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It is unanimously admitted that the chemical fertilizers and pesticides used in modern agriculture create
a real environmental and public health problems. One of the promising solutions to substitute these
agrochemicals products is the use of bio-resources, including plant growth promoting rhizobacteria
(PGPR). The PGPR focused more and more scientific attention in recent decades. These rhizospheric
bacteria colonize actively the root system of plants and improve their growth and yield. The PGPR use
different mechanisms of action to promote plant growth. These mechanisms were grouped into three
clusters according to the PGPR effects on plant physiology. These groups are as follow: (i)
biofertilization including biological fixation of atmospheric nitrogen, phosphate solubilization,
siderophores production and exopolysaccharides production; (ii) phytostimulation including
production of indole acetic acid, gibberellins, cytokinins and ethylene; and (ii) biocontrol including
induction of systemic resistance, competition for iron, nutrient and space, production of antibiotics,
lytic enzymes, hydrogen cyanide and volatile compounds. In view of the latest advances in PGPR
biotechnology, this paper proposes to do the review on PGPR in rhizosphere and describes the
different mechanisms used by PGPR to promote the plants growth and health. In prospect to a healthy
and sustainable agriculture, respectful of environment, the PGPR approach revealed as one of the best
alternatives.

Key words: Rhizosphere, plant growth promoting rhizobacteria (PGPR), root colonization, biofertilization,
biocontrol, biostimulation, interaction plant-microorganisms, sustainable agriculture.

INTRODUCTION

The galloping growth of world population estimated
around 7 billion people and may reach 8 billion by 2020
(Glick, 2012), generates several problems including food
insecurity and famine. So it is urgent to double the
agricultural production in order to reduce the risk of
malnutrition and increased poverty (Soulé et al., 2008). In

response to this, new seeds varieties of high-yield were
introduced into agricultural production systems in several
countries. The use of these new varieties is accompanied
by a growing and excessive use of chemical fertilizers
and pesticides. Although the use of these chemical
products has many advantages such as the ease to



handle and convincing results, they generate the
environmental and public health problems. Among these
problems, (i) groundwater and crop products
contamination by heavy metals from the use of these
agricultural inputs, (ii) interruption of the natural
ecological cycle of nutrients, (iii) destruction of the soil
biological communities, and (iv) physical and chemical
deterioration of agricultural soils, can be mentioned.
Indeed, the prolonged use of mineral fertilizers without
addition of organic matter leads to the poor soils in
organic matter, more sensitive to wind and rain erosion
(Alalaoui, 2007). Koo et al. (2009) asserted that heavy
metals contamination of groundwater and crop products
is one of the major causes of the cancer occurrence.

The growing necessity to protect our natural resources,
invites to a more restrictive use of fertilizers, pesticides
and herbicides from chemical origin. Thus, in order to
reduce or change the agrochemical used products and
institute  sustainable agriculture, respectful of the
environment, the use of bio-resources such as plant
growth promoting rhizobacteria (PGPR) focuses more
and more on the scientific attention.

Indeed, Hiltner (1904), a German researcher has firstly
defined the rhizosphere as soil area surrounding the root,
directly or indirectly influenced by root and which has a
strong microbial activity. The rhizosphere contains
different groups of microorganisms such as the fungi,
algae, nematodes, actinomycetes, protozoa and bacteria.
The group of bacteria is subdivided into three subgroups
(neutral, negative or positive) according to their effects on
the plant physiology. Thus, PGPR is a group of bacteria
capable to actively colonize the plant root system and
improve their growth and yield (Wu et al., 2005). The
term PGPR was proposed for the first time by Kloepper et
al. (1980) and was used specifically for the fluorescent
Pseudomonas involved in the biological control of
pathogens and enhancing plant growth. Later Kapulnik
(1981) extended this term to the rhizobacteria capable to
promote directly plant growth. Today, the term PGPR is
used to refer to all rhizospheric bacteria capable to
improve the plant growth by one or more mechanisms
(Haghighi et al., 2011). This reviewed article presents the
PGPR in rhizosphere and describes the different
mechanisms used by PGPR to promote the plants growth
and health.

RHIZOSPHERE

According to the foremost definition given by the German
scientist, Hiltner L., rhizosphere refers to the soil area
surrounding a plant’s root, directly or indirectly influenced
by the root and which has a strong microbial activity
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(Hiltner, 1904). The term of rhizosphere comes etymo-
logically from rhiza (root) and sphera (surroundings). The
rhizosphere is subdivided into three separate parts
(Figure 1). The first part (Exorhizosphere) corresponds to
soil adherent to the root and remains attached to it after
vigorous shaking. The second part (Rhizoplane)
corresponds to interface soil/root and finally the third part
(Endorhizosphere) is the intercellular space between the
root tissues inhabited by endophyte bacteria, which does
not form symbiotic structures (Bowen and Rovira, 1999).

This particular environment is the seat of important and
intense interactions between plant, soil and various
associated microorganisms (Nihorimbere et al., 2011;
Lemanceau et al., 2006). Several biochemical interactions
between plants and soil microorganisms have been
reported by Pinton et al. (2007). The biological and
physico-chemical characteristics of the rhizosphere
depend largely on the nature of the various compounds
released by the plant root (exudates) in rhizosphere. The
process to excrete the exudates is called rhizodeposition.
The roots secrete at the apex a mucilage constituted of
carbohydrate polymers that the primary function is to
protect root against desiccation (Bais et al., 2006). The
root exudates are transported through the cell membrane
and excreted in the rhizosphere. The composition and
concentration of exudates are strongly influenced by the
following factors: plant species, stage of development
and plant nutrition, soil type and environmental conditions
(temperature, soil water potential and light intensity)
(Kochian et al., 2005). The root exudates effects depend
on their ability to disseminate as far as possible from
rhizoplane (Gupta and Mukerji, 2002).

The rhizosphere is very rich in nutrients such as
sugars, amino acids, organic acids, hormones (Badri et
al., 2009), nucleotides, fatty acids, sterols, growth factors,
enzymes, flavonoids and other small molecules from the
plant root exudates. These compounds serve many
functions and they pose a significant carbon cost for the
plant. The microorganisms found in this medium, require
energy for their metabolism. The root exudates will also
condition the diversity and density of microorganisms in
the rhizosphere. The root exudates can attract beneficial
and pathogenic microorganisms as well.

RHIZOSPHERIC MICROFLORA

Rhizosphere is the zone of a few millimeters around the
plants root system (Compant et al.,, 2010), contains a
sizeable microbial population (about 10%-10° CFU/g of
soil) (Schoenborn et al, 2004). The rhizospheric
microflora is naturally made of a complex assembly of
prokaryotic and eukaryotic microorganisms (Cardon and
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Gage, 2006). It constitutes of bacteria, fungi, algae,
nematodes, actinomycetes and protozoa. The microbial
structure of rhizosphere varies according to the plant
species, stages of development and soil type (Broeckling
et al., 2008). Proteobacteria and Actinobacteria are the
microorganisms most frequently found in the rhizosphere
of several plant species (Singh et al., 2007). The density
and structure of rhizospheric microbial communities
(Kowalchuk et al., 2010; Latour et al., 2009) and their
metabolic activity (Nannipieri et al., 2008) are significantly
different from those of bare soil. Through the root
exudates, the plant can limit and/or guide the rhizosphere
colonization and create its microbial community. Thus,
the microbial population (diversity and load) of
rhizosphere depends partly to the quantity and quality of
exudates (microorganisms-exudates affinity), but also to
microbial interactions (Somers et al., 2004).

RHIZOBACTERIA

Among the microbial community of rhizosphere, bacteria
(rhizobacteria) are the most known (95%) and the most
abundant because of their high growth rate and ability to
use different carbon and nitrogen sources (Glick, 2012).
The rhizobacteria concentration in the rhizosphere can
reach 10" CFU/g of soil (Foster, 1988). However, in the
soils of stressed ecosystem, the load of rhizobacteria
may be less than 10* CFU/g of soil (Timmusk et al.,
2011).

These rhizobacteria can affect the plants physiology
through different ways. Thus, the interactions between
rhizobacteria and plant can be beneficial, harmful or
neutral (Ordookhani and Zare, 2011). The presence of
neutral rhizobacteria in the rhizosphere has probably no
effect on plant health. In opposite, phytopathogenic
rhizobacteria (Desulfovibrio, Erwinia, Agrobacterium,
Enterobacter and Chromobacter, etc.) affect negatively
the plant growth, whereas the beneficial rhizobacteria
(Azospirillum, Pseudomonas, Bacillus, etc.) affect
positively plant growth and vyield through various
mechanisms of action. The beneficial rhizobacteria are
known under the name ‘PGPR’.

