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The above ground growth of the plant is highly dependent on the belowground

root system. Rhizosphere is the zone of continuous interplay between plant roots

and soil microbial communities. Plants, through root exudates, attract rhizosphere

microorganisms to colonize the root surface and internal tissues. Many of these

microorganisms known as plant growth promoting rhizobacteria (PGPR) improve

plant growth through several direct and indirect mechanisms including biological

nitrogen fixation, nutrient solubilization, and disease-control. Many PGPR, by producing

phytohormones, volatile organic compounds, and secondary metabolites play important

role in influencing the root architecture and growth, resulting in increased surface area

for nutrient exchange and other rhizosphere effects. PGPR also improve resource use

efficiency of the root system by improving the root system functioning at physiological

levels. PGPR mediated root trait alterations can contribute to agroecosystem through

improving crop stand, resource use efficiency, stress tolerance, soil structure etc.

Thus, PGPR capable of modulating root traits can play important role in agricultural

sustainability and root traits can be used as a primary criterion for the selection of potential

PGPR strains. Available PGPR studies emphasize root morphological and physiological

traits to assess the effect of PGPR. However, these traits can be influenced by various

external factors and may give varying results. Therefore, it is important to understand the

pathways and genes involved in plant root traits and the microbial signals/metabolites

that can intercept and/or intersect these pathways for modulating root traits. The use of

advanced tools and technologies can help to decipher the mechanisms involved in PGPR

mediated determinants affecting the root traits. Further identification of PGPR based

determinants/signaling molecules capable of regulating root trait genes and pathways

can open up new avenues in PGPR research. The present review updates recent

knowledge on the PGPR influence on root architecture and root functional traits and

its benefits to the agro-ecosystem. Efforts have been made to understand the bacterial

signals/determinants that can play regulatory role in the expression of root traits and

their prospects in sustainable agriculture. The review will be helpful in providing future

directions to the researchers working on PGPR and root system functioning.
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regulation
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INTRODUCTION

Rhizosphere is the ecological niche comprising the soil
surrounding the plant roots which is under the influence of root
exudates (Hiltner, 1904) and plays a major role in supporting
the growth and activity of a large but variable community of
microorganisms. Plant growth promoting rhizobacteria (PGPR)
are a group of bacteria that colonize the rhizosphere and are
capable of augmenting plant growth by a variety of direct and
indirect mechanisms. The beneficial microorganisms colonizing
the microhabitats, rhizoplane, and root endosphere (Hartman
and Tringe, 2019) function as the root microbiome and exhibit
plant growth promoting activities. In turn, the secretion of
carbon compounds from plants into the surrounding soil results
in greater microbial populations (100–1,000 times higher) in the
rhizosphere relative to the bulk soil (Lynch, 1987; Bending, 2003;
Goswami et al., 2016). Due to the influence of root exudates, the
microbial populations present in the rhizosphere are relatively
different from those present in the bulk soil (Burdman et al.,
2000). The most important and well-documented group of plant
beneficial microbes comprises bacteria that form endosymbiotic
associations with leguminous plants by inhabiting the root
nodules and benefit the host plant mainly by fixing atmospheric
nitrogen. PGPR do not need to form endosymbiotic association
and exert positive effect on plant through one or more direct
and/or indirect mechanisms. A rhizobacteria qualifies as PGPR
only if it is able to produce a positive effect on the host plant
upon inoculation, hence demonstrating good competitive skills
over the native rhizosphere communities. It has been suggested
that ∼2–5% of rhizosphere bacteria act as PGPR (Antoun
and Prévost, 2005; Barriuso et al., 2008). PGPR may affect
plant performance through direct and indirect mechanisms
(Figure 1). Direct mechanisms operate through the production
of plant growth promoting substances (i.e., phytohormones),
and enhanced availability and uptake of nutrients in soil through
biological nitrogen fixation, solubilization of fixed form of
nutrients to plant available form (P, K, Zn), chelation of nutrients
(Fe) through siderophore production etc. (Glick, 2014; Goswami
et al., 2016). Indirect mechanisms include suppression of plant
pathogens (Beneduzi et al., 2012; Ribeiro and Cardoso, 2012)
and abiotic stress tolerance (Grover et al., 2011; van Oosten et al.,
2017). Credible group of PGPR include bacteria belonging to
genera Acinetobacter, Agrobacterium, Arthobacter, Azotobacter,
Azospirillum, Burkholderia, Bradyrhizobium, Rhizobium,
Frankia, Serratia, Thiobacillus, Pseudomonads, and Bacillus
(Vessey, 2003; Goswami et al., 2016).

Positive effect of PGPR inoculation has been reported on
aboveground as well as belowground plant part, although, more
attention has been given to the above ground part due to
economic importance of the aerial parts as food and fodder
and, ease of sampling and recording observations. However,
accumulating evidences on the role of root traits in ecosystem
functioning have attracted the attention of the researchers
to understand and explore the root trait based interventions
in driving ecosystem processes (Bardgett et al., 2014). The
primary function of the roots is to provide anchorage as well
as support to the aboveground biomass and uptake water and

