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Abstract

Plant growth promoting rhizobacteria (PGPR) promote plant growth by various mechanisms such as phytohormone production, enhanced
water and nutrient uptake, improved nitrogen availability in the soil, production of ACC-deaminase for ethylene breakdown, phosphate
solubilization, siderophore production efc. Microbial auxin production is the major factor not only responsible for strengthening the
plant-microbe relationship but it also promotes plant growth and development in a positive manner. Thus, bacterial auxin production
potential can be exploited for plant growth improvement that may be effective in reducing the hazardous effects of chemical fertilizers on
the ecosystem used to obtain higher yields. The present review gives a better understanding of various factors and mechanisms involved in

auxin production by PGPR that may be helpful in proper exploitation of these natural resources in a beneficial way.
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Introduction

Phytohormones are chemical signals produced
by plants which coordinately control the growth and
development of the plants at extremely low concentra-
tions (Muller and Munne-Bosch, 2011; Muday et al.,
2012). Plants follow particular developmental patterns
determined and regulated by phytohormones. The
sites of action and production of these phytoregulators
are generally quite distant from one another (Avanci
etal., 2010; Liu etal., 2012). According to the clas-
sical view, five major classes of phytohormones are
auxins, cytokinins, gibberellins, ethylene and abscisic
acid (Jamil et al., 2012; Robles et al., 2012) but there is
increasing evidence of other compounds to have shown
growth regulating activities in plants. Among these are
brassinosteroids, jasmonates, salicylic acid, strigolac-
tones, efc. (Taiz and Zeiger, 2010; Costigan et al., 2011;
Koltai, 2011; Muller and Munne-Bosch, 2011; Facella
etal., 2012). Auxins, cytokinins, gibberellins and brassi-
nosteroids promote shoot growth while others including
ethylene, abscisic acid and jasmonates control growth

activities by regulating growth inhibitory processes in
plants such as dormancy, abscission, senescence etc.
(Acosta and Farmer, 2010; Dempsey et al., 2011; Costi-
gan et al., 2011; Liu et al., 2012; Robles et al., 2012).

