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Abstract: Because of climate change and the highly growing world population, it becomes a huge challenge to feed the whole
population. To overcome this challenge and increase the crop yield, a large number of fertilizers are applied but these have
many side effects. Instead of these, scientists have discovered beneficial rhizobacteria, which are environmentally friendly
and may increase crop yield and plant growth. The microbial population of the rhizosphere shows a pivotal role in plant
development by inducing its physiology. Plant depends upon the valuable interactions among the roots and microbes for the
growth, nutrients availability, growth promotion, disease suppression and other important roles for plants. Recently numerous
secrets of microbes in the rhizosphere have been revealed due to huge development in molecular and microscopic technologies.
This review illustrated and discussed the current knowledge on the development, maintenance, interactions of rhizobacterial
populations and various proposed mechanisms normally used by PGPR in the rhizosphere that encouraging the plant growth
and alleviating the stress conditions. In addition, this research reviewed the role of single and combination of PGPR,
mycorrhizal fungi in plant development and modulation of the stress as well as factors affecting the microbiome in the
rhizosphere.
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1 Introduction

Rhizosphere is an area around the plant roots and surrounding
soil. The word ‘rhizosphere’ for the first time was defined as the
area of highest bacterial activities™™. Microbial population present
in this atmosphere is comparatively diverse from that of its bulk
soil because of root exudates which function as a source of
nourishment for microbes™™. Research has shown that several
plants associated microbes can have concentrating effects on plant
growth, nutrients, seed germination and disease management®®*!.
In plant-microbe association, plants could be regarded as a
superorganism that relies on microbes for their particular functions
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as well as traits. In response, plants deposited their
photosynthetic carbon in their surroundings, rhizosphere as well as
mycorrhizosphere®®. Thus, the plant-microbe association is
beneficial in nourishing the microbial population and prompting its
composition and activities. So far, the interactions among the plants
and microbes have been studied comprehensively in many leaf
pathogens, rhizobia similarly in mycorrhizae. Nevertheless, for
the majority of plant-associated microbes, limited data exists on its
effects on plant growth and development, disease management.
Therefore, plant-microbe interactions are extremely important to
identify the beneficial microbes that could improve plant growth.
This review summarized the key aspects of PGPR and mycorrhizae
and highlighted its role in plant growth and development. In
addition, the effectiveness of inoculum with valuable rhizobacteria
and mycorrhizae alone as well as in combination with plant growth
and development has also been discussed.

2 Rhizosphere as the source of beneficial

microorganisms

The rhizosphere, defined as the area often spreading a few
millimeters to the surface of the root!””. This area of the soil is
enriched in bacteria other than nearby bulk soil'. Its population
mainly comprises bacteria, actinomycetes, algae, protozoa and
fungi. However, rhizobacterial communities prodigiously occur
in the rhizosphere®®. The development of plant growth via the
use of these microorganisms is well known™.  Nevertheless, to
maintain the positive effects of the microbes in the rhizosphere,
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bacteria need to compete well with other rhizobacterial for minerals
produced through roots exudates. Interactions among the plant as
well as rhizosphere are important to acquire water and nutriment
from the soil and these interactions are favorable to both plant roots
and rhizosphere.

Studies using molecular techniques have assessed that above
4000 bacterial sp. exist in one gram of the soil*?.  Actinobacteria
is recognized as one of the significant microbial populations in the
rhizospherel®], which can protect its roots from phytopathogens*4.
These microbes in the rhizosphere can influence the plant
growth™, either positively in the symbiotic way or negatively in
pathogens as well as predator’s way™®.  However, the
rhizosphere affects plant development and sustains the stress as
well as its significant role needs more attention!*®!.