PLANT GROWTH PROMOTING RHIZOBACTERIA
(PGPR)

PGPR are a group of bacteria capable to actively
colonize the plants root system and improve their growth
and yield (Wu et al., 2005). They colonize all ecological
niches of root to all stages of plant development, even in
the presence of a competing microflora. PGPR represent
about 2 to 5% of total rhizospheric bacteria (Antoun and
Kloepper, 2001). The term PGPR was proposed by
Kloepper et al. (1980) and has been used for a long time,
especially for fluorescent Pseudomonas involved in the

pathogens biological control and enhancing plant growth.
Later, Kapulnik et al. (1981) extended this term to the
rhizobacteria capable to directly promote plant growth.
Today, the term of PGPR is used to refer to all bacteria
living in the rhizosphere and improve plant growth
through one or more mechanisms (Haghighi et al., 2011).
A wide range of species belonging to the genus
Pseudomonas, Azospirillum, Azotobacter, Klebsiella,
Enterobacter, Alcaligenes, Arthrobacter, Burkholderia,
Bacillus and Serratia was reported as PGPR (Saharan
and Nehra, 2011).

The PGPR effects depend on ecological and soil
factors, plant species, plant age, development phase and
soil type (Werner, 2001). For example, a bacterium which
promotes plant growth through nitrogen fixation or
phosphorus solubilization (compounds often present at
low dose in many soils), certainly not produce beneficial
effects to the plant when the soil receives chemical
fertilizers. Also, the mutant bacterium Pseudomonas
fluorescens BSP53a, hyper producing indole acetic acid
(IAA) and stimulating root development of blackcurrant
(Ribes nigrum L.) inhibits root development of Cherry
(Prunus avium L.) (Dubeikovsky et al., 1993).

MECHANISMS OF ACTION USED BY PGPR TO
PROMOTE PLANT GROWTH AND HEALTH

Current knowledge of mechanisms used by PGPR
although this is not yet completely elucidated, it is
possible to classify them into three groups (Biofertilization,
Phytostimulation and Biocontrol) according to the PGPR
effects on plant physiology (Table 1).

Root colonization

Root colonization is an essential step in the biological
control of pathogens and in the improvement of plants
growth by PGPR. The fundamental elements for efficient
colonization include the ability of microorganisms to
survive after inoculation, to grow in spermosphere (region
surrounding the seed) in response to exudates
production by seed, to fix on surface of the first roots, and
to colonize the entire root system (Nelson, 2004).
Especially for endophilic microorganisms, the root
colonization includes four steps: (i) attraction, (ii) root
recognition, (iii) root adhesion and (iv) root invasion
(Nihorimbere et al., 2011). These steps are influenced by
biotic and abiotic factors.

Indeed, the seeds colonization is the first step in the
root colonization process. The microorganisms that are
established on the seeds during the germination can
grow and colonize the roots along their length from where
they emerge and grow in the soil. Seed colonization
during soaking phase has a significant effect on plant
growth. Through the markers utilization, Trivedi et al.
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Figure 1. Schematic representation of rhizosphere.

Table 1. Mechanisms used by PGPR to promote plant health and growth;
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Rhizosphere

Functions Mechanisms

References

Phosphate solubilization

. S Siderophores production
Biofertilization

Exopolysaccharides production
Biofixation of atmospheric nitrogen

Ethylene production
Cytokinins production
Gibberellins production
Indole Acetic Acid production

Phytostimulation

Antibiotics production
Lytic enzymes production

Hydrogen cyanide production
Control of pathogens ydrogen cyanide producti

Volatile compounds production
Induction of systemic resistance
Competition for Iron, nutrient and space

Yazdani et al. (2009)
Vansuyt et al. (2007)
Sandhya et al. (2009)
Weyens et al. (2010)

Glick et al. (2007)
Kang et al. (2009)
Kang et al. (2009)
Ashrafuzzaman et al. (2009)

Ongena et al. (2005)
Joshi et al. (2012)
Lanteigne et al. (2012)
Trivedi et al. (2008)
Doornbos et al. (2012)
Innerebner et al. (2011)

(2005) showed that rhizobacteria that have promoted the
tea growth (Bacillus subtilis, Bacillus megaterium, and
Pseudomonas corrugata) are those that -effectively
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colonized their root system. These bacteria have greatly
colonized the maize rhizosphere (Trivedi and Pandey,

2008).



1456 Afr. J. Biotechnol.

Biofertilization

The improvement of soil fertility is one of the strategies
commonly used to increase agricultural production.
PGPR participates in soil fertilization through the
biofixation and biosolubilization process.

Biofixation of atmospheric nitrogen

Nitrogen is the main limiting nutrient for plant growth
(Munees and Mulugeta, 2014; Chapin and Aerts, 2000). It
is the fourth important element of plant dry mass.
Nitrogen is an essential constituent of nucleotides,
membrane lipids and amino acids (enzymatic and
structural proteins) (Marschner, 1995). The most part of
this element is in gaseous form (N,) inaccessible to
animals and plants (Pujic and Normand, 2009). The
biological fixation of atmospheric nitrogen is an important
microbial activity for the maintenance of life on the earth
through photosynthesis performed by photosynthetic
organisms. About 175 million tons of atmospheric
nitrogen are reintroduced annually in life cycle through
the biological fixation.

The biological nitrogen fixation is limited to prokaryotes
that possess (unlike plant) an enzymatic complex (the
dinitrogenase) which catalyses the reduction of
atmospheric nitrogen into ammonia (N, + 4H,  2NH3 +
H,) (Weyens et al., 2010). Nitrogen-fixing bacteria include
both free rhizospheric prokaryotic (e.g. Achromobacter,

Acetobacter, Alcaligenes, Arthrobacter, Azospirillum,
Azotobacter, Azomonas, Bacillus, Beijerinckia,
Clostridium, Corynebacterium, Derxia, Enterobacter,
Herbaspirillum, Klebsiella, Pseudomonas,
Rhodospirillum, Rhodopseudomonas and Xanthobacter)
(Tilak et al., 2005) and symbiotic rhizospheric

prokaryotes that fix nitrogen only in association with
certain plants. This latter group comprises rhizobia
(Rhizobium, Bradyrhizobium, Sinorhizobium,
Azorhizobium,  Mesorhizobium and  Allorhizobium)
associated with leguminous plants and Frankia strains,
filamentous sporulating bacteria associated with
Actinorhizal plants (Gray and Smith, 2005).

Several studies showed that the co-inoculation of
Bradyrhizobium and PGPR can positively influence the
symbiotic nitrogen fixation through the increase of
nodules number, nodule dry weight, seed yield, nutrients
availability and improvement of nitrogenase activity (Son
et al., 2006).

As previously announced, certain non-symbiotic
bacteria are also capable to fix atmospheric nitrogen that
will be transferred to plants (Bashan and Levanony,
1990). The discovery of nitrogen fixation by non-
symbiotic bacteria  was made by Beijerinck (1901).
However, it is unanimously accepted that non-symbiotic
bacteria fix less nitrogen than symbiotic bacteria (James
and Olivares, 1997). Despite their low nitrogen fixation
power, some PGPR are very effective. The inoculation of

several cultures with diazotroph PGPR especially
Azotobacter and Azospirillum has improved the yield of
annual and perennial grasses (Tilak et al, 2001). The
wheat inoculation with Azotobacter has increased their
yield of 30% (Gholami et al., 2009; Kloepper and
Beauchamp, 1992).

Under normal conditions, the fixing microorganisms
benefit from the nitrogen without excretion of nitrogen
compounds. But at their death and after decomposition,
nitrogen is available to plants providing an average of 25
kg Nha'year™ at the continents. In most ecosystems and
through this process, the fixing microorganisms
participate to accumulation of nitrogen compounds over
time (Vitousek et al.,, 2002). This process is then
sufficient to maintain the stock of nitrogen compounds in
the ecosystem and to restore the losses.

Phosphate solubilization

Phosphorus is a second mineral element after nitrogen
that the deficiency crucially limits plant growth (Nisha et
al., 2014). Phosphorus represents about 0.2% of plant
dry weight and is an essential constituent of nucleic
acids, phytin and phospholipids. Phosphorus plays a
major role in photosynthesis, respiration, storage and
transfer of energy and cell division and elongation
(Sagervanshi et al.,, 2012). It is essential for seed
formation which contains the highest phosphorus content
of the plant.