nutrients (macro and micro) from the soil for plant growth.
In addition, roots also play important role in nutrient cycling
by providing organic matter and by influencing the activity of
soil microbial communities, in soil structure formation through
soil aggregation and in carbon sequestration through recalcitrant
components etc. Root traits are highly plastic in response to
nutrient and water gradient, environmental gradients and to
biotic interactions with other species. Hence, the root traits show
high variation both between and within the species (Bardgett
et al., 2014). Thus, any of these external stimuli may influence
the roots traits. In this respect, PGPRs have been reported for
altering the root architecture of plants (Mantelin et al., 2006).
Similarly, root acquisition of water and nutrients is essential
for plant growth and crop productivity. As a primary target,
root is the organ that shows the first stimulatory effects of
bacterial interactions (Nosheen et al., 2011). This is particularly
remarkable in plants inoculated with PGPR belonging to genus
Azospirillum (Okon, 1985). Inoculation with Azospirillum has
been found to cause remarkable positive alterations in the growth
and morphology of the roots accompanied by better water and
mineral uptake and marked increase in plant yield (Creus et al.,
2005). One of the most striking effects of PGPR inoculation on
roots is stimulation of lateral root development (Mantelin et al.,
2006). This increase in development of lateral roots causes an
increase in root surface which improves plant nutrient uptake
and therefore, can be considered as an important factor for
promotion of plant growth by PGPR.

An improved understanding of root system development and
functioning, to identify root traits contributing to crop yields
in various scenarios, as well as mechanisms by which they are
enhanced is a research frontier that might enable a second Green
Revolution needed to sustain world food security (Lynch, 2007).
PGPRmediated modulations of root traits can be advantageously
explored for improving the efficiency of agroecosystems. PGPR
able to induce desired root traits for harnessing the soil resources
can be a way toward sustainable agricultural production. The
role of PGPR in improving plant productivity has been reviewed
by many workers (Beneduzi et al., 2012; Backer et al., 2018).
However, there is limited knowledge on how PGPR modify the
root traits. The present review focuses on the PGPR mediated
changes in root traits and key determinants responsible for root-
microbe cross talk. Contributions of PGPR mediated root traits
to ecosystem service and crop productivity are also discussed.

IMPORTANCE OF ROOT TRAITS

Root act as interface between plant and soil besides providing
anchorage and support to the growing plant. Also, roots act
as storage organ in many plants (Smith and De Smet, 2012).
Majority of the terrestrial plants have well-developed system of
roots for exploration of the soil and for nutrient acquisition to
support the growth and development of the growing plant. Root
is a complex organ that comprises different regions including
root tip, meristem, differentiation and elongation zones, and
emerging lateral roots (Scheres et al., 2002). All these regions
have discrete roles. For example, the terminal portion of a root or
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FIGURE 1 | Mechanisms of plant growth promotion by PGPR.

root branch usually including the root cap and the meristematic
region behind it is often the region of differentiation, elongation,
and root hair formation. The purpose of the root cap is to
enable downward growth of the root tip while, root hairs are the
differentiated epidermal cells vital for uptake of minerals (Ahn
et al., 2004). Lateral roots help in branching of root systems
and play a significant role in the uptake of water, ion, and
nutrients and also facilitate the diffusion of oxygen from the base
to the apex thus contributing significantly in plant development
(Colmer, 2003; Kotula et al., 2009a,b). The functional specificity
of roots is also known by the extent of interactions between plant
and the microbes. For example, in Fabaceae, root tip is the main
region where the process of rhizobial colonization is initiated
leading to root nodule formation (Desbrosses and Stougaard,
2011). While, PGPR preferentially colonize root hairs and lateral
roots, where they might exhibit beneficial properties for the plant
(Pothier et al., 2007; Combes-Meynet et al., 2011).

According to Bardgett et al. (2014), kinds of root traits
which can potentially affect the rhizosphere functioning, include:
(1) architectural root traits, that decide the topology and
spatial configuration of the entire root system of a plant,
like root number, depth of root, and root length density; (2)
morphological root traits that refer to features of individual
roots, such as diameter of the roots, specific length of roots,
density of root tissues, and dry matter content of the roots; (3)
physiological root traits like nutrient uptake kinetics, release of
root exudates, and root respiration; and (4) biotic traits which
include direct interactions between roots and soil microbiota
that affect nutrient capture, such as associations with mycorrhizal
fungi and rhizobia (in legumes). However, the biotic interaction
of roots with rhizospheric microorganisms also influence the
architectural, morphological, and physiological traits of roots

thus, influencing the root system functioning as indicated by the
recently accumulating evidences (Nosheen et al., 2011; Drogue
et al., 2013; Vacheron et al., 2013; Mesa-Marín et al., 2018),
although majority of earlier studies on PGPR effect on root
traits have reported only effects in terms of root length, biomass
and volume.

Root architecture refers to the spatial configuration of the
root system that includes topology and distribution of an entire
root system or a large subset of the root system of an individual
plant. The spatial deployment of the root system helps the
plant to explore the unevenly distributed or spatially localized
resources in the soil and thus play important role in plant
productivity (Lynch, 1995). The architecture of a root system also
responds dynamically to the localized availability of soil resources
through meristematic activity and transport functions. Indeed,
root architecture has been linked with plant acquisition of water
and nutrients that move with water, as well as immobile nutrients
such as P (Lynch, 1995). The root architecture also determines the
role of roots in providingmechanical support to the aboveground
parts of the plant (Ennos and Fitter, 1992). The morphological
and physiological traits of roots play essential roles in ecological
processes (Dong et al., 2016). Morphological changes in roots are
often caused due to internal physiological changes, induced in
response to external stimuli (Makita et al., 2011; Gong and Zhao,
2019).