Non-culture able methods have revealed that the microbial
population in soil and rhizosphere is extremely underrated. The
next-generation sequencing has established that only a smaller
amount of bacterial population has been cultured through the
current approaches and a major ratio of bacterial phyla identified
through these tools has no cultured representative so farl"?%.
Torsvik et al.[?!! assessed the quantity of bacterial population in the
forest soil.  Succeeding the same approach with significant
computational developments, this research estimated that one gram
of the soil could contain above one million distinctive bacterial
species?.  Developments in sequencing mechanisms have helped
to explore rhizosphere studies®?4.  Some studies have
concentrated its focus on the number and diversity of the bacterial
taxa in the rhizosphere. Depending on the methods used,
microorganisms isolated in the rhizosphere vary from <100 to over
55000 OTUs. In a meta-analysis, 19 clones of libraries were
obtained from the rhizosphere of 14 plant species and have shown
about 1200 different bacterial taxa from the 35 diverse taxonomic
orders, with the Proteobacteria record as a dominant phylum®.
In many rhizosphere studies, samples isolated from the Antarctic,
Firmicutes were noted as an abundant phylum, while in the other
rhizosphere studies, Proteobacteria were frequently more abundant.
Using 16S rRNA gene array, authors identified 2595 OTUs in the
oat rhizosphere with 1917 OTUs constantly present in total
replicates, dominated by the Actinobacteria, Proteobacteria as well
as Firmicutes™™. Based on the 454 pyrosequencing, Uroz et al.
revealed that ectomycorhizosphere of the Xerocomus pruinatus, as
well as Scleroderma citrinum, presented a higher value of alpha (a),
beta (8) and gamma (y) proteobacteria other than bulk soil®,
To study the potentially beneficial properties of the culture able
and non-culture able microbial diversity of rhizosphere, it is
necessary to develop the advanced screening and identifying
technology and sequencing techniques. In addition factors, for
example, the soil, texture, type, soil moisture, soil temperature,
soil pH, humidity, and several other features are recognized, that
affects the rhizosphere, and recently it was also investigated that
through various means microbes alter the local pH as well as
physical properties of the rhizosphere®!. Therefore, shifts in
these parameters have a marked effect on the microbial population
of the rhizosphere. Further, studies are required to understand
these effects on the rhizosphere, and management of these
variations could provide better performance approaches for the
rhizosphere microbes.

3 Effects of rhizobacteria on the plant health

An important microscopic  population which exerts
encouraging effects on the plant growth is termed as PGP

rhizobacteria (Figure 1)**%. PGP rhizobacteria are diverse soil
microbes, grown in the association to host plant, such association
enhances the growth of the host plant, rhizobia have shown to
stimulate the plant growth by monitoring the pathogenic organism
and stress circumstances™¥!.  These microorganisms usually live
more or less closely to plant roots exudates, which are a source of
nutrition for its growth0=,

A number of bacterial genera for example Bacillus,
Azospirillum, Variovorax, Pseudomonas, Azotobacter, Klebsiella,
Enterobacter, and Burkholderia, have distinctive effects on plant
growth, characterized as PGP rhizobacteria®>*®. Rhizobacteria
can increase plant growth via several mechanisms e.g. nutrient
recycling, N, fixation, production of the phytohormone, nutrients
solubilization such as, K, Fe and P, improve the plant resistance
against several pests as well as diseases™®4.  Similarly, they
produce siderophores, organic acids and protect the plants through
several enzymes*8234%1  Moreover, it plays a significant role in
nutrient uptake, root health as well as sustains environmental
stress®®.  Recent research showed that PGPRs can give various
benefits to the plants, such as improving the nutrient acquirement,
and also inducing resistance to the plant against biotic as well as
abiotic stressest®").

Studies have identified the specificity of PGPR that varies
from species to strain level which confers its support to host plant
and evidence available about PGPR effects on the plant traits®!.
Researchers are devoting their research struggles in developing the
combinations of diverse beneficial microbes that can provide
maximum effects to plants and the environment®®. In recent
studies, the use of rhizosphere bacteria or PGPR products
(pyoverdine, siderophore) has affected the plant response towards
nutrients™®®*!. 1t means that this is helpful to plant nourishment.
They can also increase the release of different nutrients,
scavenging particles for plant growth®?.  Similarly, along with
the bacterial populations, fungal species also show a major role in
the rhizosphere and its microflora influences the plant
development. Mycorrhizas have shown to increases the surface
area, hence support the plants to absorb more water, nutrients
more powerfully from the soil. Ecto-mycorrhizae and
endo-mycorrhizal relationships have been studied in several plant
sp. This association is not only a rising nutrient and water
accessibility but also protects the plants from many abiotic
factorsi®!.  This indicates that such beneficial interactions have
encouraging effects on plant growth and development. However,
it is necessary to maintain these associations for better growth of
the plants.