The plant absorbs the phosphorus in mono and dibasic
(H,POy, HPO42') soluble forms (Keneni et al., 2010;
Ramos Solano et al., 2008). Unfortunately, the great
proportion of soil phosphorus (about 95-99%) is in the
form of insoluble inorganic phosphates (apatite) or
insoluble organic phosphates (inositol phosphate,
phosphomonesters and phosphotriesters) unassimilated
by the plant (Pérez-Montano et al., 2014; Khan et al.,
2007). Phosphorus (highly reactive) is immobilized by
precipitation with cations Ca** and Mg®* in alkaline soils
and with Fe** and AP* in acid soils (Hesham and El-
Komy, 2005). Thus, when applied to an agricultural soil,
the soluble inorganic phosphate, the great proportion of
this phosphate is rapidly immobilized after application
and becomes unavailable to the plant (Vikram and
Hamzehzarghani, 2008).

Fortunately, some PGPR possess the ability to
solubilize the soil insoluble phosphate in order to make
available to the plant. These PGPR are referred by the
acronym "Phosphate Solubilizing Bacteria, PSB". The

PSB group contains the genus Pseudomonas,
Azospirillum, Bacillus, Rhizobium, Burkholderia,
Arthrobacter,  Alcaligenes, Serratia, Enterobacter,

Acinetobacter, Azotobacter, Flavobacterium and Erwinia
(Zaidi et al., 2009). Pseudomonas and Azospirillum
species isolated from the pepper (Piper nigrum L.)
rhizosphere have a strong ability to dissolve phosphate
under in vitro condition (Ramachandran et al., 2007).



PSB make the solubilizing effect through the production
of organic acids such as formic acid, propionic acid, lactic
acid, glycolic acid, fumaric acid, succinic acid (Vazquez
et al., 2000), gluconic acid, 2-ketogluconic, oxalic acid,
citric acid, acetic acid and malic acid (Zaidi et al., 2009).
These acids reduce the soil pH and cause the dissolution
of insoluble phosphate. During the solubilization of rock
phosphate by microorganisms, Venkateswarlu et al.
(1984) observed a reduction of pH from 7 to 3. The study
conducted by Wahyudi et al. (2011), revealed that all
Bacillus isolates which have significantly improved the
soybean (Glycine max) growth were able to solubilize the
phosphate excepted CR67 isolate.

PSB are also able to mineralize the insoluble organic
phosphate through the excretion of extracellular enzymes
such as phosphatases (catalysts of the hydrolysis of
phosphoric esters), phytases and C-P lyases (Weyens et
al., 2010). It should be noted that this two mechanisms
(solubilization and mineralization) can coexist within the
same PBS (Tao et al., 2008). Several authors have
reported the yield increase of Tea (Camellia sinensis L.)
(Chakraborty et al.,, 2006), soybean (Abd-Alla, 2001),
alfalfa (Medicago sativa L.) (Rodriguez, 1999), wheat
(Triticum aestivum L.) (Whitelaw et al., 1997) and onion
(Allium Cepa) (Vassilev et al., 1997) by PSB inoculation.
The application of phosphate solubilizing microorganisms
can reduce phosphorus application to 50% without
affecting the maize seeds vyield (Yazdani et al., 2009).
Thus, the plants inoculation with PSB increases the
availability of phosphorus in the rhizosphere and its
absorption by the plant.

Iron chelation (siderophores production)

Iron is essential to the functioning of living organisms. It is
essential for all life form because it is involved in diverse
and essential biological functions. It is the cofactor of
many enzymes involved in the electron transfer (mito-
chondrial respiration) or oxygen transfer (hemoglobin),
and in the deactivation of radical oxygen (catalases,
peroxidases) (Ganz, 2003). lIron is the fourth most
abundant element in ground rock. Unfortunately, this
huge quantity of iron is in the ferric ions form (Fe3+) very
little assimilated by living organisms (bacteria, plants,
etc.) (Ammari and Mengel, 2006). To overcome this
difficulty and provide iron to the plant, rhizobacteria have
developed various iron uptake strategies to survive and
to adapt to their environment. One of these strategies is
the production of siderophores.

Siderophores are the molecules of low molecular
weight (400 to 1500 Da), having an exceptional affinity for
Fe®* (Ka ranging from 10*° to 10°®) and membrane
receptors capable of binding the complex Fe-siderophores
in order to facilitate the iron absorption by micro-
organisms and plant (Hider and Kong, 2010). They are
used in fertilizer formulations for regulation of iron intake
in plants, and thus facilitate its growth (Miller and
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Malouin,1994). Siderophores are produced by a wide
variety of microorganisms (bacteria and fungi) and some
plants (phyto-siderophores of grasses) (Van der Helm
and Winkelmann, 1994). Agrobacterium, Bacillus,
Escherichia coli, Pseudomonas, Rhizobium and many
fungi are capable to produce these iron chelating
compounds (Zahir et al., 2004).

According to the chemical function involved in the iron
chelation, the siderophores are classified into three
classes: phenol/catechol, hydroxamate and
hydroxycarboxylique acid.
Today, more than 500 siderophores are known and the
chemical structures of 270 of them were determined
(Hider and Kong, 2010).

Several studies have shown the beneficial effects of
bacterial siderophores on improving of plant growth.
Robin et al. (2008), using the iron-siderophore complex
radioactive as the only source of iron, showed that plants
are able to absorb the radioactive iron. The iron-
pyoverdin synthesized by P. fluorescens C7 tested on
Arabidopsis thaliana plants, has increased the iron level
inside the plants and improved their growth (Vansuyt et
al.,2007).The siderophores are also involved in chelation
of other rhizosphere metals having a low availability to
plants such as zinc and lead (Dimkpa et al., 2009).

Extracellular polysaccharides production

The ability to produce polysaccharides is one of the many
benefits of rhizobacteria in promoting plant growth. These
polysaccharides include structural polysaccharides,
intracellular polysaccharides and extracellular
polysaccharides (exopolysaccharides, EPS). The main
contribution of rhizospheric microorganisms to soll
stability is associated to the EPS production. These are in
the form of hydrated gels around the cells. They
constitute the interface between the microorganisms and
their immediate environment. In the rhizosphere, EPS
produced by rhizobacteria, enter aggregate soil and alter
its porosity (Alami et al., 2000). Thus, the porosity of the
soil, which is directly related to soil water transferred to
the roots, is partly controlled by bacterial activity. EPS
bacterial products on the surface of roots also help
maintain the film of water required for the photosynthetic
activity and growth of plants. Sandhya et al. (2009) argue
that EPS participate in the formation of bacterial
aggregates and consequently improve soil aeration,
water infiltration and root growth. EPS cover and protect
the roots against attacks by pathogenic microorganisms.
They are used as delete molecules in plant defense
mechanisms against pathogens.

In salt stress condition, the EPS chelate cations
available in the root zone, thus contributing to reduce the
salinity of the rhizosphere. The bacterial EPS in
conditions of water stress in the soil can limit or delay the
middle of desiccation. Conversely, in case of excess
water (rain, floods), EPS contribute to avoid dispersion of
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soils clayey (Henao and Mazeau, 2009).

Phytostimulation

Phytohormones are chemical messengers that influence
the ability of plants to respond to their environment. They
are organic compounds which are generally effective at
very low concentrations. Botanists recognize five main
groups of plant hormones: (i) Auxins (ii) Gibberellins, (iii)
Ethylene, (iv) Cytokinins, and (v) abscisic acid. Only the
first four are involved in the phytostimulation by
rhizobacteria.

Indole acetic acid production

Auxin (from the Greek "auxien”, which means "increase")
is the first plant hormone discovered by Darwin (1880) in
canary seed (Phalaris canariensis). Therefore, auxin was
isolated from several other plants. Indole Acetic Acid
(IAA) includes the plant hormones belonging to auxin
group. IAA is a molecule signal, involving in the regulation
of plant development, specifically in organogenesis, cell
division, cell differentiation and genes regulation (Ryu
and Patten, 2008).