PGPR AND ROOT TRAITS

Understanding and quantifying the impact of PGPR on roots
and the whole plant remain challenging (Vacheron et al., 2013).
Several in vitro studies conducted to study the effect of PGPR
inoculation on plant growth and root traits, reveal that many
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FIGURE 2 | PGPR-Root interactions.

PGPR reduce the growth of main root, increase the number,
and/or length of lateral roots and stimulate root hair elongation
thus enhancing the uptake of water and nutrients and resulting
in increased plant growth and development (Figure 2; Vacheron
et al., 2013; Cassán et al., 2020). Positive effects of PGPR
inoculation on root and shoot biomass have also been reported
from soil based pot and field studies (El-Zemrany et al., 2006;
Minorsky, 2008; Veresoglou and Menexes, 2010; Walker et al.,
2011). Table 1 summarizes the reports on PGPR mediated effects
on root traits and other plant growth parameters. As evident
from the Table 1, majority of the studies have reported the effect
in terms of root length and biomass. Members of Azospirillum
and Rhizobium are most studied PGPR for their effect on root
traits. Azospirillum-root association has been extensively studied
all over the world in different crops including cereals, forage,
vegetables, and the stimulatory effects of inoculation on root
elongation, root biomass, development of lateral and adventitious
roots, root hairs and branching of root hairs have been well-
documented (Hadas and Okon, 1987; Bashan and de-Bashan,
2010). These cumulative effects on root traits results in significant
improvement in the root system functioning. However, these
effects have been found to vary with inoculum concentration and
environmental conditions (Okon and Kapulnik, 1986).

Among the initial studies on Azospirillum-root interaction,
Tien et al. (1979) observed that the morphology of pearl
millet (Pennisetum glaucum L.) roots with respect to increased
number of lateral roots and increased density of root hair
when inoculated with A. brasilense. Umali-Garcia et al. (1980)

described the adsorption and colonization of A. brasilense Sp7
on the root surfaces of pearl millet and guinea grass (Megathyrsus
maximus) under controlled conditions. Inoculated roots of both
the plants produced more mucilaginous sheath, root hairs, and
lateral roots as compared to the uninoculated controls. The
presence of bacteria was observed within themucilaginous sheath
accumulated on the root cap and along the root axes. Pectolytic
activities detected in pure cultures of A. brasilense provided a
possible explanation for colonization of intercellular spaces of the
outer root cortex. It was also observed that inoculated bacteria
showed firm attachment to root hairs when no nitrogen source
was added to the culture medium, whereas, no firm attachment
of the inoculated bacteria was observed in the culture medium
supplemented with potassium nitrate. Okon and Kapulnik (1986)
summarized many such studies that documented the presence of
Azospirillum in the cortical tissues, in the regions of lateral root
emergence, along the inner cortex, inside the xylem vessels and
between the pith cells. Inoculation of various crops including
wheat (Triticum aestivum L.), corn (Zea mays L.), sorghum
(Sorghum bicolor L.), and setaria (Setaria viridis L.) with different
strains of Azospirillum resulted in root morphological changes
that started immediately after germination. The effect on root
length and surface area varied with age and cell level of inoculated
bacteria. Inoculation increased the number and branching of
root hairs (Jain and Patriquin, 1985) and number of lateral roots
during the initial 3 weeks post-germination, but root biomass
increased at later stages (Okon and Kapulnik, 1986). Inoculation
also induced irregularity in the arrangement of cortical cells.
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TABLE 1 | Influence of PGPR on root traits and other growth parameters of inoculated plant.

Microorganism PGP

traits/mechanism

Plant Effect on root traits Effect on other plant

parameters

References

Bacillus aquimaris strain

3.13,

Micrococcus luteus strain

4.43

IAA, EPS, ACC

deaminase

Jerusalem artichoke

(Helianthus

tuberosus L.)

Increase in weight, length,

diameter, volume, area and

surface

Increase in shoot length,

shoot weight, leaf area and

chlorophyll levels,

photosynthesis and harvest

index

Namwongsa

et al., 2019

Azospirillum brasilense,

Azotobacter vinelandii

Khsr1, Pseudomonas

stutzeri, Khsr3

Phytohormone (IAA,

cytokinin) production

Safflower

(Carthamus

tinctorius L.)

Altered morphology and

distribution pattern with

increased length, diameter and

area

– Nosheen et al.,

2011

Pseudomonas putida REN5,

Pseudomonas fluorescens

REN1

IAA, ACC deaminase,

siderophore production

Rice (Oryza sativa L.) Increased length, fresh weight

and dry weight, branching

Increased shoot length,

fresh weight, dry weight

Etesami and

Alikhani, 2016

Serratia proteamaculans

strain J119

ACC-deaminase Chickpea (Cicer

arietinum L.)

Increased length of lateral roots,

number, total root biomass

Improved shoot length,

weight, Increased number

of nodules, total nodule

weight,

number of pods, and grain

yield

Shahzad et al.,

2010

Bacillus megaterium

TV-91C,

Pantoea agglomerans

RK-92, Bacillus subtilis

TV-17C

Gibberellic acid, Salicylic

acid, Abscisic acid,

Indole acetic acid

Cabbage (Brassica

oleracea)

Enhanced root fresh weight, dry

weight

Enhanced shoot fresh and

dry weight, stem diameter,

chlorophyll content, leaf

area and leaf number

Turan et al.,

2014

Bacillus amyloliquefaciens

subsp. plantarum

UCMB5113

Enhanced expression of

plant hormones

cytokinins,

gibberellin, brassinolide

Arabidopsis

(Arabidopsis

thaliana)

Increased lateral root outgrowth

and elongation and root-hair

formation.