plant roots™
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3.1 Significant aspects
Rhizobacteria

Rhizobacteria living in soil surrounding (rhizosphere) can
cause significant variations in the plant development via synthesis
of the growth regulators, similarly enabling the nutrients uptake
from soill™*%.  Several studies have shown the encouraging
properties of the rhizobacteria, which can rise the plant tolerance to
the soil, soil salinity, soil heavy metal toxicity, therefore benefit the
plants to live in harsh environments 4. Many free-living
bacteria and some bacterial sp. of the particular genus do not have
similar metabolic abilities for improving the plant growthl!,
However, PGPRs have shown to inhibit or reduce the damaging
effects of pathogens via one or numerous mechanism®®. The
suitable mechanism comprises pathogen inhibition by producing
defensive substances and increasing the resistance of host plants to
pathogenic microbes®®. Further, they ease the plant development
via fixing atmospheric N, and support in the secretion of
siderophores which might solubilize the sequestered iron and
phytohormones production, similarly solubilize the mineral
deposits, for example, phosphorus and increase its availability to
plantsi®®4. |rrespective of the mechanisms, these beneficial
microbes can rise the plant growth by its enzymes as
ACC-deaminase and chitinase, similarly, production of
exopolysaccharides and rhizobitoxine, that supports plant growth in
stress atmospherest®2652%3  Several rhizobacteria might have
specific traits as well as affects plant growth through different
mechanisms. The effectiveness of beneficial bacterial strains also
depends on the host plant as well as soil characteristics and soil
atmosphere®,  Overall, PGP rhizobacteria could support plant
growth by different approaches. Future studies are required to
understand the thorough properties of these beneficial
microorganisms.

of beneficial plant promoting

4 Does mycorrhizae affect plant development?

Mycorrhizae are the symbiotic association among the roots of a
vascular plant and fungal strains. Arbuscular mycorrhizae and
ectomycorrhizae are the most common associations.  Arbuscular
mycorrhiza is the most copious fungus, usually exists in
agricultural soil. It also forms an association with the terrestrial
and aquatic plants®®>®.  Studies described that about 80% of the
terrestrial plants, containing mostly agricultural and horticultural
plants are capable to form this mutualistic relationship®”. The
fungus penetrates in roots cortical cells, procedure specific
haustoria like structure named as arbuscular, that functions as a
mediator for the exchange of the metabolites between fungus and
host cytoplasm®®. Mycorrhizae could increase the accessibility
as well as transport of diffusing ions, for example, P to host
plants®®®.  Similarly, it shows a vital role in improving soil
physical properties.  Mycorrhizae mycelium nearby to soil
microorganisms produces stable aggregate, therefore improve soil
aggregation®.  This progress in soil aggregation because of the
production of an unsolvable mass (glycoprotein) by mycorrhizael®,
which shows its significant role in the soil firmness!®.
Arbuscular mycorrhiza hyphae flourishing in the soil®®!, supports
the plant to obtain water, nutrients, from the soil, in addition, it also
develops soil texture®!. It illustrates an important role in the
ecosystem through nutrient cycling®®”.  Studies have revealed
that about 80% of the P taken up through plants is supplied by
mycorrhizal fungi®®. Arbuscular mycorrhizae could also provide
both macros as well as micronutrients for example; N, K, Mg, Zn
and Cu mostly in the soil where it occurs in the less soluble

form®% In brief, such association could maintain plant
development not only to give nutrients but also maintains plants to
tolerate the stress conditions.  Studies are anticipated with a better
understanding of the mechanisms that can validate this
development and its effects on plant growth.

5 Rhizosphere regulation by microbial interactions
or beneficial microbes

It is the most complex zone for symbiotic, chemical and
physical associations. Root exudates many molecules in the
rhizosphere?™. In rhizosphere the plant root interactions can
include root-microbe, root-insect as well as root-root interactions,
ensuing in more production of root exudates, eventually favors
more bacterial communities in the rhizosphere. The application of
molecular approaches showed that variations in rhizobacterial
composition results in vital changes in the plant-microbe
interactions’™.  In rhizospheric interactions, PGPR might
colonize the rhizosphere, root surface, or can even colonize
superficially in intercellular spaces!’.