Although the plant is able to synthesize the IAA, it
responds positively to an IAA exogenous supply, at
certain stages of its development cycle (Khalid et al.,
2006). The stimulation of plants growth by rhizobacteria
is often associated with their ability to produce IAA
(Patten and Glick, 2002). Shobha and Kumudini (2012)
reported that several species of Bacillus spp.,
Pseudomonas species, Azotobacter species, Azospirillium
species, Phosphobacteria species, Glucanoacetobacter
species, Aspergillus species and Penicillium niger can
produce IAA. The production of IAA by PGPR depends
on species and strains and is also influenced by the
culture conditions, stage of development and availability
of substrates in the rhizosphere (Ashrafuzzaman et al.,
2009). It has been reported that the wheat inoculation
with Azotobacter and Bacillus has increased its seeds
yield of 30 and 43% respectively. This increase due to
the production of certain growth hormones such as IAA
(Kloepper et al., 1991).

The microbial production of IAA makes several
metabolic pathways (Persello-Cartieaux et al., 2003).
Although some pathways independent of tryptophan have
been identified in some microorganisms, tryptophan
remains the most common and major precursor of I1AA
biosynthesis by microorganisms. The four main metabolic
pathways dependent of tryptophan are: tryptophol,
tryptamine, indole-3-pyruvic acid and indole-3-acetamide
pathway (Bartel, 1997). Gravel et al. (2007) have shown
that the rhizobacteria Pseudomonas putida and
Trichoderma atroviride synthesized in vitro 1AA in the
presence of L-tryptophan. When these researchers
inoculated tomato plants with previous rhizobacteria in
addition with several concentrations of L-tryptophan, they

found that the higher concentration of L-tryptophan
increased more than tomato plants developed. Let note
that the tryptophan is naturally excreted by the tomato
plant through the root exudates. Thus, the majority of
auxins found in the tomato rhizosphere come from the
microbial biosynthesis (Kamilova et al., 2006). Several
studies have shown that some microorganisms produce
low quantity of auxins in the absence of L-Tryptophan
become strong producing of auxins in the presence of L-
tryptophan (Zahir et al., 2004). Zahir et al. (2010)
observed an increase up to 8 times auxin production by
Rhizobium strains after addition of L-tryptophan to the
culture medium.

The plant response to IAA addition varies according to
plant species, IAA concentration, complexity of tissue and
stage of plant development (Glick, 2012). IAA is strongly
involved in the tomatoes fruition especially during fruit
setting and its final development phase (Srivastava and
Handa, 2005). It has been shown by Xie et al. (1996) that
the synthesis of great quantity of IAA by rhizobacteria
inhibits the development of the plant root system. Indeed,
the root level of endogenous IAA can be suboptimal or
optimal for plant growth (Pilet and Saugy, 1987). Through
the additional effect, the exogenous IAA (produced by
rhizobacteria) brings the 1AA levels of plant to optimum or
supra optimal (Glick, 2012). In the first case, there has
been an improvement of the plant growth due to the
induction of a better development of the root system
(initialization of root elongation and cell division), which
improves the plant nutrition through a more absorption of
water and nutrient. In the second case, a root inhibition
will be observed. Thus, the bacterial IAA can have an
inhibitory effect on root growth from a certain
concentrations. Tanimoto (2005) says that the
development of the root system can be greatly affected
by external sources of growth regulators.

Spaepen et al. (2007) affirmed that the I1AA plays a very
important role in root elongation and root hairs
proliferation. San Francisco et al. (2005) showed that the
application of exogenous IAA increases the phosphorus
level in roots of Pepper plants under hydroponic
conditions. Moreover, Patten and Glick (2002) also
reported that low levels of IAA can stimulate root
elongation, while optimal levels of biosynthesized IAA
stimulate the lateral and adventitious roots formation.

Gibberellins and cytokinins production

Rhizobacteria have the capacity to produce phyto-
hormones cytokinins and gibberellins (Van Loon, 2007).
The evaluation of ability to produce plant hormones of 24
Streptomyces strains in broth medium, revealed that all
strains synthesized cytokinins and gibberellins (Mansour
et al., 1994). The improvement of plant growth by some
PGPR producing cytokinins or gibberellins was reported
(Kang et al., 2009). The mechanisms used by cytokinins
and gibberellins synthesized by rhizobacteria to promote
plant growth are still not well understood. The assumptions



so far are based on the conventional knowledge on the
role of cytokinins and gibberellins in the plant physiology
and those relating to the plant response to the addition of
purified hormones. Among other effects, cytokinins and
gibberellins are involved in plant morphology modifying
and in the stimulation of development of the plant aerial
part (Van Loon, 2007).

Ethylene regulation

Ethylene is one of the small bioactive molecules known
as a plants growth inhibitor. At low concentrations,
ethylene can promote the growth of several plant species,
including Arabidopsis (Pierik et al.,, 2006) by the
stimulation of seed germination, initiation of root growth,
fruit ripening and activation of other phytohormones
synthesis. However, the moderate or high levels of
ethylene induced the inhibition of root elongation,
Rhizobium species nodulation and plant-mycorrhiza
interactions, the wilting flowers, the falling leaves, and
disruption of plant response to biotic and abiotic stress
(Abeles et al., 1992). Thus, the elevation of ethylene
concentration (> 25 pg/L) under stress conditions caused
by heavy metals (Belimov et al., 2005), pathogens (Wang
et al., 2000), drought (Mayak et al., 2004a), salinity
(Mayak et al., 2004b) and organic contaminants (Reed
and Glick, 2005) induces the inhibition of hair formation
and root elongation and therefore a reduced vegetable
growth.

The decrease of the high levels of ethylene in the plant
can be performed through the degradation of its direct
precursor 1l-aminocyclopropane-1-carboxylic acid (ACC)
using the ACC-deaminase enzyme. This enzyme is
expressed in several rhizobacteria (e.g. Alcaligenes
species, Bacillus pumilus, Burkholderia cepacia,
Enterobacter cloacae, Methylobacterium fujisawaense,
Ralstonia solanacearum, Pseudomonas spp. and
Variovorax paradoxus). These rhizobacteria through the
ACC-deaminase can degrade plant ACC to o-
ketobutyrate and ammonium (Glick et al., 2007). The
consequence of this degradation is the reduction of
ethylene produced by the plant. Through this mechanism,
the PGPR producing ACC-deaminase regulates the
ethylene level in the plant and prevents the growth
inhibition caused by high levels of ethylene.

BIOCONTROL OF SOIL-BORNE PHYTOPATHOGENIC
MICROORGANISMS

PGPR involved in the biological control of soil-born
phytopathogenic organisms through certain mechanisms
such as: production of antagonistic metabolites
(antibiotics, lytic enzymes, hydrogen cyanide, volatile
compounds and siderophores), induction of systemic
resistance and nutrients and space competition. In study
conducted by Noumavo et al. (2015), Streptomyces
hygroscopicus, Ectocarpus fasciculatus, Pseudomonas
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aeruginosa, P. putida, P. fluorescens and Azospirillum
lipoferum inhibited mycelial growth of Fusarium
verticillioides and Aspergillus ochraceus pathogens of
maize plants. P. fluorescens and P. aeruginosa were
highly antagonistic against F. verticillioides (52.24% of
mycelial growth inhibition) and A. ochraceus (58.33% of
mycelial growth inhibition).

Antibiotic production

The antibiosis is probably the best known and perhaps
the most important mechanism used by PGPR to limit the
pathogens invasion in the plant tissue. It consists to
inhibit the development of plant pathogenic
microorganisms through the production of secondary
metabolites of low molecular weight, possessing
antifungal and/or antibiotics properties. Bacillus,
Streptomyces, and Stenotrophomonas strains produce a
wide range of potent antifungal metabolites such as
oligomycin-A, xanthobaccin (Compant et al.,, 2005),
zwittermicin-A, kanosamine and lipopeptides of the
surfactins, iturins and fengycin family (Ongena and
Thonart, 2006). Pseudomonas strains are known for the
production of amphisin, 2,4-diacetylphloroglucinol
(DAPG) oomycin-A, phenazine, pyoluteorin, pyrrolnitrin,
tensin, tropolone, and the cyclic lipopeptides (Loper and
Gross, 2007). It was recently demonstrated the role of
these lipopeptides in protective effect of a particular B.
subtilis strain against Pythium ultimum pathogen of bean
plants (Ongena et al., 2005) and against mould gray of
apple after harvesting (Touré et al., 2004).

This metabolites production is influenced by abiotic
factors (oxygen, moisture, temperature, pH and soll
nitrogen, micronutrients and organic matter content),
biotic factors (vegetable specie, pathogen organisms,
native microflora, and density of strains producing
metabolites) and some other.