Increased fresh weight of

shoot

Asari et al., 2016

Bacillus sp. 12D6,

Enterobacter sp. 16i

Indole-3-acetic acid

(IAA), salicylic acid (SA)

Wheat (Triticum

aestivum) and maize

(Zea mays)

Significantly increased root

branching, root length, surface

area of root, number of root tips

Alleviated drought stress

symptoms in both wheat

and maize

Jochum et al.,

2019

Bacillus RC23, B. subtilis

OSU142, Bacillus RC03, B.

megaterium RC01, B.

simplex RC19, Paenibacillus

polymyxa RC05,

Comamonas acidovorans

RC41

IAA production Kiwifruit

(Actinidia deliciosa)

Higher numbers of main roots,

root length, root diameter, root

dry weight, root quality and

rooting percentage

– Erturk et al.,

2010

Enterobacter sp.,

Serratia sp.

IAA production Chickpea (Cicer

arietinum L.)

Primary root growth, lateral root

density, lateral root length, root

dry weight

– Fierro-Coronado

et al., 2014

Burkholderia pyrrocinia

(R-46),

Pseudomonas fluorescens

(R-55), coinoculation with

Trichoderma asperellum

Auxins, siderophore

production

Rice (Oryza sativa L.) Improved root length and

diameter, expansion of cortex

and aerenchyma, Increase in

no. of

protoxylem poles, metaxylem

vessel elements, and total

phenol, flavonoid and lignin

contents

– Ferreira Rêgo

et al., 2014

Bacillus simplex 30N-5, B.

subtilis 30VD-1, Rhizobium

leguminosarum bv. viciae

Siderophore production,

phosphate solubilization,

antifungal activity

Pea (Pisum sativum) Emergence of more lateral

roots, highly branched vascular

bundles, improved root dry

weight

Larger nodules, improved

shoot length

Schwartz et al.,

2013

Bacillus megaterium

BOFC15

Secretion of polyamine,

spermidine

Arabidopsis thaliana More lateral roots,

longer primary roots,

leaf area, improved fresh, and

dry weight of root

Improved plant growth and

photosynthesis rate,

Induced high abscisic acid,

improved drought tolerance

Zhou et al., 2016

Bacillus

megaterium, B. subtilis, and

Pseudomonas sp.,

co-inoculated with

Bradyrhizobium sp.

IAA production,

antagonistic against root

rot disease, biofilm

formation,

lytic enzyme production

Peanut (Arachis

hypogaea L.)

Improved root length, root dry

weight

Shoot length and shoot dry

weight

Yuttavanichakul

et al., 2012

(Continued)
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TABLE 1 | Continued

Microorganism PGP

traits/mechanism

Plant Effect on root traits Effect on other plant

parameters

References

Bacillus megaterium strain

(RmBm31)

Production of IAA, VOC Arabidopsis

(Arabidopsis

thaliana)

Root fresh weight,

number and length of lateral

roots, root hair length

Increased plant biomass,

Induced expression of

genes involved in the

signaling pathways of

ethylene, jasmonic acid, and

salicylic acid

Dahmani et al.,

2020

Bradyrhizobium japonicum

USDA 110, Pseudomonas

putida TSAU1

IAA production, nitrogen

and phosphorus

accumulation

Soybean (Glycine

max)

Improved root length, surface

area,

root volume, number of nodules

per plant root

Improved shoot length,

shoot fresh weight

Egamberdieva

et al., 2017

Azospirillum brasilense,

Azotobacter vinelandii,

Pseudomonas stutzeri

Phytohormone (IAA,

cytokinin) production

Safflower

(Carthamus

tinctorius L.)

Increased root area, width, root

length

– Nosheen et al.,

2011

Azospirillum brasilense

strain Cd

Malate dehydrogenase

(MDH) activity

Tomato

(Lycopersicon

esculentum L. cv

Marmande and cv

M-82)

Increased root length, root dry

weight, root hairs, asymmetrical

growth of the root tip, root

respiration

Increased leaf surface area Hadas and

Okon, 1987

Azospirillum lipoferum CRT1 IAA production Maize (Zea mays L) Increased root biomass, root

length, diameter, larger

numbers of tips

– El-Zemrany

et al., 2007

Azospirillum brasilense

Sp245

Nitric oxide production Tomato

(Lycopersicon

esculentum L.)

Enhanced lateral root and root

hair development

– Creus et al.,

2005

Pseudomonas fluorescens

F113,

Azospirillum lipoferum

CRT1, coinoculated with

Glomus intraradices JJ291

Synthesis of

Benzoxazinoids

Maize (Zea mays L) Enhanced total root surface,

total root volume and/or root

number

– Walker et al.,

2011

Azospirillum brasilense SM IAA production Sorghum (Sorghum

bicolor)

Significantly increased root

length, number of lateral roots

Increased shoot length and

plant dry weight

Malhotra and

Srivastava, 2009

Azospirillum brasilense

Sp245

IAA production Bean (Phaseolus

vulgaris L.)