Studies indicated that PGPRs formed a number of molecules
through complex mechanisms in the rhizosphere, which vary from
the simple amino acids to larger polysaccharides, proteins, different
metabolites in the rhizosphere, which severe indirectly as a
chemoattractant to other PGPRs!®™! and also increase the release
of different nutrients scavenging particles and have multiple
variable effects on the plant physiology™"#?.

Root exudate is a significant source for the growth of microbes
in the rhizosphere.  These mainly include the ions, water,
mucilage, enzymes and diverse primary and secondary
metabolites®®™.  In these metabolic compounds, organic acid
shows a major role in the metabolism and biogeochemical reactions
in the soil. More, these are specific to plant sp. in quantity and
composition and more common in those plants that grow in less
nutrient soil and consume root exudates other than the symbiotic
relationship to microbial populations in the rhizospherel™!.
Nevertheless, the interactions involved in the rhizosphere as a
result of exudates are so far not clear”™.

A number of studies have identified the specificity of PGPR
from species to strain level which showed its benefits to the host
plant and evidence also available about PGPR effect on the plant
traits®®"®.  Genomic basis studies of these associations can allow
the manipulation of rhizospheres, which could encourage as well as
induce the plant growth!®""®!,

As plant roots, exudates are enormously species-specific,
which can explain the specificity of microbial populations to host
plants. The study of the complete genome of P. putida has shown
its significance as stress adopters'’).  Clearly, the microbes in the
rhizosphere could influence the plants directly via the release of
different metabolites, as well as other minute signaling
molecules®".

Several bacterial species are normally related to a small
number of or even a single plant sp. like, Rhizobium-legumes
association.  Likewise, Sinorhizobium meliloti efficiently colonize
the genera of plant Medicago, Melilotus as well as Trigonella,
where R. leguminosarum produces the nodules in the Pisum vicea,
similarly in Lathyrus plant™.  Still, it is promising to identify
novel taxonomic collections in rhizosphere for example
non-thermophilic population of archaeal division crenarchaeotal™.
Rhizosphere colonization and its formation in plant roots are
essential for effective functions of the rhizosphere populationf®!.
Phases in microbial colonization involve recognition of the specific
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plant host, adherence, invasions to the roots, colonization,
development and use of many other methods to start the
interactions. Generally, roots initiate the cross talk to the soil
microorganisms through the production of signals which are
recognized by other microbes, in response produced signals which
initiate colonization!™. Motile organisms are mostly preferred as
they participate and respond in the cross talk®®. For instance,
teeming of the Serratia liquefaciens seemed to be precisely
encouraged by the exudates of the Pisum sativum'®Y.  Similarly,
phenotypes of the P. fluorescens F113 with higher motility rates
were chosen in the rhizosphere colonization of the alfalfal®?.

In addition, not only bacterial species still, fungal species are
shown to attach to the root surface. Fungal adhesion to root is a
significant step for the formation of symbiotic associations!®!.
Certain plant-microbe interactions have been shown to establish
complex mechanisms for example signal exchange which tolerates
specific  microbial population in the rhizosphere, e.g.
sinorhizobium®.  Simply not only plant microbes’ interactions
are significant in the rhizosphere, but microbes can also affect one
another™.  Nevertheless, to be further effective in the rhizosphere,
the PGPR needs to sustain a critical rhizosphere population for the
long term™®¥. Therefore, detailed studies are needed to explore
these interactions with a detailed mechanism and study their effects
on plant growth.

6 Do the rhizobacteria and mycorrhizae affect
nitrogen fixation and plant growth?

Nitrogen (N,) is the most important element for the plant
growth and necessary for the synthesis of the nucleic acid, protein,
chlorophyll and enzymes. Although 78% of the atmosphere
comprises of N, nevertheless its direct assimilation to plants is
unavailable®®. It is becoming one of the limiting factors in the
agricultural ecosystems because of huge losses of available N, via
heavy rainfall as well as mineral leaching. Presently, many
industrial nitrogen fertilizers are used for improving agricultural
yield. However, environmental, economic as well as renewable
energy fears dictate the usage of biological substitutes™*.

