyclopropane-1-carboxylate (ACC) deaminase which
hydrolyses ACC into nitrogen and carbon source thereby
inhibit the production of ethylene  and  protect plants against
stress (Glick et al., 2007; Blaha et al., 2006; Strader et al.,
2010).When endophytes activate induced systemic resistance
(ISR), these ethylene act as a signaling molecule in protecting
the plants against pathogen (Weingart et al., 2001).
Nitrogen fixation: About 80% of nitrogen in atmosphere is
in the form of dinitrogen gas and cannot be taken up by the
plants because plants absorb nitrogen only in the form of
ammonium and nitrate (Steenhoudt and Vanderleyden, 2000).
N-based fertilizers are used to compensate the lacking of
such nitrogen bioavailability. Only a lower amount is used
by the plants and the remaining part accumulates in soil
resulting in nitrate contamination (Santi et al., 2013).
Diazotrophic bacteria are able to fix atmospheric nitrogen
by forming root nodules in the legume plants with the help
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of nitrogenase enzyme (Dobbelaere and Okon, 2007). Most
likely, endophytic bacteria like Azospirillum spp., Azoarcus
spp. and Herbaspirillum are involved in biological nitrogen
fixation even in non-legume plants (Desbrosses and
Stougaard, 2011; Doty et al., 2009). Nitrogen fixing
bacterium, Gluconacetobacter diazotrophicus was reported
forcolonizationof crops like maize, rice, wheat and other
major non-legume crops, such as oilseed rape and tomato
(Cocking et al., 2005).
Phosphate solubilization: The phosphorus present as
inorganic phosphate remains unavailable for the plants.
Endophyte play a central role in getting these phosphorus to
the plants by converting them into a soluble form of
phosphate with secretion of organic acid or by mineralizing
the organic phosphorus and produces different phosphatases
thereby solubilizing the phosphorus (Ramachandran et al.,
2007).Among other endophytes Bacillus, Pseudomonas,
Erwinia, Agrobacterium and Flavobacterium spp., are
involved in solubilizing the inorganic phosphate compounds
by phosphatases (Rodrýìguez and Fraga, 1999).
Enterobacter, Micrococcus, Azotobacter, Bradyrhizobium,
Salmonella, Alcaligenes, Chromobacterium, Arthrobacter,
Streptomyces, Thiobacillus, Serratiaand Escherichia spp.,
are some endophytic bacteria  that secretes organic acid to
solubilize the insoluble phosphorus (Zhu et al., 2011).
Endophytic fungal strain of Aspergillus isolated from the
leaf of Schima wallichii was found to possess good phosphate
solubilizing and IAA producing ability (Sarbadhikary et al.,
2018).
Siderophore production: Siderophores are the low
molecular weight iron binding molecules secreted by
endophytes for binding of iron present in the soil. With
siderophores, endophytes can bind iron and make it available
for plant growth.Hydroxamate-type and catecholate –type
are the two types of siderophores produced by endophytes
(Sharma and Johri, 2003). Moreover, siderophores of
bacteria has higher affinity for iron than the pathogenic
siderophores of fungus and scavenge the iron present in the
soil and prevent pathogen from taking the iron thereby protect
the plants from fungal pathogen. Pseudomonas spp., and
Bacillus spp., are known endophytes that involve in
siderophores production (Pedraza et al., 2007).
Induced systemic resistance: Chemical pesticides when
used may lead to pathogenic resistance and sometimes the
pesticide against the pathogenic attack is ineffective
(Compant et al., 2005). Biocontrol agents make an alternative
to such a problem and studies on endophytic bacteria as a
control agent shows their ability to prevent the entry of
pathogen (Haas and Defago, 2005). In general, plants protect
themselves against microbial pathogens by induced
resistance. Systemic Acquired Resistance (SAR) is a
pathogen induced mechanism and the plant shows
hypersensitive reaction in non-infected parts to increase the