Enhanced root dry weight,

nodule number

Increased shoot dry weight Remans et al.,

2007

Phyllobacterium

brassicacearum STM196

IAA production Arabidopsis

(Arabidopsis

thaliana)

Increased lateral root length – Contesto et al.,

2010

Pseudomonas putida

WCS417, Pseudomonas

fluorescens WCS374

Auxin regulated gene

expression

Arabidopsis

(Arabidopsis

thaliana)

Increased root length, lateral

roots, root hair, increased the

number of cortical cells

Stimulated shoot fresh

weight

Zamioudis et al.,

2013

Bacillus spp. Synthesis of cytokinin Lettuce plants

(Lactuca sativa L.,

cv Lolla Rossa)

Increased root fresh weight Improved shoots biomass,

Increased chlorophyll and

carotenoids in leaves

Arkhipova et al.,

2005

Azospirillum brasilense

strain Az39, Bradyrhizobium

japonicum strain E109

IAA, gibberellic acid

(GA3), Zeatin (Z)

production

Corn (Zea mays L.)

and Soybean

(Glycine max L.)

Improved radicle length, root

dry weight, number of nodules

per plant.

Promoted seed

germination, improved

shoot length and dry weight

Cassán et al.,

2009

Azospirillum lipoferum (Al op

33, Al iaa 320, and ATCC

29708)

Auxin production Maize (Zea mays L.,

hybrid Cargill 147)

Improved root growth,

enhanced root hair growth and

density

Increased shoot weight Fulchieri et al.,

1993

Pseudomonas fluorescens

63-28R

Production of antifungal

metabolites

Pea (Pisum sativum

L.)

Induced accumulation of lignin

in root cells and inhibited

colonization by the oomycete

Pythium ultimum

Enhanced defense against

Pythium ultimum

Benhamou et al.,

1996

Pseudomonas putida

Corvallis

– Bean (Phaseolus

vulgaris)

Accumulation of lignin in root

cells

Increased plant weight,

protection against F. solani

through delayed wilting and

lesion formation

Anderson and

Guerra, 1985

Azospirillum brasilense

CA-10

IAA production Rice (Oryza sativa) Enhanced PG

(polygalacturonase) activity in

roots, better root

morphogenesis

– Sekar et al.,

2000

(Continued)
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TABLE 1 | Continued

Microorganism PGP

traits/mechanism

Plant Effect on root traits Effect on other plant

parameters

References

Frankia UGL010708 BNF Common alder

(Alnus glutinosa)

Increased root branching and

total number nodules and root

hairs

Enhanced seedling growth Orfanoudakis

et al., 2010

Bacillus megaterium

UMCV1

Influences auxin and

ethylene signaling

pathways

Common bean

(Phaseolus vulgaris)

Increased lateral root number

and growth, and root hair length

Increased the fresh and dry

weights of plants

López-Bucio

et al., 2007

Bacillus subtilis GB03 Production of VOC Arabidopsis Increased lateral root density

and length

Regulation of auxin

homeostasis. Enhanced

seedling growth

Zhang et al.,

2007

Bacillus sp., LZR216 Strengthening of Auxin

responses

Arabidopsis Inhibition of primary root

elongation, Enhanced number

and density lateral roots

Enhanced seedlings growth,

Increase in the

transcriptional levels of

auxin biosynthesis genes

Wang et al.,

2015

Azospirillum

Brasilense Sp245,

Azospirillum Brasilense Sp7

IAA production Wheat

(Triticum aestivum)

Inhibited root length while

enhanced root hair formation

– Dobbelaere

et al., 1999

Rhizobium leguminosarum

899

BNF Common bean

(Phaseolus vulgaris)

Increased root dry weight Increased shoot dry weight Franzini et al.,

2010

Rhizobium sp.,

Coinoculated with AM fungi

BNF Black-eyed pea

(Vigna unguiculata)

Increased root length root dry

weight

Improved shoot length and

biomass, chlorophyll

content, nodule no. and dry

weight

Arumugam

et al., 2010

Rhizobium leguminosarum

PR-1, Pseudomonas sp.

strain PGERs17

Increase uptake of

N,P,K, Zn, Fe

Lentil (Lens culinaris) Increased root length, nodule

number, nodule dry weight, root

dry biomass

Increased shoot dry weight,

chlorophyll content.

Mishra et al.,

2011

Rhizobium phaseoli 123,

Pseudomonas sp. LG,

Bacillus sp. Bx

IAA, phosphate

solubilization

Common bean

(Phaseolus vulgaris)

Improved root length, root dry

weight, nodule dry weight

Increased shoot dry weight Stajković et al.,

2011

Rhizobium sp. CR2, CR3 BNF Chickpea (Cicer

arietinum)

Increased root length, dry

weight, nodule number, nodule

dry weight

Improved plant height,

shoot dry weight.

Solaiman et al.,

1970

Rhizobium sp. NSFBR-1,

NSFBR-15

IAA, phosphate

solubilization and ACC

utilization

Faba bean (Vicia

faba L.)

Increased root length, number

of nodules, nodule dry weight

Improved numbers of

leaves, branches, and pods,

pod length, seed weight

Argaw, 2012

Rhizobium japonicum BNF Black gram (Vigna

mungo) and Green

gram (Vigna radiata)

Increase in root numbers,

improved nodulation

Increased plant height, and

no. of leaves and branches

Ravikumar, 2012

Rhizobium sp strain JUR4,

Trichoderma Hamatum

JUF1

P solubilization,

Antagonistic activity

Black gram (Vigna

mungo)

Increased root length, fresh

weight

Increased shoot length,

chlorophyll and protein

content

Badar and

Qureshi, 2012

Rhizobium spp., Rhizobium

tropici CIAT899

BNF Phaseolus vulgaris Increased root length, number

of roots, number of nodules,

root dry weight

Increased in shoot dry

weight

Karaca and

Uyanoz, 2012

Rhizobium leguminosarum

EAL-110

BNF Faba bean (Vicia

faba)

Increased root length, root fresh

weight, number of nodule per

plant, nodule dry weight and

volume

Increased uptake of P, Zn Desta et al.,

2015

Rhizobium sp. R4, R6, R9 Production of

phytohormones, salt

tolerant

Chickpea (Cicer

arietinum L.)