Plant growth promoting rhizobacteria could provide a
biologically alternative way to fix atmospheric nitrogen for plant
growth®. Investigations have shown that inoculum of biological
nitrogen fixing rhizobacteria on the crops, could stimulate plant
growth, disease management as well as sustains the N, level in the
agricultural soil®!. A number of PGPR like, Azoarcus species,
Klebsiella pneumoniae, Beijerinckia, Pantoea agglomerans as well
as Rhizobium species are described to fix the atmospheric nitrogen
in the s0il®! as well as make it accessible to plants™!.

PGPR could fix the atmospheric nitrogen both in symbiotically
and non-symbiotically.  Symbiotic nitrogen fixation (SNF) to
leguminous plants through the inoculation of PGPRs is well
identified®®%.  Many rhizobia, for example, Azotobacter,
Beijerinckia and Bacillus species have the capability to fix the
atmospheric nitrogen symbiotically. Nevertheless, the process of
SNF is only limited to the legume plants!®’.  While non-symbiotic
nitrogen fixation®™!, mostly occurs in free living diazotrophs,
(genera resembling Azoarcus®, Azospirillum bacterial strain®!,
Burkholderia sp.*", Gluconacetobacter (genus)®™ as well as
Pseudomonas®.  In a study, a strain of Pseudomonas fluorescens
B16 (PGPR), was discovered in tomatoes roots, exhibiting the
development of plant height, fruit weight as well as flower
number®.  Currently in agriculture, approximately 65% of
nitrogen is produced through biological nitrogen fixation.

Legume plants show biological nitrogen fixation, that is proficient
and meet its N, requirements. A huge amount of N, is fixed in the
leguminous plants like grains, whereas soil and succeeding crops
get benefited from it in root and shoot deposits. Hence
leguminous plants significantly decrease the N, requisite from the
peripheral sources™.

The most studied and plant beneficial feature of mutual SNF is
revealed in Rhizobia®™. It can be used for improving the nitrogen
fixation and evidence has proved that they are effectively colonized
in the soil for several years even in the absence of the plant host®®.
Rhizobium as well as Bradyrhizobium can produce in the nodules
of the root surface of legume plants like, soybean, peanut, pea as
well as alfalfa, in which beneficial bacteria converts and process
the nitrogen into beneficial form, could be consumed by plants as
an N, sourcelf®®U  However other nutrient acquirement
mechanisms have been noticed which enable the plant access to
macro as well as micro nutrientst®’).

The rhizobium-legume symbiosis (Rhizobium/Mesorhizobium/
Bradyrhizobium), source of N, and an active agronomic approach
that ensured the supply of N, than the use of nitrogen fertilizer'%?.
However, several environmental aspects limit the N, fixation, for
example, deficiency of soil moisture, excesses temperature,
osmotic stress, acidity, salinity, insufficiency of nutrient, soil
alkalinity, overdoes of fertilizers as well as pesticides; as all these
aspects affect the persistence as well as infectivity of the rhizobia,
which is vital for the process of nitrogen fixation*®!,
Azospirillum is another free-living nitrogen fixing bacteria that
might fertilize sorghum, wheat and maize. Although Azospirillum
play role in N, fixation, it is also attributed to increasing the yield,
mainly increase the root development and therefore enhances the
rates of water as well as mineral uptake to plants upper part™%¥,
Studies investigated that the strain of AM increased plant growth in
numerous environmental stress’®,  Furthermore, arbuscular
mycorrhizae have great potential to enhance the nodule formation,
N, fixation in the legumesi!®. Biological N, fixation and
increase in phosphorus (P) availability and other nutrients also its
synergistic association to rhizosphere microorganisms may be very
operative for getting the highest yield in leguminous plants.
Studies in the laboratory and field atmospheres have shown that
inoculation of the arbuscular mycorrhizae with biological N, fixing
bacteria was very dynamic for increasing N, fixation in legume
plantsi*®.  For instance, arbuscular mycorrhizae exist in stress
atmospheres, for example, salinity™%7.