resistance for pathogens (Heil and Bostock, 2002). Similar
to SAR, endophytic bacteria can stimulate Induced Systemic
Resistance (ISR) to protect the plants against the pathogens
without showing any hypersensitive reaction (Kang et al.,
2007). It helps in the synthesis of ethylene/jasmonic acid
pathway other than salicylic acid pathway (Carvalhais et al.,
2013). Salicylic acid is said to be induced by SAR (Van
Wees et al., 2008).
Bioremediation: Plants can degrade the xenobiotic
pollutants only to a lesser extent and results in phytotoxicity
(Barac et al., 2004; Weyens et al., 2009). Endophytes
associated with plants are involved in degrading the toxins
and named as bioremediators (Newman and Reynolds, 2005).
Engineered endophytes carrying new metabolic properties
proved to be a successful strategy in phytoremediation
(Mastretta et al., 2009). During Trichloroethylene (TCE)
degradation, vinyl chloride and cis-dichloroethylene are
produced which may be toxic when remain in the
environment for  a long time. Using microbes like
dehalococcoides group can metabolize TCE to ethylene
thereby contributing more to the overall bioremediation
costs. Bioremediation is useful for various pollutants like
xenobiotics, petroleum, BTEX (benzene, toluene, ethyl
benzene, xylene) and even heavy metals (Khan and Doty,
2011). Inoculating the plants with Pseudomonas putida
protects the plant from the phytotoxic effects of naphthalene
(Germaine et al., 2009).
Endophytes in plants stress tolerance: The term ‘induced
systemic tolerance’ (IST) was given for PGPB induced
tolerance in plants that brings improved physical and
chemical changes in plants (Yang et al., 2009). Endophyte-
mediated plants can alter its mechanism by causing
reductions in root diameter and root production close to soil
surface but increases the root hair length. This alteration may
cause increased plant water absorption and decrease
susceptibility to drought stress(Thrall et al., 2007). Other
tolerance mechanisms such as changes in osmotic levels (the
accumulation of solutes to retain cell turgor under water
stress), changes in secondary metabolites by stomatal closure
has been reported in endophyte-infected plants than
endophyte-free plants (Malinowski et al., 2005). Osmotic
adjustment in endophytic related plants occur through
improved accumulation of solutes (Theocharis et al., 2012).
Further, endophytes can promote plant water efficiency even
in terms of lesser water availability and promotes soil
moisture conservation (Morse et al., 2002). They influence
the hormonal status of the plants like ethylene and abscisic
acid in response to stress and jasmonic acid known to occur
during saline stress is mediated by endophytes (Khan et al.,
2011).

When plants exposed to stress, their common
adaptation mechanism involves changes in root morphology
where phytohormone plays an important role (Wittenmayer



4 INDIAN JOURNAL OF AGRICULTURAL RESEARCH

and Merbach, 2005). Such modification in root growth can
be influenced by endophytes (Luo et al., 2009). Regulating
ACC by ACC deaminase is another characteristic feature of
endophytes in exerting beneficial effects on abiotically
stressed plants. ACC deaminase causes the hydrolysis of
ACC that leads to a decrease in plant ethylene level and
increased root growth (Saleem et al., 2007). Nitric oxide
production by endophytes also causes changes in root
morphology. Endophytes involves in increasing the ethylene
levels when the plant is exposed to different levels of stress,
as ethylene plays a key role in stress-related signal
transduction pathways.  Apart from ACC deaminase activity,
elevated phosphorous and potassium uptake of plants by
endophytes might play a role in salt tolerance (Mayak et al.,
2004).

In the study conducted by Mayak et al.(2004), the
salinity in tomato plants was alleviated by inoculating them
with Achromobacter piechaudii. A.piechaudii eliminates
ethylene level in tomato plants by its ACC deaminase
production and thereby controls salinity. Bacillus subtilis
produced volatile organic compounds shown to induce IST
in response to saline stress (Ryu et al., 2004). When salt
stressed maize was inoculated with Azospirillum, the
selectivity of sodium, potassium and calcium was altered
thereby high K+/Na+ ratios were noticed by Hamdia et al.
(2004) in combination with high relative water, chlorophyll
and low proline contents. Azospirillum mitigating salt stress
has been observed in barley seedlings (Zawoznik et al.,
2011). By inoculation with genetically modified A. lipoferum
the damaging effects of salt in wheat seedlings were reduced
(Bacilio et al., 2004) and similar positive results were noted

when inoculating chick pea with Azospirillum (Siddiqui,
2006).  Inoculation of pepper with Bacillus spp., results in
relief from osmotic stress (Jung et al., 2003). Endophyte
Piriformospora indica elevated the ascorbic acid level in
barley exposed to salinity (Baltruschat et al., 2008). Several
PGPBs, including Pseudomonas fluorescens, Pseudomonas
putida, Bacillus pumilus, Serratia marcescens, Paenibacillus
alvei, Acinetobacter lwoffii, Chryseobacterium balustinum,
and Azospirillum brasilense colonize roots and protect on a
large variety of plant species, including vegetables, crops,
and even trees (Loon, 2007).
CONCLUSION