Lytic enzymes production

Some PGPR strains have the ability to degrade fungal
cell walls through the production of hydrolytic enzymes
such as chitinases, dehydrogenases, B-glucanases,
lipases, phosphatases, proteases, hydrolases, exo and
endo-polygalacturonases, pectinolyases and cellulases
(Joshi et al., 2012; Whipps, 2001). Various Pseudomonas
strains showed in vitro antifungal activity against three
zoospores fungi (Sharma et al., 2009). These authors
proved that the antifungal activity is due to the production
of rhamnolipid causing the lysis of plasma membrane of
zoospores fungi. This PGPR Iytic activity allows to protect
the plant against biotic stress through the pathogens
elimination.

Hydrogen cyanide and volatile compounds production

The antagonistic activity of PGPR also results in the
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production of volatile compounds. The best known
compound is hydrogen cyanide (HCN). Devi et al. (2007)
reported the excretion of HCN by rhizospheric strains.
Pseudomonas strains producing HCN are used in
biological control against bacterial canker of tomato
(Lanteigne et al., 2012). P. corrugata showed antagonistic
activity against Alternaria alternata and Fusarium
oxysporum pathogen microorganisms of several cultures
such as maize (Trivedi et al., 2008). This antagonism has
been associated with the production of volatile
compounds, although P. corrugata also produced some
hydrolytic enzymes. Bacillus subtilis strains isolated from
tea, producing volatile antifungal compounds induced
structural defects on six pathogenic fungi under in vitro
culture conditions (Chaurasia et al., 2005). B. megaterium
inhibits the growth of two plant pathogens A. alternata
and F. oxysporum through the production of volatile
compounds (Trivedi and Pandey, 2008).

Induction of systemic resistance

PGPR can trigger the plants inducible defense
mechanisms, phenotypically similar to normal defense
reaction of plants, when attacked by a pathogen (Pieterse
et al., 2009). This phenome non called Induced Systemic
Resistance (ISR) can make the plant much stronger
hardy against future aggression of pathogens (Van Loon,
2007). This phenomenon of systemic resistance induction
by rhizobacteria is considered as a promising strategy for
biological control of plant disease (Ramos Solano et al.,
2008). The ISR can be induced by a wide range of
microorganisms included Gram-positive bacteria such as
B. pumilus, or Gram-negative bacteria belonging to the
genus Pseudomonas (P. fluorescens, P. putida, P.
aeruginosa), and enterobacteria such as Serratia
(Serratia marcesens, Serratia plymuthica) or Pantoea
agglomerans (Jourdan et al., 2009). The IRS protects the
plants against a large spectrum of pathogens not only
fungal, bacterial and viral, but also against certain
diseases caused by insects and nematodes (Durrant and
Dong, 2004). Several bacterial metabolites can induce an
IRS. These metabolites include lipopolysaccharides
(LPS), siderophores, cyclic lipopeptides, 2,4-
diacetylphloroglucinol, homoserine lactones, and volatile
compounds such as acetoin and 2,3-butanediol
(Doornbos et al., 2012).

Competition for space, nutrients and iron

Although it is difficult to directly demonstrate, the indirect
evidences showed that the competition between
pathogens and PGPR may limit the incidence and
severity of plant pathology. The rapid and abundant root
colonization by PGPR, which occupies the infection sites
of plant pathogens and uses most of the available
nutrients, makes difficult the development of pathogens.

Lemanceau and Heulin (1998) affirmed that high and
active microbial biomass reduces the probability of
pathogen to infect the plant. This makes the nutrient
competition an important mean of biological control
(Benitez et al., 2004). Beside the intrinsic growth capacity
of PGPR, the other properties enhancing the root
colonization are mobility (presence of flagellum),
chemotaxis, lipopolysaccharide (LPS), the ability to
synthesize vitamins and macromolecules and the
capacity to use the compounds excreted by the roots
(Lugtenberg and Kamilova, 2009). In a series of
experiments, researchers have shown that the treatment
of tomato leaves with Pseudomonas syringae pv.
prevented Sphingomonas species to cause the disease
symptoms (Innerebner et al., 2011).

Another form of competition is established between the
pathogens and PGPR. This is the struggle for iron.
Indeed, iron is an essential element for the growth and
survival of most phytopathogenic fungi. Then, some
PGPR synthesize siderophores that chelate iron in the
rhizosphere and thus inhibiting the pathogens growth.

CONCLUSION

This paper showed the beneficial effects of PGPR. PGPR
improve soil fertility through increase plant nutrients
(nitrogen, phosphorus and iron) available in soil. The
phytohormones produced by PGPR are assimilated by
plant for best growth. Also, PGPR inhibit plant pathogens
growth  through the production of antagonistic
metabolites, induction of systemic resistance and
nutrients and space competition. Additionally, PGPR
polysaccharides alter soil porosity and consequently
improve soil aeration. It is therefore clear that the
objectives of chemical fertilizers and pesticides use can
be reached with PGPR use. These rhizobacteria are the
best alternatives to use of chemical fertilizers and
pesticides that generate many problems such as
groundwater and crop products contamination by heavy
metals from there, interruption of the natural ecological
cycle of nutrients, destruction of the soil biological
communities and physical and chemical deterioration of
agricultural soils. Thus, this technology based on the
PGPR wuse, should be integrated into agricultural
production strategies of all countries to a healthy and
sustainable agriculture.

Conflict of Interests

The authors have not declared any conflict of interests.

ACKNOWLEDGEMENTS

The authors thanked the International Foundation for
Science (IFS research grant No C/5252-1) and West



African Agricultural Productivity Programme
(WAAPP/PPAAO) for funding the purchase of several
papers used to write this paper.

REFERENCES

Abd-Alla MH (2001). Regulation of nodule formation in soybean-
Bradyrhizobium symbiosis is controlled by shoot or/and root signals.
Plant Growth Regul. 24:241-250.

Abeles FB, Morgan PW, Saltveit Jr ME (1992). Ethylene in Plant
Biology. In. Plant Hormones: Physiology, Biochemistry and Molecular
Biology, ed. Hulme A. C., London and New York, USA. pp. 427-472.

Alalaoui AC (2007). Fertilisation minérale des cultures : les éléments
fertilisants majeurs (Azote, Potassium et Phosphore). Bull. Mens.
Inform. Liaison 155:1-4.

Alami Y, Achouak W, Marol C, Heulin T (2000). Rhizosphere soil
aggregation and plant growth promotion of sunflower by an EPS-
producing Rhizobium sp. isolated from sunflower roots. Appl.
Environ. Microbiol. 66:3393-3398.

Ammari T, Mengal K (2006). Total soluble Fe in soil solutions of
chemically different soils. Geoderma 136:876-885.

Antoun H, Kloepper JW (2001). Plant growth promoting rhizobacteria.
In. Encyclopedia of Genetics, ed. Brenner S., Miller J. H., New York:
USA. pp. 1477-1480.

Ashrafuzzaman M, Hossen FA, Ismail MR, Hoque MA, Islam ZM,
Shahidullah SM, Meon S (2009). Efficiency of plant growth-promoting
rhizobacteria (PGPR) for the enhancement of rice growth. Afr. J.
Biotechnol 8:1247-1252.

Badri DV, Weir TL, Van der Lelie D, Vivanco JM (2009). Rhizosphere
chemical dialogues: plant-microbe interactions. Curr. Opin.
Biotechnol. 20:642-650.

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.

Bartel B (1997). Auxin biosynthesis. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 48:51-66.

Bashan Y, Levanony H (1990). Current status of Azospirillum
inoculation technology: Azospirillum as a challenge for agriculture.
Can. J. Microbiol. 36:591-608.

Beijerinck MW (1901). Ueber oligonitrophile Mikroben. Zentr. Bakt.
Parasitenk Il. 7:561-582.

Belimov A, Hontzeas N, Safronova VI, Demchinskaya SV, Piluzza G,
Bullitta S, Glick BR (2005). Cadmium-tolerant plant growth-promoting
bacteria associated with the roots of Indian mustard (Brassica juncea
L. Czern.). Soil Biol. Biochem. 37:241-250.

Benitez T, Rincon AM, Limon MC, Codon AC (2004). Biocontrol
mechanism of Trichoderma strains. Int. Microbiol. 7:249-260.

Bowen GD, Rovira AD (1999). The rhizosphere and its management to
improve plant growth. Adv. Agron. 66:1-102.