In addition, associations between legume plants, rhizobacteria,
and mycorrhiza have shown to be more beneficial and led to
synergetic growth effects and stimulated both the phosphate (P)
and nitrogen (N,) uptake to the plants™™®. Such associations are
significantly affected by environmental stresses, which severely
limit the yield of leguminous cropsi™®?.  Therefore, its association
with plants may be very effective for plant growth as well as
development in the stress surroundings™. In addition, root
colonization in AM favors the nodulation by rhizobia™®. Bisht
et al. studied that AM could have revealed a positive result with R.
leguminosarum, a similar response was noticed when P.
fluorescens was used. This study proposed that plant growth
improved with arbuscular mycorrhizae and PGP rhizobacteria
depends on the type of bacterium*l.  Overall, stress is one of the
limiting aspects of the N, fixation; it could be overcome by
combining the arbuscular mycorrhizae in stress soils.  In addition,
it will be more operative in the stress environment while using in
combination with other microbial populations. The selection of
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the novel microorganisms will govern the success of this method.

7 Do soil rhizobacteria affect the phosphate
solubilization system and plant growth?

Phosphorous is known as the second most important
macronutrient for plant growth as well as development, as it
participates essentially in many metabolic pathways specifically in
respiration,  photosynthesis cell signaling as well as
macromolecules synthesis™?.  Nevertheless, it is one of the
limiting nutrients for plant development. It occurs in an inorganic
(bound form or labile) as well as an organic (bound form) form.
When phosphorous is applied to the soil, its 90%-95% is reduced
and inaccessible to the plants via changes to insoluble organic form
(for example, phosphomono and triesters/inositol phosphate) and
inorganic minerals form (phosphates of iron mostly apatite and
aluminum and calcium)®t*,

The soil remains the highest source that supplied P to the
plants™*.  The accessibility of phosphate to plants is affected by
various abiotic factors as well as available soil microorganisms™®!.
Low concentration of the soluble phosphate could limit plant
growth™6171 phosphate fertilizer supplied the available form of
phosphate to plants, too much use of it is not only expensive but
also destructive to the environment™#l,

P solubilizing microbes are most prevalent in rhizospheres™!.
In this case, P solubilizing bacteria play a key role in releasing
organic phosphates to solubilize inorganic phosphate form(2%,
Many researchers described the role of P solubilizing bacteria in
plant development. Joe et al. used Acinetobacter sp. isolates of
the Phyllanthus amarus, Bacillus sp. with phosphate solubilizing
and salt-tolerant propertiesi*?Y!.  Secretion of the root exudates for
example organic ligands could also modify the P concentration in
the soil®.  The PGPR has various influences on the soil
surrounding plant roots for example phosphorous solubilization™?!.

The solubilization of P in the rhizosphere is a more prevalent
mechanism used by PGPR that rise the nutrients available to the
host plant™®!.  Various P solubilizing microbes are recognized
which change the insoluble P to soluble form via several
mechanisms, Such as, acidification process, exudation of organic
acids™™®!, also through chelation as well as exchange reactions™!.
Soil microorganisms support the release of phosphate to plants and
plants only absorb the soluble form of P (e.g. monobasic (H,POy)
form, also dibasic (H,PO,*) form*.

Rhizobia, containing R. leguminosarum, Azotobacter, M.
mediterraneum, Azospirillium Radyrhizobium,
Jjaponicum™*¥" 1% and M. mediterraneum has been shown to play
a role in improving P solubilizing capability and has been studied
in chickpea as well as in barley plants®®!.  In addition,
saprophytic bacterial strains as well as fungi are also described to
show a role in soil phosphate solubilization through chelation
mechanism**¥.  Even though these microorganisms solubilize the
phosphorus, which improved the soil fertility, however, studies
about its usage as a bio-fertilizer are rarel*l. Therefore, studies
are necessary to explore the novel properties of PGPR for
phosphate solubilization with mechanisms that are essential to
recognize its effects on plant development.

Bacillus

8 Interactions among beneficial rhizobacteria and
mycorrhizae and modulating the stress

The latest studies have shown various abiotic factors that have
marked effects on plant growth and developments. Among these,

soil pH, temperature, erosion, waterlog, salinity, heavy metals,
salinity, fungicides, and drought are the major factors that affect
plant growth!**¢1 Therefore, its growth and yield will be
affected. However, research has explored the significance of
beneficial rhizobacteria as well as mycorrhizae in the growth and
development of several plants in stress environments (Figure 2).
This positive interaction mainly occurs among PGP rhizobacteria,
mycorrhizae and plantsi?®].  The addition of a single bacterial
inoculum might have core effects on the rhizosphere structure, but
it will depend on whether the fresh inoculum was already a part of
that bacterial population or not™™.  Similarly, it could be more
effective when a combination of PGPR is used*®!,