To improve stress tolerance of cultivated plants and
to alleviate the deleterious effects of salinity on plant growth,
the action of endophytes has emerged as a new field of
interest. Many reports have assessed the endophytic effects
on grain yield of annual crops with less use of agrochemicals.
The inoculants can be formulation containing one or more
species prepared with economic carrier material. Mixed
inoculants can interact synergistically. Recent studies have
shown that the beneficial effects of individual endophyte on
plants can be enhanced by co-inoculation with other
microorganisms which increased growth and yield providing
the plants with more balanced nutrition, and improved
absorption of nitrogen, phosphorus and mineral nutrients.
The practice of inoculating the plants with microorganisms
started in early 20 th century where the product with
Rhizobium sp. was used as formulation (Bashan, 1998).
Proper formulation involves the techniques such as inoculum
preparations, the selection of an adequate carrier, and the
design of correct delivery methods.

REFERENCES
Arkhipova, T. N., Veselov, S. U., Melentiev, A. I., Martynenko, E. V. and Kudoyarova, G. R. (2005). Ability of bacterium Bacillus

subtilis to produce cytokinins and to influence the growth and endogenous hormone content of lettuce plants. Plant and
Soil,272: 201-209.

Arnold, A. E. (2007). Understanding the diversity of foliar endophytic fungi: progress, challenges, and frontiers. Fungal Biology
Reviews,21: 51-66.

Azcón, R. and Barea, J. M. (1975). Synthesis of auxins, gibberellins and cytokinins byAzotobacter vinelandii andAzotobacter beijerinckii
related to effects produced on tomato plants. Plant and Soil,43: 609-619.

Bacilio, M., Rodriguez, H., Moreno, M., Hernandez, J.P. and Bashan, Y. (2004). Mitigation of salt stress in wheat seedlings by a gfp-
tagged Azospirillum lipoferum. Biology and Fertility of Soil,40: 188-193.

Bacon, C. W. and White, J. (2000).Microbial Endophytes. Books in Soils, Plants, and the Environment: Taylor & Francis.
Baltruschat, H., Fodor, J., Harrach, B. D., Niemczyk, E., Barna, B., Gullner, G., Janeczko, A., Kogel, K. H., Schafer, P., Schwarczinger,

I., Zuccaro, A. and Skoczowski, A. (2008). Salt tolerance of barley induced by the root endophyte Piriformospora indica is
associated with a strong increase in antioxidants. New Phytol,180: 501-510.

Barac, T., Taghavi, S., Borremans, B., Provoost, A., Oeyen, L., Colpaert, J. V., Vangronsveld, J. and van der Lelie, D. (2004). Engineered
endophytic bacteria improve phytoremediation of water-soluble, volatile, organic pollutants. Nat Biotechnol,22: 583-588.

Bashan, Y. (1998). Inoculants of plant growth-promoting bacteria for use in agriculture. Biotechnology Advances,16: 729-770.
Beattie, G. (2006). Plant-associated bacteria: survey, molecular phylogeny, genomics and recent advances’, In  Plant-Associated Bacteria:

[Gnanamanickam, S. (ed.)] Springer Netherlands. 1-56.
Bhattacharyya, P. N. and Jha, D. K. (2012). Plant growth-promoting rhizobacteria (PGPR): emergence in agriculture.World J Microbiol

Biotechnol,28: 1327-1350.
Bhore, S. J., Ravichantar, N. and Loh, C. Y. (2010). Screening of endophytic bacteria isolated from leaves of Sambung Nyawa [Gynura

procumbens (Lour.) Merr.] for cytokinin-like compounds.Bioinformation,5: 191-197.



Volume 53 Issue 1 (February 2019) 5

Bianco C, Defez R 2009. Medicago truncatula improves salt tolerance when nodulated by an indole-3-acetic acid-overproducing 
Sinorhizobium meliloti strain. J Exp Bot, 60: 3097–3107.

Blaha, D., Prigent-Combaret, C., Mirza, M. S. and Moenne-Loccoz, Y. (2006). Phylogeny of the 1-aminocyclopropane-1-carboxylic
acid deaminase-encoding gene acdS in phytobeneficial and pathogenic Proteobacteria and relation with strain biogeography.
FEMS Microbiol Ecol,56: 455-70.