Broeckling CD, Broz AK, Bergelson J, Manter DK, Vivanco JM (2008).
Root exudates regulate soil fungal community composition and
diversity. Appl. Environ. Microbiol. 74:738-744.

Cardon ZJ, Gage DJ (2006). Resource exchange in the rhizosphere:
molecular tools and the microbial perspective. Annu. Rev. Ecol. Evol.
Syst. 37:459-488.

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

Chapin FS, Aerts R (2000). The mineral nutrition of wild plants revisited:
a re-evaluation of processes and patterns. Adv. Ecol. Res. 30:1-67.
Chaurasia B, Pandey A, Palni LMS, Trivedi P, Kumar B, Colvin N

(2005). Diffusible and volatile compounds produced by an
antagonistic Bacillus subtilis strain cause structural deformations in
pathogenic fungi in vitro. Microbiol. Res. 160:75-81.

Compant S, Clément C, Sessitsch A (2010). Plant growth promoting
bacteria in the rhizo- and endosphere of plants: their role,
colonization, mechanisms involved and prospects for utilization. Soil
Biol. Biochem. 42:669-678.

Compant S, Duffy B, Nowak J, Clément C, Barka EA (2005). Use of

plant growth-promoting bacteria for biocontrol of plant diseases:

Noumavo et al. 1461

principles, mechanisms of action, and future prospects. Appl.
Environ. Microbiol. 71:4951-4959.
Darwin F (1880). Life and Letters of Charles Darwin, ed. F. Darwin, 506

p.

Devi KK, Seth N, Kothamasi S, Kothamasi D (2007). Hydrogen cyanide
producing rhizobacteria kill subterranean termite Odontotermes
obesus (Rambur) by cyanide poisoning under in Vitro Conditions.
Curr. Microbiol. 54:74-78.

Dimkpa CO, Merten D, Svatos A, Bichel G, Kothe E (2009).
Siderophores mediate reduced and increased uptake of cadmium by
Streptomyces tendae F4 and sunflower (Helianthus annuus),
respectively. J. Appl. Microbiol. 107:1687-1696.

Doornbos RF, van Loon LC, Bakker PAHM (2012). Impact of root
exudates and plant defense signaling on bacterial communities in the
rhizosphere. A review. Agron. Sustain. Dev. 32:227-243.

Dubeikovsky AN, Mordukhova EA, Kochetkov VV, Polikarpova FY,
Boronin AM (1993). Growth promotion of blackcurrant softwood
cuttings by recombinant strain Pseudomonas fluorescens BSP53a
synthesizing an increased amount of indole3-acetic acid. Soil Biol.
Biochem. 25:1277-1281.

Durrant WE, Dong X (2004). Systemic acquired resistance. Annu. Rev.
Phytopathol. 42:185-209.

Foster RC (1988). Microenvironments of soil organisms. Biol. Fertil.
Soils 6:189-203.

Ganz T (2003). Hepcidin, a key regulator of iron metabolism and
mediator of anemia of inflammation. Blood 102:783-788.

Gholami A, Shahsavani S, Nezarat S (2009). The effect of plant growth
promoting rhizobacteria (PGPR) on germination, seedling growth and
yield of maize. World Acad. Sci. Eng. Technol. 49:19-24.

Glick BR (2012). Plant Growth-Promoting Bacteria: Mechanisms and
Applications. Scientifica Volume 2012 (2012), Article ID 963401, 15
pages.

Glick BR, Cheng Z, Czarny J, Duan J (2007). Promotion of plant growth
by ACC deaminase-producing soil bacteria. Euro. J. Plant Pathol.
119:329-339.

Gravel V, Antoun H, Tweddell RJ (2007). Growth stimulation and fruit
yield improvement of greenhouse tomato plants by inoculation with
Pseudomonas putida or Trichoderma atroviride: possible role of
indole 3 acetic acid (IAA). Soil Biol. Biochem. 39:1968-1977.

Gray EJ, Smith DL (2005). Intracellular and extracellular PGPR:
commonalities and distinctions in the plant-bacterium signaling
processes. Soil Biol. Biochem. 37:395-412.

Gupta R, Mukerji KG (2002). Root exudate-biology. In. Techniques in
mycorrhizal studies, ed. Mukerji KG, Manoharachary C, Chamola
BP, Dordrecht, Netherlands: Kluwer Academic Publishers. pp. 103-
131

Haghighi BJ, Alizadeh O, Firoozabadi AH (2011). The Role of Plant
Growth Promoting Rhizobacteria (PGPR) in Sustainable Agriculture.
Adv. Environ. Biol. 5:3079-3083.

Henao LJ, Mazeau K (2009). Molecular modelling studies of clay-
exopolysaccharide complexes: soil aggregation and water retention
phenomena. Mater. Sci. Eng. 29:2326-2332.

Hesham M, El-komy A (2005). Co-immobilization of Azospirillum
lipoferum and Bacillus megaterium for successful phosphorus and
nitrogen nutrition of wheat plants. Food Technol. Biotechnol. 43:19-
27.

Hider RC, Kong X (2010). Chemistry and biology of siderophores. Nat.
Prod. Rep. 27:637-657.

Hiltner L (1904). Uber neuere Erfahrungen und Probleme aufdem
Gebiete der Bodenbakteriologie unter besondererBerucksichtigung
der Grundingung und Brache. Arbeiten der Deutschen
Landwirtschaftlichen Gesellschaft 98:59-78.

Innerebner G, Knief C, Vorholt JA (2011). Protection of Arabidopsis
thaliana against leaf-pathogenic Pseudomonas syringae by
Sphingomonas strains in a controlled model system. Appl. Environ.
Microbiol. 77:3202-3210.

James EK, Olivares FL (1997). Infection and colonization of sugar cane
and other graminaceous plants by endophytic diazotrophs. Crit. Rev.
Plant Sci. 17:77-119.

Joshi YB, Chu J, Pratico D (2012). Stress hormone leads to memory
deficits and altered tau phosphorylation in a mouse model of
Alzheimer’s disease. J. Alzheimers Dis. 31:167-176.



1462 Afr. J. Biotechnol.

Jourdan E, Henry G, Duby F, Dommes J, Barthelemy JP, Thonart P,
Ongena M (2009). Insights into the defenserelated events occurring
in plant cells following perception of surfactin-type lipopeptide from
Bacillus subtilis. Mol. Plant Microbe Interact. 22:456-468.

Kamilova F, Kravchenko LV, Shaposhnikov Al, Azarova T, Makarova N,
Lugtenberg B (2006). Organic acids, sugars, and L- tryptophane in
exudates of vegetables growing on stonewool and their effects on
activities of rhizosphere bacteria. Mol. Plant Microbe Interact. 19:250-
256.

Kang S, Joo GJ, Hamayun M (2009). Gibberellin production and
phosphate solubilization by newly isolated strain of Acinetobacter
calcoaceticus and its effect on plant growth. Biotechnol. Lett. 31:277-
281.

Kapulnik Y, Kiegel J, Nur |, Henis Y (1981). Effect of temperature,
nitrogen fertilization and plant age on nitrogen fixation by Setaria
italica inoculated with Azospirillum brasilense (strain Cd). Plant
Physiol. 68:340-343.

Keneni A, Fassil A, Prabu PC (2010). Isolation of Phosphate
Solubilizing Bacteria from the Rhizosphere of Faba Bean of Ethiopia
and Their Abilities on Solubilizing Insoluble Phosphates. J. Agric. Sci.
Technol. 12:79-89.

Khalid A, Akhtar MJ, Mahmood MH, Arshad M (2006). Effect of
substrate-dependent microbial ethylene production on plant growth.
Microbiology 75:231-236

Khan MS, Zaidi A, Wani PA (2007). Role of phosphate solubilizing
microorganisms in sustainable agriculture- a review. Agron. Sustain.
Dev. 27:29-43.

Kloepper JW, Beauchamp CJ (1992). A review of issues related to
measuring of plant roots by bacteria. Can. J. Microbiol. 38:1219-
1232.

Kloepper JW, Schroth MN, Miller TD (1980). Effects of rhizosphere
colonization by plant growth promoting rhizobacteria on potato plant
development and yield. Ecol. Epidemiol. 70:1078-1082.

Kloepper JW, Zablowicz RM, Tipping B, Lifshitz R (1991). Plant growth
mediated by bacterial rhizosphere colonizers. In: The rhizosphere
and plant growth, ed. Keister D. L. and Gregan B., BARC Symp. pp.
315-326.