Supportive effects of PGP rhizobacteria and mycorrhizae could
be very useful for plant growth in many ways. In mixture
inoculation, these strains not only participate effectively to the
rhizosphere population, nevertheless, it also illustrates suitable
interactions for the growth of both symbionts. For example, the
development of mycorrhizae through PGP rhizobacteria is because
of its root’s colonization and nutrients uptake!®®®. In the same
way, the rise in the root exudates by the microbes triggers the
fungus growth and hence increases the rate of root colonization!®.
The study by Watts-Williams, et al. showed the effects of AM on
plant growth. The authors studied and about 20 various Medicago
truncatula assents were inoculated with arbuscular mycorrhiza
(Funneliformis mosseae), a various response in plant physiology,
as well as gene expression, were noticed among the assents™™!.
Studying the P. fluorescens CTR12, it was shown as an operative
bio-control mediator in comparison to the Fusarium Sspecies.
Furthermore, it is useful for supporting the relationship between
Medicago truncatula and G. mosseae™®. In a study!™Y, authors
recognized the capability of the Pseudomonas specie to produce the
antifungal metabolites but these metabolites did not cause any
adverse result on G. mosseae. In response, it supports roots
colonization via hyphae. Bianciotto et al. identified the synthesis
of exopolysaccharides (EPSs) from rhizobia, which improved the
attachment of bacterial strain to mycorrhizae structure!**d.  Thus,
the combination of the rhizobacteria can rise the activity of
arbuscular mycorrhizae in the symbiotic association'*®.  The
occurrence of PGP rhizobacteria, as well as mycorrhizae in the
rhizosphere, can encourage the growth of fungus hyphae via
enhancing cell permeability, helpthe roots in penetration to
fungus™!, and fungus hyphae can rise the activities of bacterial
strains, which solubilize the phosphorust**®!. Such associations
are significantly affected by environmental stresses, which severely
limit the yield of leguminous cropst’®?. PGP rhizobacteria,
mycorrhizal strains both in alone and in combination could be
suitable for ameliorating the plant growth both in normal and in
stressful situations. Nevertheless, commercially beneficial
inoculants show variable performance. Indefinite conditions,
these strain fails to procedure the symbiotic association as detected
byl Studies also presented that the failure in the performance
might be due to less proficiency of the inoculants to native
microbial populations as well as bacterial activity in the
rhizosphere largely influenced via competition to native microbial
populations for nutriment and nichel*7.

Recently a study has shown that the central cause of fewer
yields can be due to less performance of bacteria in the rhizosphere,
which may be due to the unsuitability of the inoculated bacterial
species to those already existing sp. in the rhizosphere. In certain
circumstances, the inoculated bacteria matched the original
bacterial population, benefits to the plant growth, whereas
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frequently it did not work beneficially to plants. Therefore, the
consideration of the size inequality using the microbial soil
enhancements must be an essential part of the experiment. Because
it will inform about the synthesis of more effective microbial end
products and ensure the use of a combination of useful microbes
(PGPR) into supportable and uniform vyield production!**sl.
Likewise, nutrients in the soil also disturb the activities of
mycorrhizae. For example, activities of AM decreased due to a
large amount of P concentration in the soil®*®. Such limitations
arise when a single bacterial strain is used. But, strain in the

mixture can reduce these unpredictable outcomes. In addition,
there could be a condition occurs where deleterious associations
arise when a bacterium in the symbiosis is not specific or a member
of the relationship is pathogenic™. Hence, to get the highest
benefits from these beneficial microbial populations, it is needed to
define the specificity of the bacterial as well as fungus strains for
the plant. Moreover, strains in combination might illustrate more
consistent performance. Summary of some experimental studies
showing the importance of rhizobia in the plant growth in stress
environments is shown in Table 1.