Botta, A. L., Santacecilia, A., Ercole, C., Cacchio, P. and Del Gallo, M. (2013). In vitro and in vivo inoculation of four endophytic
bacteria on Lycopersicon esculentum.N Biotechnol, 30: 666-674

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

Buschart, A., Sachs, S., Chen, X., Herglotz, J., Krause, A. and Reinhold-Hurek, B. (2012). Flagella mediate endophytic competence
rather than act as MAMPS in rice-Azoarcus sp. strain BH72 interactions.Mol Plant Microbe Interact,25: 191-199.

Carvalhais, L. C., Dennis, P. G., Badri, D. V., Tyson, G. W., Vivanco, J. M. and Schenk, P. M. (2013) Activation of the jasmonic acid
plant defence pathway alters the composition of rhizosphere bacterial communities.PLoS One,8: e56457.

Chamam, A., Sanguin, H., Bellvert, F., Meiffren, G., Comte, G., Wisniewski-Dye, F., Bertrand, C. and Prigent-Combaret, C. (2013).
Plant secondary metabolite profiling evidences strain-dependent effect in the Azospirillum-Oryza sativa association. Phytochemistry,
87:  65-77.

Chang, C., Damiani, I., Puppo, A. and Frendo, P. (2009). Redox changes during the legume-rhizobium symbiosis. Mol Plant,2: 370-377.
Cocking, E. C., Stone, P. J. and Davey, M. R. (2005). Symbiosome-like intracellular colonization of cereals and other crop plants by

nitrogen-fixing bacteria for reduced inputs of synthetic nitrogen fertilizers.Sci China C Life Sci,48: 888-896.
Compant, S., Duffy, B., Nowak, J., Clement, C. and Barka, E. A. (2005). Use of plant growth-promoting bacteria for biocontrol of

plant diseases: principles, mechanisms of action, and future prospects. Appl Environ Microbiol,71: 4951-4959.
Desbrosses, G. J. and Stougaard, J. (2011). Root nodulation: a paradigm for how plant-microbe symbiosis influences host developmental

pathways. Cell Host Microbe,10: 348-358.
Dobbelaere, S. and Okon, Y. (2007). The Plant Growth-Promoting Effect and Plant Responses, In: Associative and Endophytic Nitrogen-

fixing Bacteria and Cyanobacterial Associations Nitrogen Fixation: Origins, Applications, and Research Progress: [Elmerich,
C. & Newton, W. (eds.)]

Doty, S., Oakley, B., Xin, G., Kang, J., Singleton, G., Khan, Z., Vajzovic, A. and Staley, J. (2009). Diazotrophic endophytes of native
black cottonwood and willow. Symbiosis, 47: 23-33.

Dudeja, S. S., Giri, R., Saini, R., Suneja-Madan, P. and Kothe, E. (2012). Interaction of endophytic microbes with legumes. J Basic
Microbiol,52: 248-260.

Dulla, G. F., Go, R. A., Stahl, D. A. and Davidson, S. K. (2012). Verminephrobacter eiseniae type IV pili and flagella are required to
colonize earthworm nephridia. Isme j, 6: 1166-1175.

Gaiero, J. R., McCall, C. A., Thompson, K. A., Day, N. J., Best, A. S. and Dunfield, K. E. (2013). Inside the root microbiome: Bacterial
root endophytes and plant growth promotion.American Journal of Botany,100: 1738-1750.

Garcia de Salamone, I. E., Hynes, R. K. and Nelson, L. M. (2001). Cytokinin production by plant growth promoting rhizobacteria and
selected mutants. Can J Microbiol,47: 404-411.

Germaine, K. J., Keogh, E., Ryan, D. and Dowling, D. N. (2009). Bacterial endophyte-mediated naphthalene phytoprotection and
phytoremediation. FEMS Microbiol Lett, 296: 226-234.

Glick, B., Cheng, Z., Czarny, J. and Duan, J. (2007). Promotion of plant growth by ACC deaminase-producing soil bacteria.European
Journal of Plant Pathology,119: 329-339.