Auxin: Master control phytohormone

Among the various phytohormones, auxins act as
a master control, regulating most of the plant processes,
directly or indirectly, thus can be considered respon-
sible for most of the developmental patterns in plants
(Tanimoto, 2005; Wu etal., 2011). Generally auxins
are produced in the meristematic areas of the plant
stem although other plant parts, for instance, shoots,
roots and leaves may also produce auxins. Auxin con-
centration varies depending on the influx and efflux
from the tissues, its biosynthesis from tryptophan
and formation of IAA conjugates (Tanimoto, 2005).
Auxin levels are also affected by other phytohormones
such as cytokinins, ethylene, gibberellins, jasmonates
and brassinosteroids. The signaling crosstalks help in
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coordinate regulation of various plant processes (Acosta
and Farmer, 2010; Stewart and Nemhauser, 2010; Blom-
ster et al., 2011; Koltai, 2011; Muller and Munne-Bosch,
2011; Chiu et al., 2012; Facella et al., 2012; Muday et al.,
2012; Robles et al., 2012). Auxins and brassinosteroids
have been found to interact with each other to regulate
root development (Teale et al., 2008). Similarly, aux-
ins regulate GA responses by affecting the stability of
DELLA proteins (Teale et al., 2008; Pierik et al., 2009).
Lower auxin levels caused by impaired auxin transport,
leads to reduced GA synthesis due to the stabilization of
DELLA proteins. GA plays its role in root gravitropism
but is not essentially required for gravitropic responses
(Willige et al., 2011). Auxins stimulate root formation
and lateral root initiation. Cytokinins, on the other
hand, suppress the formation of lateral roots by con-
trolling cell differentiation in the root meristem (Teale
et al., 2008). Therefore, plant development as a whole is
dependent on the signaling crosstalks and interactions
among various phytohormones and DELLA proteins in
the plant environment determining the overall shape
and growth of the plants (Grant and Jones, 2009).
Auxins regulate numerous plant processes. These
play central regulatory role in cell elongation (Giehl
etal., 2012; Chapman etal., 2012). Cell enlargement
is the factor responsible for tropic responses mediated
by auxins (Tanimoto, 2005). Auxin levels influence the
perception of light by photoreceptors i.e., cytochromes
which in turn affects the overall metabolism and bio-
synthetic pathways of plants (Facella et al., 2012; Kami
etal., 2012). Other plant processes controlled by auxins
include lateral root initiation, ethylene production, flo-
ral meristem initiation, vascular differentiation, apical
dominance, embryo development, leaf abscission, par-
thenocarpy, differentiation of phloem and xylem, flo-
ral bud formation and fruit development (Hopkins and
Huner, 2004; Smith, 2008; Facella et al., 2012; Muday
etal., 2012; Niklas and Kutschera, 2012). Auxins stimu-
late the initiation of new leaves at the apical meristem.
Cells present in the vicinity of growing leaves are gen-
erally depleted of auxins to restrict the formation of
new leaves too close to each other. Greater amounts of
auxins help the young leaves and fruits to remain intact
whereas reduction in auxin levels in falling leaves and
fruits results in the formation of abscission layer at the
base of petiole or fruit stalk which is followed by fruit
or leaf drop. Appropriate amounts of auxins are gener-
ally required for the proper development of floral parts
i.e., style and stigma (Stewart and Nemhauser, 2010).
Development of various plant organs from the embryo
is also regulated by the gradient of auxins (Stewart
and Nembhauser, 2010; Taiz and Zeiger, 2010). Vein
patterning in plants is found to be affected by polar
auxin transport (Smith, 2008; Donner etal., 2010).
The effects of auxins, cytokinins and brassinosteroids
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on root growth are concentration dependent (Tani-
moto, 2005; Muday et al., 2012). Auxins promote root
growth up to an optimal level. Higher concentrations
cause retardation of root development (Taiz and Zeiger,
2010; Facella et al., 2012). The growth inhibitory effects
of higher concentration of auxins on plant roots are the
consequence of increased ethylene synthesis stimulated
by auxin levels via enhanced biosynthesis of ACC (ami-
nocyclopropane carboxylate), immediate precursor of
ethylene, as root growth inhibition by auxins is found
to be reversed by the application of inhibitors of eth-
ylene biosynthesis (Ruzicka et al., 2007; Muday et al.,
2012). Ethylene is required during seed germination but
high concentration of ethylene, after germination, may
lead to inhibition of root growth. PGPR were found
to inhibit the activity of ACC i.e., aminocyclopropane
carboxylate (ACC) which acts as ethylene precursor
thereby reducing ethylene synthesis which is respon-
sible for inhibition of root growth (Glick, 1995; Glick
etal., 1997; Glick et al., 1998; Glick 2005).

Plant responses observed with auxins include
cell enlargement, cell division, ethylene production,
increased protein and RNA synthesis and RNA poly-
merase activity (Taiz and Zeiger, 2010; Muday et al.,
2012; Niklas and Kutschera, 2012). Auxins affect the
metabolic activities of the cell by controlling the influx
and efflux of ions through the plasma membrane or cell
wall loosening, for which they bind to the transmem-
brane protein receptors such as ABP1 (Auxin-binding
proteinl) at the cell surface. Auxins may also stimu-
late new patterns of gene expression by acting as a sig-
nal molecule triggering signal transduction pathways
(Willige et al., 2011; Wu et al., 2011). These pathways
may promote biosynthesis of transcription factors that
result in the production of enzymes involved in cata-
lyzing various metabolic activities. Auxin transporter
molecule (AuxI) in the plasma membrane facilitates the
active transport of auxins across the cells (Tanimoto,
2005; Taiz and Zeiger, 2010; Willige et al., 2011).