Increased root dry weight,

nodule number, root length,

Improved shoot dry weight,

shoot length

Khaitov et al.,

2016

Morphological changes also influenced the physiological traits
of inoculated roots as evident from the reduced activities of
oxidative enzymes, and low lipid and suberin content. These
observations suggested presence of larger proportion of younger
roots in inoculated roots than in uninoculated roots. The
inoculated seedlings also exhibited higher rate of NO−

3 , K
+, and

H2PO
−
4 uptake in inoculated seedlings. Field studies revealed

faster rates of dry matter, N, P, and K accumulation with high
water content in Azospirillum inoculated plants (Okon and
Kapulnik, 1986). Inoculation with wild strains of A. brasilense
Sp245 and Sp7 in wheat caused significant reduction in root
length, but increased the number of root hairs (Dobbelaere
et al., 1999). Inoculation of tomato (Lycopersicum esculentum L.)
seedlings with A. brasilense Sp245 could promote both lateral
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and adventitious roots formation. Application of cell free culture
supernatants of A. brasilense ATCC 29710 to rice (Oryza sativa
L.) roots increased root elongation, root surface area, root dry
matter, and development of lateral roots and root hairs (El-
Khawas and Adachi, 1999). In a similar study, Molla et al. (2001)
reported increased number of roots and root length in soybean
(Glycine max L.) plants treated with cell-free supernatant of A.
brasilense Cd., indicating the release of root growth promoting
substances by the cells into the medium. El-Zemrany et al. (2007)
assessed the result of inoculation of maize (Zea mays) seeds
grown in a luvisol soil with Azospirillum lipoferum CRT1. The
observations recorded after 35 days of plant growth revealed
significant increase in the number of root tips and total root
length in the inoculated plants. The authors reported that due
to changes in root traits, the inoculated roots had a larger surface
area to interact with soil particles, soil water and microbes than
the uninoculated plants. Further, themechanical and biochemical
(lignin content) properties of the root system of inoculated plants
showed less mature characteristics as compared to uninoculated
control plants. This observation indicated that the growth of
new root tips in the early stages of inoculation resulted in the
dominance of primary root tissue. Moreover, roots of inoculated
plants showed more stiffness that may contribute to anchorage
thus increasing the resistance of the plants to lodging. However,
such types of studies need to be conducted at regular intervals
during the crop growth period, to evaluate if the differences
between inoculated and uninoculated plants endure or vanish
with time until the harvest.

Increased formation of lateral roots in barrel medic (Medicago
truncatula) by the Nod factor of Sinorhizobium meliloti was
observed by Oláh et al. (2005). Inoculation with Bacillus
megaterium UMCV1 in Arabidopsis thaliana resulted in
inhibition of primary-root growth (due to decreased cell
elongation and proliferation in the root meristem,) and an
increase in number and length of lateral roots and root-hair
(López-Bucio et al., 2007). Similar results were reported by
Zhang et al. (2007) and Gutiérrez-Luna et al. (2010) with
volatile organic compounds (VOCs) producing Bacillus strains.
Co-culturing of Serratia marscescens with Arabidopsis resulted
in inhibition of elongation of primary roots, while inducing
lateral roots (Shi et al., 2010). On contrary, inoculation with
Phyllobacterium brassicacearum STM196 in Arabidopsis exerted
a positive effect on the total length of lateral roots but no effect
on the primary root length or lateral root density (Mantelin
et al., 2006; Contesto et al., 2010). An increased root branching
was seen in alder (Alnus glutinosa L.) due to root colonization
by Frankia UGL010708 (Orfanoudakis et al., 2010). The root
architecture in terms of increased primary length of roots,
number of lateral roots and root fresh weight in A. thaliana
was modified by the rhizobacterium Pseudomonas aeruginosa
PAO1 (Ortiz-Castro et al., 2011). Interestingly, Nosheen et al.
(2011) observed inoculation effects of Azotobacter vinelandii
Khsr1, Azospirillum brasilense and Pseudomonas stutzeri Khsr3
on physiological root traits in safflower (Carthamus tinctorius
L.). The authors observed that the inoculation caused significant
increase in root diameter (upto 76% increase), resulting in
greater biomass. Ferreira Rêgo et al. (2014) observed significant

changes in architectural, morphological and physiological
traits in the roots of rice plant, treated individually or as
combination with rhizobaterial strains Burkholderia pyrrocinia
R-46 and Pseudomonas fluorescens R-55 as individual or
combined treatments. Rhizobacterial treatment caused increase
in length and diameter of roots along with expansion of cortex
and aerenchyma space as compared to uninoculated control
treatment. Rhizobacterial inoculation also caused increase in
number of protoxylem poles and metaxylem vessel elements
and also improved total phenol content and flavonoid content
in the roots. Also, treatment with Pseudomonas fluorescens
R-55 improved lignin content. The modification caused by
rhizobacterial treatment resulted in root plasticity in rice
plants. Interestingly, a thicker pericycle was presented in plants
inoculated with B. pyrrocinia, which is linked to the development
of lateral roots. The process by which lateral roots are formed
includes two major stages: pericycle cell cycle reactivation and
establishing a new meristem. The PGPR mediated stimulation
of pericycle and protoxylem may result in increased lateral
root formation and consequently more vigorous establishment
of rice plants (Ferreira Rêgo et al., 2014). Co-inoculation of
common bean (Phaseolus vulgaris L.) with two rhizobial strains,
i.e., IITA-PAU 983 and IITA-PAU 987 significantly increased
root dry weights and nodule weight of plants when compared
to uninoculated control (Korir et al., 2017). Several PGPR, not
classified as mutualisti partners, have also been shown to affect
the architecture of plant roots.