Haas, D. and Defago, G. (2005). Biological control of soil-borne pathogens by fluorescent pseudomonads.Nat Rev Microbiol,3: 307-319.
Hamdia, M. A.-S., Shaddad, M. A. K. and Doaa, M. M. (2004). Mechanisms of salt tolerance and interactive effects of Azospirillum

brasilense inoculation on maize cultivars grown under salt stress conditions. Plant Growth Regulation,44: 165-174.
Hardoim, P. R., van Overbeek, L. S. and Elsas, J. D. (2008). Properties of bacterial endophytes and their proposed role in plant growth.

Trends Microbiol,16: 463-471.
Hayat, R., Ali, S., Amara, U., Khalid, R. and Ahmed, I. (2010). Soil beneficial bacteria and their role in plant growth promotion: a

review. Annals of Microbiology,60:579-598.
Heil, M. and Bostock, R. M. (2002). Induced systemic resistance (ISR) against pathogens in the context of induced plant defences.Ann

Bot, 89: 503-512.
Hematy, K., Cherk, C. and Somerville, S. (2009). Host-pathogen warfare at the plant cell wall.Curr Opin Plant Biol,12: 406-413.
Hilbert, M., Voll, L. M., Ding, Y., Hofmann, J., Sharma, M. and Zuccaro, A. (2012). Indole derivative production by the root endophyte

Piriformospora indica is not required for growth promotion but for biotrophic colonization of barley roots.New Phytologist,196:
520-534.

Johnston-Monje, D. and Raizada, M. N. (2011). Conservation and Diversity of Seed Associated Endophytes in Zea across Boundaries
of Evolution, Ethnography and Ecology. PLoS ONE,6: e20396.

Jung, H. W., Kim, W. and Hwang, B. K. (2003). Three pathogen-inducible genes encoding lipid transfer protein from pepper are
differentially activated by pathogens, abiotic, and environmental stresses. Plant Cell Environ,26: 915-928.

Kang, S. H., Cho, H. S., Cheong, H., Ryu, C. M., Kim, J. F. and Park, S. H. (2007). Two bacterial entophytes eliciting both plant
growth promotion and plant defense on pepper (Capsicum annuum L.).J Microbiol Biotechnol,17: 96-103.



6 INDIAN JOURNAL OF AGRICULTURAL RESEARCH

Kannan, R., Damodaran, T., Nagaraja, A., and Umamaheswari, S (2018). Salt tolerant polyembryonic mango rootstock (ML-2 and
GPL-1): A putative role of endophytic bacteria by using BOX-PCR. Indian J. Agric. Res., 52: 419-423.

Khan, A. L., Hamayun, M., Kim, Y.-H., Kang, S.-M., Lee, J.-H. and Lee, I.-J. (2011). Gibberellins producing endophytic Aspergillus
fumigatus sp. LH02 influenced endogenous phytohormonal levels, isoflavonoids production and plant growth in salinity
stress.Process Biochemistry,46: 440-447.

Khan, Z. and Doty, S. (2011). Endophyte assisted phytoremediation.Current Topics in plant Biology,12: 97-105.
Kusari, S., Hertweck, C. and Spiteller, M. (2012). Chemical ecology of endophytic fungi: origins of secondary metabolites.Chem

Biol,19: 792-798.
Lange, T., Kappler, J., Fischer, A., Frisse, A., Padeffke, T., Schmidtke, S. and Lange, M. J. (2005). Gibberellin biosynthesis in developing

pumpkin seedlings.Plant Physiol,139: 213-223.
Loon, L. C. (2007). Plant responses to plant growth-promoting rhizobacteria.European Journal of Plant Pathology,119: 243-254.
Lugtenberg, B. and Kamilova, F. (2009). Plant-growth-promoting rhizobacteria.Annu Rev Microbiol,63: 541-556.
Luo, Z. B., Janz, D., Jiang, X., Gobel, C., Wildhagen, H., Tan, Y., Rennenberg, H., Feussner, I. and Polle, A. (2009). Upgrading root

physiology for stress tolerance by ectomycorrhizas: insights from metabolite and transcriptional profiling into reprogramming
for stress anticipation.Plant Physiol,151: 1902-1917.

Malinowski, D. P., Belesky, D. P. and Lewis, G. C. (2005). Abiotic Stresses in Endophytic Grasses.Neotyphodium in Cool-Season
Grasses: Blackwell Publishing Ltd. 187-199.