PGPR: Microbial factories for auxin production

Plant growth promoting rhizobacteria (PGPR) are
the microbes present in close vicinity of the plants
especially in the rhizosphere where these not only
act as economical source of nutrition for the plants
but improve soil fertility as well (Esitken etal., 2010;
Malusa et al., 2012). Efficient bacterial colonization of
the plant roots depends on the rhizospheric conditions
conferred by the plant root exudates to the rhizosphere,
microbial activities in response to root exudates and
rhizospheric environment and mutual interactions of
both rhizospheric bacterial communities and plant
roots (Hartmann et al., 2009; Esitken et al., 2010; Lim
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etal., 2010). Root exudates secreted by the plant roots
are microbe specific and are characterized by the ability
to attract specific microbial species through chemotaxis
thus restricting the colonization of the plant roots by
specific bacterial communities out of the whole micro-
bial population present in the rhizosphere. Root exu-
dates can alter rhizospheric environment by altering
pH and redox potential. Approximately 10-25% of the
fixed carbon in majority of the plants are transported
to their roots from where these are secreted in the form
of root exudates containing organic and inorganic sub-
stances, sugars efc. (Glick et al., 1997). The availability
and high concentrations of these nutrients in the root
exudates is primarily responsible for the abundance
of microorganisms in the rhizosphere as compared to
the other soil areas away from plant roots. The major-
ity of the plant growth promoting bacteria (PGPB)
belong to the rhizospheric community rather than to
the endophytic or phyllospheric bacterial population.
Rhizospheric bacteria extract nutrients from the carbon
compounds present in the root exudates, which act as
energy source for them while the availability of nutri-
ents to plants increases in response to the microbial
activities through mobilization of insoluble minerals by
processes as nitrogen fixation, siderophore formation,
phosphate solubilization efc. In other words, substances
secreted by plant roots act as energy source for the
rhizospheric bacteria which help in facilitating mineral
availability, water and nutrient uptake and secretion of
plant growth promoting substances such as auxins or
by acting as biocontrol agents thus preventing disease
development and improving plant growth (Hartmann
et al., 2009; Egorshina et al., 2012).

PGPR can be categorized into two classes which
include those bacteria that beneficially affect plant
through direct physiological or biochemical mecha-
nisms and those PGPR which promote plant growth
indirectly by reduction in the phytopathogenic strains
and disease development thereby strengthening plant
immune response i.e., PGPR acting as biocontrol
agents (Glick, 1995; Glick et al., 1998; Rajendran et al.,
2012). Different mechanisms such as water and nutri-
ent uptake and changes in the root growth and devel-
opment affected by rhizospheric bacteria are found to
influence growth improvement of plants thus stimula-
tion of multiple mechanisms by PGPB results in the
overall promotion of plant growth (Lim et al., 2010;
Meldau et al., 2012). It is speculated that rhizospheric
bacteria stimulate stress-related protein synthesis thus
helping the plants in tolerating various kinds of stresses
(Lim et al., 2010). Presence of other microorganisms as
well as different plant species affect the activity of PGPR
so these may respond differently in different environ-
ments exhibiting variability in their affect on plant
growth (Remans et al., 2008; Stajkovic et al., 2009). Evi-
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dence suggests that PGPR exhibiting beneficial impact
on certain plants may not have any affect at all or may
even inhibit growth in some other plant species (Khan
and Doty, 2009).