Kochian L, Pifieros M, Hoekenga O (2005). The physiology, genetics
and molecular biology of plant aluminum resistance and toxicity.
Plant Soil 274:175-195.

Koo SY, Kyung-Suk C (2009). Isolation and Characterization of a Plant
Growth-Promoting Rhizobacterium, Serratia sp. SY5. J. Microbiol.
Biotechnol. 19:1431-1438.

Kowalchuk GA, Yergeau E, Leveau JHJ, Sessitsch A, Bailey M (2010).
Plant-associated microbial communities. In. Environmental molecular
microbiology. Liu WT, Jansson JK (Eds.) Caister Academic Press,
Norfolk, Royaume-Uni, Pp. 131-148.

Lanteigne C, Gadkar VJ, Wallon T, Novinscak A, Filion M (2012).
Production of DAPG and HCN by Pseudomonas sp. LBUM3s00
contributes to the biological control of bacterial canker of tomato.
Phytopathology 102:967-973.

Latour X, Delorme S, Mirleau P, Lemanceau P (2009). Identification of
traits implicated in the rhizosphere competence of fluorescent
pseudomonads: description of a strategy based on population and
model strain studies. In. Sustainable agriculture, ed. Lichtfouse E,
Navarrete M, Debaeke D, Souchére V, Alberola C, Pays-Bas:
Springer, Pp. 285-296.

Lemanceau P, Heulin T (1998). La rhizosphére. In: Sol: interface
fragile. Ed. Stengel P, Gelin S, INRA, Paris: France, Pp. 93-106.

Lemanceau P, Offre P, Mougel C, Gamalero E, Dessaux Y, Moenne-
Loccoz Y, Berta G (2006). Microbial ecology of the rhizosphere. In.
Microbiological methods for assessing soil quality. ed. Bloem J,
Hopkins DW, Benedetti A, Cambridge: CABI publishing, pp. 228-230.

Loper J, Gross H (2007). Genomic analysis of antifungal metabolite
production by Pseudomonas fluorescens Pf-5. Eur. J. Plant
Pathol.119:265-278.

Lugtenberg B, Kamilova F (2009). Plant-growth-promoting rhizobacteria.
Annu. Rev. Microbiol. 63:541-556.

Mansour FA, lldesuguy HS, Hamedo HA (1994). Studies on plant
growth regulator sand enzyme production by some bacteria. J. Qatar
Univ. Sci. 14:81-288.

Marschner H (1995). Mineral Nutrition of Higher Plants. Ed. San Diego,

Academic Press, London.

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

Mayak S, Tirosh T, Glick BR (2004b). Plant growth-promoting bacteria
that confer resistance to water stress in tomatoes and peppers. Plant
Sci. 166:525-530.

Miller MJ, Malouin F (1994). Siderophore-mediated drug delivery: the
design, synthesis, and study of siderophore-antibiotic and antifungal
conjugates. In. Microbial iron chelates, ed. Bergeron R, Boca Raton,
Fla: CRC Press. pp. 275-306.

Munees A, Mulugeta K (2014). Mechanisms and applications of plant
growth promoting rhizobacteria: Current perspective. J. King Saud
Univ. Sci. 26:1-20.

Nannipieri P, Ascher J, Ceccherini MT, Landi L, Pietramellara G,
Renella G, Valori F (2008). Effects of root exudates in microbial
diversity and activity in rhizosphere soils. In. Soil biology: molecular
mechanisms of plant and microbe coexistence, ed. Nautiyal CS, Dion
P, Berlin Heidelberg, Allemagne: Springer. pp. 339-365.

Nelson LM (2004). Plant growth promoting rhizobacteria (PGPR):
Prospect for new inoculants. Crop Manage. 3:1.

Nihorimbere V, Ongena M, Smargiassi M, Thonart P (2011). Beneficial
effect of the rhizosphere microbial community for plant growth and
health. Biotechnol. Agron. Soc. Environ. 15:327-337.

Nisha K, Padma Devi SN, Vasandha S, Sunitha kumari K (2014). Role
of Phosphorous Solubilizing Microorganisms to Eradicate P-
Deficiency in Plants: A Review. Int. J. Sci. Res. 4:1-5.

Noumavo PA, Agbodjato NA, Gachomo EW, Salami H, Baba-Moussa F,
Adjanohoun A, Kotchoni SO, Baba-Moussa L (2015). Metabolic and
biofungicidal properties of maize rhizobacteria for growth promotion
and plant disease resistance. Afr. J. Biotechnol. 14:811-819.

Ongena M, Jacques P, Touré Y, Destain J, Jabrane A, Thonart P
(2005). Involvement of fengycin-type lipopeptides in the multifaceted
biocontrol potential of Bacillus subtilis. Appl. Microbiol. Biotechnol.
69:29-38.

Ongena M, Thonart P (2006). Resistance induced in plants by non-
pathogenic microorganisms: elicitation and defense responses. In.
Floriculture, ornamental and plant biotechnology: advances and
topical, ed. Japan: Global Science Books, pp. 447-463.

Ordookhani K, Zare M (2011). Effect of Pseudomonas, Azotobacter and
Arbuscular Mycorrhiza Fungi on Lycopene, Antioxidant Activity and
Total Soluble Solid in Tomato (Lycopersicon Esculentum F1 Hybrid,
Delba). Adv. Environ. Biol. 5:1290-1294.

Patten CL, Glick BR (2002). Role of Pseudomonas putida indole acetic
acid in development of the host plant root system. Appl. Environ.
Microbiol. 68:3795-3801.

Pérez-Montano F, Alias-Villegas C, Bellogin RA, del Cerro P, Espuny
MR, Jiménez-Guerrero |, Lépez-Baena FJ, Ollero FJ, Cubo T (2014).
Plant growth promotion in cereal and leguminous agricultural
important plants: From microorganism capacities to crop production.
Microbiol. Res. 169:325-336.

Persello-Cartieaux F, Nussaume L, Robaglia C (2003). Tales from the
underground: molecular plant-rhizobacteria interactions. Plant Cell
Environ. 26:189-199.

Pieterse CMJ, Leon-Reyes A, Van der Ent S, Van Wees SCM (2009).
Networking by small-molecule hormones in plant immunity. Nat
Chem. Biol. 5:308-316.

Pilet PE, Saugy M (1987). Effect of root growth of endogenous and
applied IAA and ABA. A critical reexamination. Plant Physiol. 83:33-
38.

Pinton R, Veranini Z, Nannipieri P (2007). The rhizosphere.
Biochemistry and organic substances at the soil-plant interface. New
York, USA: Taylor & Francis Group, LLC.

Ramachandran K, Srinivasan V, Hamza S, Anadaraj M (2007).
Phosphate solubilizing bacteria isolated from the rhizosphere soil and
its growth promotion on black pepper (Piper nigrum L.) cutting. Plant
Soil Sci. 102:325-331.

Ramos Solano B, Barriuso Maicas J, Pereyra de la Iglesia MT,
Domenech J, Gutiérrez Ma™nero FJ (2008). Systemic disease
protection elicited by plant growth promoting rhizobacteria strains:
relationship between metabolic responses, systemic disease
protection, and biotic elicitors. Phytopathology 98:451-457.



Robin A, Vansuyt G, Hinsinger P, Meyer JM, Briat JF, Lemanceau P
(2008). Iron dynamics in the rhizosphere: consequences for plant
health and nutrition. Adv. Agron. 99:183-225.

Reed MLE, Glick BR (2005). Growth of canola (Brassica napus) in the
presence of plantgrowth-promoting bacteria and either copper or
polycyclic aromatic hydrocar-bons. Can. J. Microbiol. 51:1061-1069.

Ryu RJ, Patten CL (2008). Aromatic amino acid-dependent expression
of indole-3-pyruvate decarboxylase is regulated by tyrr in
Enterobacter cloacae UW5. J. Bacteriol. 190:7200-7208.

Sagervanshi A, Kumari P, Nagee A, Kumar A (2012). Isolation and
Characterization of Phosphate Solublizing Bacteria from Anand
Agriculture Soil. Int. J. Life Sci. Pharma Res. 23:256-266.

Saharan BS, Nehra V (2011). Plant Growth Promoting Rhizobacteria: A
Critical Review. Life Sci. Med. Res. 21:1-30.

Sandhya V, Ali SKZ, Grover M, Reddy G, Venkateswarlu B (2009).
Alleviation of drought stress effects in sunflower seedlings by
exopolysaccharides producing Pseudomonas putida strain P45. Biol.
Fertil. Soils 46:17-26.