Mano, H. and Morisaki, H. (2008). Endophytic bacteria in the rice plant.Microbes Environ,23: 109-117.
Martínez-Viveros, O., Jorquera, M. A., Crowley, D. E., Gajardo, G. and Mora, M. L. (2010). Mechanisms and practical considerations

involved in plant growth promotion by rhizobacteria.Journal of Soil Science and Plant Nutrition,10: 293-319.
Mastretta, C., Taghavi, S., Lelie, D.V.D., Mengoni, A., Galardi, F., Gonnelli, C., Barac, T., Boulet, J., Weyens, N. and Vangronsveld,

J. (2009). Endophytic bacteria from seeds of nicotiana tabacum can reduce cadmium phytotoxicity.International Journal of
Phytoremediation,11: 251-267.

Mayak, S., Tirosh, T. and Glick, B. R. (2004). Plant growth-promoting bacteria confer resistance in tomato plants to salt stress.Plant
Physiol Biochem,42: 565-572.

Morse, L. J., Day, T. A. and Faeth, S. H. (2002). Effect of Neotyphodium endophyte infection on growth and leaf gas exchange of
Arizona fescue under contrasting water availability regimes. Environmental and Experimental Botany,48:257-268.

Newman, L. A. and Reynolds, C. M. (2005). Bacteria and phytoremediation: new uses for endophytic bacteria in plants. Trends in
Biotechnology,23: 6-8.

Pedraza, R. O., Motok, J., Tortora, M. L., Salazar, S. M. and Díaz-Ricci, J. C. (2007). Natural occurrence of Azospirillum brasilense
in strawberry plants. Plant and Soil,295: 169-178.

Pineros, M. A., Magalhaes, J. V., Carvalho Alves, V. M. and Kochian, L. V. (2002). The physiology and biophysics of an aluminum
tolerance mechanism based on root citrate exudation in maize. Plant Physiol,129: 1194-1206.

Preston, G. M. (2007). Metropolitan Microbes: Type III Secretion in Multihost Symbionts.Cell Host & Microbe,2: 291-294.
Ramachandran, K., Srinivasan, V., Hamza, S. and Anandaraj, M. (2007). Phosphate solubilizing bacteria isolated from the rhizosphere

soil and its growth promotion on black pepper (Piper nigrum L.) cuttings In: First International Meeting on Microbial
Phosphate Solubilization Developments in Plant and Soil Sciences: [Velázquez, E. & Rodríguez-Barrueco, C. (eds.)] Springer
Netherlands. 325-331.

Reinhold-Hurek, B., Maes, T., Gemmer, S., Van Montagu, M. and 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.

Rodrýìguez, H. and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in plant growth promotion’, Biotechnology
Advances,17: 319-339.

Rosenblueth, M. and Martinez-Romero, E. (2004). Rhizobium etli maize populations and their competitiveness for root colonization.
Arch Microbiol, 181: 337-344.

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

Ryu, C. M., Farag, M. A., Hu, C. H., Reddy, M. S., Kloepper, J. W. and Pare, P. W. (2004). Bacterial volatiles induce systemic
resistance in Arabidopsis.Plant Physiol,134: 1017-1026.

Saleem, M., Arshad, M., Hussain, S. and Bhatti, A. S. (2007). Perspective of plant growth promoting rhizobacteria (PGPR) containing
ACC deaminase in stress agriculture.J Ind Microbiol Biotechnol,34: 635-648.

Santi, C., Bogusz, D. and Franche, C. (2013). Biological nitrogen fixation in non-legume plants. Annals of Botany.111: 743-767.
Sarbadhikary, S. B., Mandal, N.C. (2018).  Elevation of plant growth parameters in two solanaceous crops with the application of

endophytic fungus. Indian J. Agric. Res., 52: 424-428.
Sgroy, V., Cassán, F., Masciarelli, O., Papa, M., Lagares, A. and Luna, V. (2009). Isolation and characterization of endophytic plant

growth-promoting (PGPB) or stress homeostasis-regulating (PSHB) bacteria associated to the halophyte Prosopis strombulifera.
Applied Microbiology and Biotechnology,85: 371-381.

Sharma, A. and Johri, B. N. (2003). Growth promoting influence of siderophore-producing Pseudomonas strains GRP3A and PRS9 in
maize (Zea mays L.) under iron limiting conditions. Microbiol Res,158: 243-248.

Siddiqui, Z. A. (2006).PGPR: Biocontrol and Biofertilization: Biocontrol and Biofertilization. SpringerLink: Springer e-Books: Springer.