Various mechanisms involved in growth improve-
ment by PGPR include microbial phytohormone pro-
duction (IAA, cytokinins, gibberellins), enhanced water
and nutrient uptake, improved nitrogen availability
in the soil, production of ACC deaminase for ethyl-
ene breakdown, phosphate solubilization, siderophore
production efc. (Glick etal., 1998; Khan and Doty,
2009; Sgroy et al., 2009; Esitken et al., 2010; Mia et al.,
2010; Kraiser et al., 2011; Rajendran et al., 2012). Bio-
logical nitrogen fixation and microbial production of
phytohormones were observed to be the major factors
responsible for plant growth improvement by PGPR,
which help in the development of efficient root sys-
tem for enhanced water and nutrient uptake (Mia et al.,
2010; Meldau et al., 2012; Rajendran et al., 2012). Auxin
production potential is not only limited to PGPRs but
endophytic bacteria and plant growth promoting fungi
are also known to produce auxins. The majority of the
phytohormone producing bacteria have been found to
produce IAA, although bacteria producing other phy-
tohormones such as cytokinins and gibberellins have
also been reported (Ortiz-Castro et al., 2008; Morrone
etal., 2009). Since auxins act as master control affecting
many plant processes, directly or indirectly, as well as
interactively influence the synthesis and action of other
phytohormones, therefore, the present review primar-
ily focuses on auxin producing ability of rhizobacteria.
Auxins secreted by bacteria have been found to act as
signaling molecules for communication between bac-
teria to coordinate their activities (Ouzari et al., 2008).
One of the most prominent features of plants inocu-
lated with auxin-producing plant growth promoting
bacteria is the modification in the root morphology and
development. Thus, plant growth-promoting bacteria
promote root growth by increasing root surface area
which in turn promotes nutrient uptake thereby indi-
rectly stimulating plant growth positively (Egorshina
etal.,2012). There is increasing evidence that auxins are
involved in regulating the expression of certain genes
thus indirectly controlling many plant processes (Mia
and Shamsuddin, 2010; Niklas and Kutschera, 2012).

Auxins secreted by PGPR activate biosynthetic sign-
aling pathways (Roy et al., 2010). Since the level of aux-
ins present in the plant environment critically affects
plant development so it is speculated that microbial
auxin production by PGPR may alter the level of aux-
ins and affects all the physiological processes regulated
by auxins thus promoting plant height, biomass and
grain yield efc. (Molina-Favero et al., 2008; Khan and
Doty, 2009). Most of the rhizospheric bacteria are able
to produce TAA. These include pathogenic bacteria such
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as Erwinia herbicola, Agrobacterium tumefaciens, Agro-
bacterium rhizogenes and Pseudomonas syringae and
plant growth promotiong bacteria such as Azotobacter
sp., Pseudomonas sp., Azospirillum sp., Rhizobium sp.,
Bacillus sp. and Enterobacter sp. (Ouzari et al., 2008;
Khan and Doty, 2009; Abd El-Hadi Nadia et al., 2009;
Merzaeva and Shirokikh, 2010; Roy et al., 2010; Cel-
loto et al., 2012). Plant pathogens may cause abnormal
hormonal signaling leading to disease development in
plants (Grant and Jones, 2009). IAA biosynthesis is not
vital for bacterial growth as IAA deficient mutants were
found to grow normally (Zakharova et al., 1999). The
growth phase of auxin producing bacteria also plays
critical role in determining the amount of IAA pro-
duced by the bacterial strains. Higher amounts of IAA
are generally produced during stationary growth phase
of bacteria (Ahmed and Hasnain, 2010). Azospirillum
sp. are the nitrogen fixing bacteria that have the ability
to produce IAA (Mia et al., 2010). IAA production by
Azospirillum sp. is generally considered major factor
for improving plant growth (Mehry et al., 2008; Kraiser
et al., 2011). The effects observed by inoculation with
Azospirillum brasilense include suppression of disease
development, improved plant growth due to improved
water and mineral absorption causing an increase in
fresh and dry mass thereby increasing the plant yield
(Mehry et al., 2008; Molina-Favero et al., 2008). Mar-
tinez-Morales et al. (2003) reported that A. brasilense
produces IBA, a substance associated with auxin activ-
ity that stimulates plant growth. It has been observed
that lateral and adventitious root formation is stimu-
lated by inoculation with A. brasilense which also pro-
motes the development of root hair thereby improving
root system. Arora et al. (2001) reported that 96% of the
rhizobial isolates produce IAA. Rhizobium sp. promotes
plant growth even in dry conditions (Mia and Sham-
suddin, 2010). Increased nodulation, better root devel-
opment, greater yields, enhanced mineral uptake are
the effects observed as a result of rhizobium inoculation
(Patten and Glick, 2002; Mia and Shamsuddin, 2010;
Gao etal., 2012). IAA deficient mutants of P. syringae
were reduced in their ability to colonize roots (Arora
etal., 2001).