MICROBIAL METABOLITES/MOLECULES
THAT INFLUENCE ROOT TRAIT
PATHWAYS IN PLANTS

Phytohormones and Root Traits
Root traits components like branch number, branching pattern,
length, orientation, angle, and diameter are controlled by
intricate genetic pathways that are also involved in plant’s
response to environmental stimuli (Jung and McCouch,
2013). These pathways belong to either “intrinsic pathways”
or “extrinsic pathways” (Malamy and Ryan, 2001). Intrinsic
pathways involve hormones, their receptors, signaling
components, and transcription factors (TFs) whereas extrinsic
pathways involve receptors for environmental stimuli, their
downstream transduction and TFs. Many components of
extrinsic pathways are shared with or interregulated by intrinsic
pathway and are mediated by hormonal regulation (Jung and
McCouch, 2013).

Phytohormones coordinate metabolic activities associated
with growth of microorganisms in different plants tissues.
Modifications at organ, cellular and molecular level of root
systems and plant tissues get triggered by beneficial and
detrimental rhizosphere microorganisms, through modifications
of phytohormonal balances (Boivin et al., 2016). Many of
the PGPR present in rhizosphere are well-known to secrete
hormones for uptake by the plant roots or for manipulation
of plant hormonal balance, which finally regulate root/shoot
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growth as well as stress response of the plant (Tien et al., 1979;
Gupta et al., 2015). In this respect, the hormones involved
majorly include auxins, cytokinins, ethylene, and to a lesser
extent gibberellins and abscisic acid (ABA) has also been reported
(Vacheron et al., 2013). The auxin-cytokinin balance is definitely
the main regulating mechanism for organogenesis in plants that
defines the architecture of roots (Aloni et al., 2006). In this
respect, particular changes that occur in the structure of roots are:
total root growth, length of primary and lateral roots, number of
lateral roots, and the manner in which lateral roots are positioned
(Contesto et al., 2010).

Role of Microbial Auxins on Root Traits of Plants
Auxins are responsible for division, extension, and differentiation
of plant cells and tissues and are known to increase the
rate of xylem and root formation (Bashan and de-Bashan,
2010). A brief and simple explanation of the function of
auxin in development of roots is the promotion of lateral
root development, while inhibiting elongation of roots. The
development of lateral roots involves a cycle of cell divisions
in the activated endodermal/pericycle cells which form the root
primordia that eventually differentiate and emerge as the new
lateral roots (Péret et al., 2012). All these processes i.e., initiation,
development, emergence, and elongation of lateral roots are
regulated by the biosynthesis, transport, and signaling of auxins
(Péret et al., 2009; De Smet, 2012). Increase in the amount of
auxins can cause increased formation of roots in an amount
dependent manner, as evidenced by genetic engineering studies
which augment levels of auxin (Malamy, 2005).

PGPR stimulate the root growth mainly due to their potential
to secrete indole acetic acid (IAA). Many PGPR are known
to synthesize auxins that impart a considerable effect on root
growth and architecture (Vacheron et al., 2013). For example,
auxin producing PGPRs Pseudomonas extremaustralis IB-κ13-
1A and Paenibacillus illinoisensis IB 1087, when inoculated in
wheat plants, resulted in increased root biomass and root auxin
levels (Kudoyarova et al., 2017). Seed inoculation of wheat plant
with P. extremaustralis IB-κ13-1A increased the crop yield under
field conditions (Arkhipova et al., 2019). In several studies (as
reviewed by Bashan and de-Bashan, 2010; Vacheron et al., 2013),
morphological changes induced by Azospirillum in roots were
mimicked by applying a combination of plant growth substances,
indicating the involvement of bacterial auxin in root proliferation
and consequent plant growth promotion. Jain and Patriquin
(1984, 1985) identified IAA as the “branching substance” in
the culture filtrate of A. brasilense Sp245. Fallik et al. (1989)
reported that the levels of IAA and IBA (indole-3-butyric acid)
were increased in maize plants inoculated with Azospirillum,
thereby justifying the role of auxins in promotion of plant
growth. Dobbelaere et al. (1999) reported that wheat plants when
inoculated with the wild strains of A. brasilense Sp245 and Sp7
caused a significant reduction of root length and an increase
in the formation of root hairs. Addition of tryptophan further
enhanced the effect of inoculation on the root morphology.
Also, the replacement of Azospirillum cells with exogenous IAA
resulted in a similar response in the wheat roots (Dobbelaere
et al., 1999). On these lines, when IAA was applied exogeneously

to the roots of bean plants, the results were similar to that
obtained with A. brasilense Sp245 inoculation (Remans et al.,
2008).