Volume 53 Issue 1 (February 2019) 7

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

Steenhoudt, O. and Vanderleyden, J. (2000). Azospirillum, a free-living nitrogen-fixing bacterium closely associated with grasses:
genetic, biochemical and ecological aspects. FEMS Microbiol Rev,24: 487-506.

Strader, L. C., Chen, G. L. and Bartel, B. (2010). Ethylene directs auxin to control root cell expansion. Plant J,64: 874-884.
Strobel, G., Daisy, B., Castillo, U. and Harper, J. (2004). Natural products from endophytic microorganisms.J Nat Prod,67: 257-268.
Surette, M., Sturz, A., Lada, R. and Nowak, J. (2003). Bacterial endophytes in processing carrots (Daucus carota L. var. Sativus): their

localization, population density, biodiversity and their effects on plant growth.Plant and Soil,253: 381-390.
Taechowisan, T., Lu, C., Shen, Y. and Lumyong, S. (2005). Secondary metabolites from endophytic Streptomyces aureofaciens

CMUAc130 and their antifungal activity.Microbiology,151: 1691-1695.
Theocharis, A., Bordiec, S., Fernandez, O., Paquis, S., Dhondt-Cordelier, S., Baillieul, F., Clement, C. and Barka, E. A. (2012).
Burkholderia phytofirmans PsJN primes Vitis vinifera L. and confers a better tolerance to low nonfreezing temperatures. Mol Plant

Microbe Interact, 25: 241-249.
Thrall, P. H., Hochberg, M. E., Burdon, J. J. and Bever, J. D. (2007). Coevolution of symbiotic mutualists and parasites in a community

context. Trends Ecol Evol,22: 120-126.
Vadassery, J. and Oelmüller, R. (2009). Calcium signaling in pathogenic and beneficial plant microbe interactions: what can we learn

from the interaction between Piriformospora indica and Arabidopsis thaliana. Plant Signal Behav,4: 1024-1027.
Van Wees, S. C., Van der Ent, S. and Pieterse, C. M. (2008). Plant immune responses triggered by beneficial microbes. Curr Opin Plant

Biol, 11:443-448.
Vanstraelen, M. and Benkova, E. (2012). Hormonal interactions in the regulation of plant development. Annu Rev Cell Dev Biol,28:

463-487.
Weingart, H., Ullrich, H., Geider, K. and Volksch, B. (2001). The role of ethylene production in virulence of pseudomonas syringae

pvs. glycinea and phaseolicola.Phytopathology,91: 511-518.
Weyens, N., van der Lelie, D., Artois, T., Smeets, K., Taghavi, S., Newman, L., Carleer, R. and Vangronsveld, J. (2009). Bioaugmentation

with engineered endophytic bacteria improves contaminant fate in phytoremediation. Environ Sci Technol,43: 9413-9418.
Wittenmayer, L. and Merbach, W. (2005). Plant responses to drought and phosphorus deficiency: contribution of phytohormones in

root-related processes. Journal of Plant Nutrition and Soil Science,168: 531-540.
Woodward, A. W. and Bartel, B. (2005). Auxin: regulation, action, and interaction. Ann Bot,95: 707-735.
Yang, J., Kloepper, J. W. and Ryu, C. M. (2009). Rhizosphere bacteria help plants tolerate abiotic stress. Trends Plant Sci,14: 1-4.
Yanni, Y., Rizk, R. Y., Corich, V., Squartini, A., Ninke, K., Philip-Hollingsworth, S., Orgambide, G., et al (1997). Natural endophytic

association between Rhizobium leguminosarum bv. trifolii and rice roots and assessment of its potential to promote rice
growth. Plant and Soil,194: 99-114.

Zawoznik, M., Ameneiros, M., Benavides, M., Vázquez, S. and Groppa, M. (2011). Response to saline stress and aquaporin expression
in Azospirillum-inoculated barley seedlings.Applied Microbiology and Biotechnology, 90: 1389-1397.

Zhu, F., Qu, L., Hong, X. and Sun, X. (2011). Isolation and Characterization of a Phosphate-Solubilizing Halophilic Bacterium
Kushneria sp. YCWA18 from Daqiao Saltern on the Coast of Yellow Sea of China. Evid Based Complement Alternat
Med,615032.http://dx.doi.org/10.1155/2011/615032