Mechanisms of microbial auxin production

Bacteria synthesize IAA through several path-
ways, three of which are commonly observed i.e., IAM
(indole-3-acetamide), IAN (indole-3-acetonitrile) and
IPyA (indole-3-pyruvic acid) pathways (Fu and Wang,
2011; Niklas and Kutschera, 2012). Phytopathogenic
bacteria synthesize IAA mainly by indoleacetamide
pathway (Ouzari et al., 2008; Won etal., 2011). IAA
synthesized by beneficial bacteria that promotes plant
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growth involves the ipdC gene which encodes indolep-
yruvate decarboxylase, an enzyme that catalyzes the
conversion of IPyA to indole-3-acetaldehyde (Sgroy
et al., 2009). In indoleacetamide pathway, which is the
principle route of IAA production in phytopathogenic
strains, the synthesis of indole-3-acetamide from tryp-
tophan is catalyzed by tryptophan-2-monooxygenase.
Similarly indoleacetamide hydrolase is the enzyme
that catalyzes the conversion of indoleacetamide to
IAA (Won etal., 2011) whereas in plant growth stim-
ulating bacteria, synthesis of IAA proceeds through
the intermediate indolepyruvic acid. In this pathway,
tryptophan is converted to indole-3-pyruvic acid
which is decarboxylated to indole-3-acetaldehyde by
indole-3-pyruvate decarboxylase followed by IAA for-
mation (Patten and Glick, 2002; Fu and Wang, 2011).
Tryptophan (Trp), present in the root exudates, acts
as a precursor of IAA and affects IAA synthesis in the
majority of auxin producing PGPR (Merzaeva and
Shirokikh, 2010). Almost 90% reduction in IAA syn-
thesis was observed in A. brasilense ipdC knock out
mutants demonstrating the role of ipdC in Trp-depend-
ent as well as Trp-independent IA A biosynthesis. It has
also been reported that 90% of the IAA production by
Azospirillum sp. follows Trp-independent pathway.
However, increase in IAA production was recorded
with elevated tryptophan levels (Brandl and Lindow,
1998; Molina-Favero et al., 2008). In P. syringae, IAA
biosynthesis follow indoleacetamide pathway, however,
in Pseudomonas fluorescens, Trp is converted directly
to indole-3-acetaldehyde followed by the production
of TAA. Auxin synthesis by PGPR does not always pro-
ceeds through tryptophan. Some PGPRs also synthe-
size IAA through mechanisms independent of trypto-
phan (Merzaeva and Shirokikh, 2010; Kiyohara et al.,
2011). Studies revealed that bacterial IAA production
is a pathway for the detoxification of tryptophan and
auxins are secreted as secondary metabolites by the bac-
terial strains (Ouzari et al., 2008; Patil, 2011).

Conclusion

Plant growth promoting rhizobacteria (PGPR) are
the plant associated bacteria frequently found in the
rhizosphere of plants. Among the various mechanisms
involved in plant growth enhancement by PGPR is
microbial auxin production which has been reported
to play major role in growth improvement of plants
by PGPRs. Auxins produced by these bacteria trigger
various metabolic processes thereby controlling various
aspects of plant growth and development directly or
indirectly. These activities finally lead to plant growth
improvement. These auxin producing bacteria, with
immense plant growth promotion potential owing to
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their ability to produce auxin, can therefore be effi-
ciently utilized for plant growth improvement as an
alternate to the chemical fertilizers which are impos-
ing hazardous effects on human health.
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