Table 1 Role of the PGP Rhizobacteria in plant growth and development in stress conditions

Crop species Bacterial species/strain Stress category Response References
Tomato Achromobacter piechaudii ARV8 Salinity Strains improved fresh and dry weight and water proficiency (251]
Mustard Rhodococcus species Heavy metals It keeps the pl_emt f(o_m the metal toxicity as well as essential progress to [152)

the plant was identified
. L . pH value and  Isolate was diverse in growth at different pH and strains also showed [128]
chickpea Mesorhizobium species temperature  more tolerance to the temperature
Retama B. thurmiglenszs, _ Drought E_nhanced the growth of root, less water required to yield and shoot [153]
Glomus intraradices biomass
Maize E. aerogenes, Flavobactrium Salinit Increase water and chlorophyll contents and Na+/K+ proportion was [154]
(Zea mays/corn)  ferrugineum Y identified in inoculated other than un-inoculated one
Kidney bean R fropict .m'moculmed with Drought Enhanced plant height, dry weight, and shoots and nodule number [155]
Paenibacillus polymyxa
Chickpea M. ciceri, M. mediterraneum Salt resistant  Sustain the plant growth and nitrogen (N,) fixation [156]
Pea Rhizobium MRPL Herbicides Enhanced the biomass, Ieghemog_lobln contents, nodulation, roots and [157,158]
shoots (P&N), and seeds production
Tomato g Jluorescens, P. stutzeri and Salinity Improved roots as well as shoots development el
. aeruginosa
Pea Rhizobium MRPI Fungicides Enhanced the blqmass, leghemoglobin contents, nodulation, shoot (P & [159]
N), seed production
Wheat Bacillus species Enterobacter Salinity Produce more mass as compared to the control one (601
species and Paenibacillus species
. L Improved growth of chlorophyll, N,, seed protein and seed production [161,162]
Lentil Rhizobium RL9 Heavy metals and nodulation
Maize Glomus mosseae,

Heavy metals

(Zea maysicormn)  Acaulospora laevis

Lentil Rhizobia Salts/osmotic
Sal lcornia Rhizobacteria consortia Salinity/CO,
ramosissima [temperature
Glycyr_rhlza hazoba(?tem and arbuscular Drought
(licorice) mycorrhizal

Developed the shoots length and  roots shoot biomass
Enhanced biomass, dry weight and nodule formation

Improved the germination Salicornia ramosissima seeds

improved the plant growth and biomass of many legume plants

[105]

[163]

[164]

[20]

Environmental
SIresses

ive impact on
growth

Salinity

Disease susceptibility

Drought
Heavy metals
Flooding
Pathogens

Temperature

Mechanisms used by PGPR Mechanisms used by AM

Lowering of ethylene
Phytohormones production
Exopolysaccharides production
Induced systematic resistance
Siderophores production

Improved nutrition
Enhanced antioxidant system
Modification of root architecture|
Enzyme production
Water use efficiency

Dualinoculation/
interactive effect

Figure 2 Potential mechanisms used by PGP Rhizobacteria &
mycorrhizae (AM) for improving the plant growth under stress
circumstancel*®

9 Conclusions

The rhizosphere is a distinctive niche that provides residence
and nourishment to microbes. Such microorganisms produce
diverse benefits such as encourage the plant growth, resistance to
diseases and existence in stressful circumstances with many other
anonymous benefits. Enormous studies have concerted on the
potential for an individual microbial strain to give maximum
benefits to the plants and it is furthermore apparent that microbes
could act symbiotically to influence plant health, development as
well as abiotic factors.  Multiple interactions that cause such
association and persistence of the root microbiome are
exceptionally confusing and not clear. Genetically modified PGP
rhizobacteria can increase plant development much better than the
normal PGPRIY. It is suggested that more research should be
done on beneficial rhizospheric microorganisms and its interactions
with each other and plant hosts, to determine how to shape them
more competent for plant health and incessant yield productiont4.
However, complete information on the identifying techniques and
assortment of the novel rhizobia for the rhizosphere competency to
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increase the field level success is required to explore. In order to
improve knowledge of PGPR study to a more advanced level, it
might be essential to choose and document the genetic as well as
molecular mechanisms used in such beneficial interactions.
Further a well understanding of how the beneficial rhizobia and its
molecules are influencing the plant growth will allow effective
progress of rhizobacterial importance in the field®".
Subsequently, a comprehensive study to benefits from the potential
PGPR could offer development of current research and can develop
plant growth, sustainability, and finally will raise the agriculture
products.  Overall by the progress of culture-independent
approaches ‘omics’ as well as bioinformatics methods can deeper
understand the beneficial aspects of rhizosphere microbes and its
effects on plant growth.
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