San-Francisco S, Houdusse F, Zamarreno AM, Garnica M, Casanova
E, Garcia-Mina JM (2005). Effects of IAA and IAA precursors on the
development, mineral nutrition, IAA content and free polyamide
content of pepper plants cultivated in hydroponic conditions.
Hortic. Sci. 106:38-52.

Schoenborn L, Yates PS, Grinton BE, Hugenholtz P, Janssen PH
(2004). Liquid serial dilution is inferior to solid media for isolation of
cultures representative of the phylum-level diversity of soil bacteria.
Appl. Environ. Microbiol. 70:4363-4366.

Sharma K, Mishira AK, Misra RS (2009). Morphological, biochemical
and molecular characterization of Trichoderma harzianum isolates for
their efficacy as biocontrol agents. J. Phytopathol. 157:51-56.

Shobha G, Kumudini BS (2012). Antagonistic effect of the newly
isolated PGPR Bacillus spp. on Fusarium oxysporum. Int. J. Appl.
Sci. Eng. Res. 1:463-474.

Singh RP, Dhania G, Sharma A, Jaiwal PK (2007). Biotechnological
approaches to improve phytoremediation efficiency for environment
contaminants. In. Environmental bioremediation technologies, ed. S.
N. Singh, R. D. Tripahti,. Springer pp. 223-258

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

Son HJ, Park GT, Cha MS, Heo M (2006). Solubilization of insoluble
inorganic phosphates by a novel salt and pH tolerant Pantoea
agglomerans R-42 isolated from soybean rhizosphere. Bioresour.
Technol. 97:204-210.

Soulé BG, Yérima B, Soglo A, Vidégla E (2008). Rapport diagnostic du
secteur agricole du Bénin: Synthése réalisée dans le cadre de la
formulation du PNIA. ECOWAP/PDDAA. P. 124.

Spaepen S, Vanderleyden J, Remans R (2007). Indole3-acetic acid in
microbial and microorganism-plant signaling. FEMS Microbiol. Rev.
31:425-448.

Srivastava A, Handa AK (2005). Hormonal regulation of tomato fruit
development: a molecular perspective. J. Plant Growth Regul. 24:67-
82.

Tanimoto E (2005). Regulation of root growth by plant hormones -
Roles for auxin and gibberellin. Crit. Rev. Plant Sci. 24:249-265.

Tao G, Tian S, Cai M, Xie G (2008). Phosphate solubilizing and
mineralizing abilities of bacteria isolated from soils. Pedosphere
18:515-523.

Tilak KVBR, Ranganayaki N, Pal KK, De R, Saxena AK, Sekhar Nautyal
C, Shilpi M, Tripathi AK, Johri BN (2005). Diversity of plant growth
and soil health supporting bacteria. Curr. Sci. 89:136-150.

Timmusk S, Paalme V, Pavlicek T, Bergquist J, Vangala A, Danilas T,
Nevo E (2011). Bacterial distribution in the rhizosphere of wild barley
under contrasting microclimates. PLoS One 6(3):e17968.

Touré Y, Ongena M, Jacques P, Guiro A, Thonart P (2004). Role of
lipopeptides produced by Bacillus subtilis GA1 in the reduction of
grey mould disease caused by Botrytis cinerea on apple. J. Appl.
Microbiol. 96:1151-1160.

Trivedi P, Pandey A (2008). Plant growth promotion abilities and
formulation of Bacillus megaterium strain B 388 isolated from a
temperate Himalayan location. Indian J. Microbiol. 48:342-347.

Noumavo et al. 1463

Trivedi P, Pandey A, Palni LMS (2008). In vitro evaluation of
antagonistic properties of Pseudomonas corrugata. Microbiol. Res.
163:329-336.

Trivedi P, Pandey A, Palni LMS, Bag N, Tamang MB (2005).
Colonization of rhizosphere of tea by growth promoting bacteria. Int.
J. Tea Sci. 4:19-25.

Van der Helm D, Winkelmann G (1994). Hydroxamates and
polycarbonates as iron transport agents (siderophores) in fungi. In:
Metal lons in Fungi, ed. G. Winkelmann, and D.R. Winge, Marcel
Dekker, New York: USA. pp. 39-48.

Van Loon LC (2007). Plant responses to plant growth-promoting
rhizobacteria. Eur. J. Plant Pathol. 119:243-254.

Vansuyt G, Robin A, Briat JF, Curie C, Lemanceau P (2007). Iron
acquisition from Fe-pyoverdine by Arabidopsis thaliana. Mol. Plant
Microbes Interact. 20:441-447.

Vazquez P, Holguin G, Puente ME, Lopez-Cortes A, Bashan Y (2000).
Phosphate-solubilizing  microorganisms  associated with  the
rhizosphere of mangroves in a semiarid coastal lagoon. Biol. Fertil.
Soils 30:460-468.

Venkateswarlu B, Rao AV, Raina P (1984). Evaluation of Phosphorous
Solubilization by Microorganisms Isolated from Arid Soils. J. Indian
Soc. Soil Sci. 32:273-277.

Vikram A, Hamzehzarghani H (2008). Effect of phosphate solubilizing
bacteria on nodulation and growth parameters of greengram (Vigna
radiate L. Wilczek). Res. J. Microbiol. 3:62-72.

Vitousek PM, Cassman K, Cleveland C, Crews T, Field CB, Grimm NB,
Howarth RW, Marino R, Martinelli L, Rastetter EB, Sprent JI (2002).
Towards an ecological understanding of biological nitrogen fixation.
Biogeochemistry 57:1-45.

Wahyudi AT, Astuti RP, Widyawati A, Meryandini A, Nawangsih AA
(2011). Characterization of Bacillus sp. strains isolated from
rhizosphere of soybean plants for their use as potential plant growth
for promoting Rhizobacteria. J. Microbiol. Antimicrob. 3:34-40.

Wang C, Knill E, Glick BR, Défago G (2000). Effect of transferring 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase genes into
Pseudomonas fluorescens strainCHAO and its gacA derivative
CHA96 on their growth promoting and disease-suppressive
capacities. Can. J. Microbiol. 46:898-907.

Werner D (2001). Organic signals between plants and microorganisms.
In: The Rhizosphere. Biochemistry and Organic Substances at the
Soil-Plant Interface, ed. Pinton R, Varanini Z, Nannipieri P, Marcel
Dekker, New-York, USA. pp. 197-222.

Weyens N, Truyens S, Dupae J, Newman L, van der Lelie D, Carleer R,
Vangronsveld J (2010). Potential of Pseudomonas putida W619-TCE
to reduce TCE phytotoxicity and evapotranspiration in poplar cuttings.
Environ. Pollut. 158:2915-2919.

Whipps JM (2001). Microbial interactions and biocontrol in the
rhizosphere. J. Exp. Bot. 52:487-511.

Wu SC, Cao ZH, Li ZG, Cheung KC, Wong MH (2005). Effects of
biofertilizer containing N-fixer, P and K solubilizers and AM fungi on
maize growth: a greenhouse trial. Geoderma 125:155-166.

Xie H, Pasternak JJ, Glick BR (1996). Isolation and characterization of
mutants of the plant growth-promoting rhizobacterium Pseudomonas
putida GR12-2 that overproduce indole acetic acid. Curr. Microbiol.
32:67-71.

Yazdani M, Bahmanyar MA, Pirdashti H, Esmaili MA (2009). Effect of
Phosphate solubilization microorganisms (PSM) and plant growth
promoting rhizobacteria (PGPR) on yield and yield components of
Corn (Zea mays L.). Proc. World Acad. Sci. Eng. Technol. 37:90-92.

Zahir ZA, Arshad M, Frankenberger Jr WT (2004). Plant growth
promoting rhizobacteria: Applications and perspectives in agriculture.
Adv. Agron. 81:97-168.

Zahir ZA, Shah MK, Naveed M, Akhtar MJ (2010). Substrate dependent
auxin production by Rhizobium phaseoli improve the growth and yield
of Vigna radiate L. under salt stress conditions. J. Microbiol.
Biotechnol. 20:1288-1294

Zaidi A, Khan MS, Ahemad M, Oves M, Wani PA (2009). Recent
Advances in Plant Growth Promotion by Phosphate-Solubilizing
Microbes. In. Microbial Strategies for Crop Improvement, ed. Khan
MS, Berlin Heidelberg: Springer-Verlag. pp. 23-50.