Use of IAA-attenuated mutants could provide strong evidence
for the role of IAA in PGPR-induced root growth promotion
(de-Bashan et al., 2008). Inoculation of canola (Brassica
napus L.) plants with auxin deficient Pseudomonas putida
GR12-2 strain resulted in reduced root growth (Patten and
Glick, 2002a). Likewise, inoculation with IAA-deficient mutants
of Pseudomonas moraviensis in wheat caused reduction in
root surface area by 13–38% as compared to that with
the control strain (Hassan and Bano, 2019). Barbieri and
Galli (1993) inoculated wheat seedlings with wild-type strain
Azospirillum brasilense Sp6 and a very Iow-lAA producing
mutant Azospirillum brasilense SPM7918 and observed reduced
ability of the mutant strain to stimulate root system in terms
of number and length of lateral roots and the distribution of
root hairs. They also observed that by increasing the inoculum
concentration of SpM7918, no increase in the number and length
of lateral roots or in the density of root hair was observed,
thus, indicating the involvement of additional factors in root
growth. In another study, Kundu et al. (1997) observed that
inoculating pearl millet seedlings withA. brasilensemutant strain
with high N2-fixation activity but low phytohormone production
ability could not cause any increase in root growth, whereas, the
mutant strain able to produce higher levels of phytohormones
had a considerable positive effect on the morphology of roots
when compared with the uninoculated control plants (Kundu
et al., 1997). The wheat seedlings inoculated with A. brasilense
Sp245 strain with a mutated IAA synthesis gene, could not
cause reduced root length or enhance the formation of root
hairs when compared with the control (Dobbelaere et al., 1999).
However, the insertion of the heterologous genes for indole
acetamide pathway (iaaM and iaaH) into the strain A. brasilense
SM significantly enhanced the levels of IAA and inoculation of
sorghum with engineered strain resulted in marked increase on
the lateral branching of sorghum roots and dry weight of roots
as compared to inoculation with wild-type strain (Malhotra and
Srivastava, 2006). Hence, it can be inferred that the analysis
of mutations for studying the role of auxins in various plant-
microbe interactions provide constant results in a widespread
bacterial genera and plant species. Sukumar et al. (2013)
reviewed the role of auxin pathways in regulating architecture
of roots during plant- microbe interactions. Inculation with
auxin producing PGPR strain induced transcriptional changesin
hormone- and defense-related genes, as well as in plant cell wall-
related genes in the host plant (Spaepen et al., 2014), resulting
in induction of long roots (Hong et al., 1991), increased root
biomass and decreased size and density of stomata (Llorente
et al., 2016) as well as induction of auxin responsive genes that
stimulate plant growth (Ruzzi and Aroca, 2015).

Auxins are implicated in the process of formation of nodules
by rhizobia in leguminous plants, like founder cell specification
(auxin transport inhibition mainly by flavonoids), initiation and
differentiation of nodules (auxin accumulation), formation of
vascular bundles, and the number of nodules (long distance auxin
transport). Auxin produced by bacteria may change the balance
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of auxins in the plant and hence, indirectly affect the nodulation
in legumes (Mathesius, 2008). Generally, rhizobia can produce
auxins to enhance cell division, differentiation, root growth
and increase nodule formation. IAA is most widely produced
and studied among different rhizobial species including R.
japonicum, R. lupine, R leguminosarum, R. phaseoli, R. meliloti, R.
trifolii, Bradyrhizobium japonicum, B. elkanii, and Sinorhizobium
sp. (Gopalakrishnan et al., 2015). The co-inoculation of IAA
producing strains B. japonicum SB-1 and Bacillus thuringinesis
KR1 resulted in enhanced plant growth and nodulation in
pea (Pisum sativum L.) (Mishra et al., 2010). Inoculation with
IAA overproducing R leguminosarum bv. viciae strain LPR1105
caused 60-fold increase in IAA content in the root nodules
of the vetch plant (Camerini et al., 2008). The co-inoculation
of Azospirillum and Rhizobium resulted in early and faster
nodulation with higher crop yields. Additionally, the number of
nodules and biological nitrogen fixation also increased. While,
when ipdC mutants of Azospirillum were used for inoculating
the plants, they synthesized only 10% of the IAA as compared
to wild type strain and exhibited reduced ability to promote
root development, without any increase in nodulation as well as
nitrogen fixation, thus representing that the IAA biosynthesis by
bacteria play significant role in plant-microbe symbiosis (Barbieri
and Galli, 1993; Dobbelaere et al., 1999; Remans et al., 2008).

Azospirillum spp. are well-known for their potential to
synthesize plant hormones and among them, indoles, specifically
IAA and gibberellins (GAs) may play a larger role (Spaepen
et al., 2007; Bashan and de-Bashan, 2010). Although auxins are
known to cause stimulatory effect, their inhibitory effects on the
elongation of roots has also been reported. The inhibitory effects
could be dose-dependent (increases with auxin concentration)
(Arteca and Arteca, 2008) as the increasing concentration of
auxins may stimulate production of ethylene (Glick, 2014).
Ethylene is a major phytohormone that causes inhibition of root
elongation and transport of auxins, while promoting senescence
and organ abscission, leading to ripening of fruits (Glick
et al., 2007; Splivallo et al., 2009). Since, the direct precursor
of ethylene is 1-aminocyclopropane-1-carboxylate (ACC) and
hence bacterial ACC deaminase activity can control excessive
ethylene production. The ACC deaminase can alleviate the
repressing effect of ethylene, thus enhancing elongation of
roots, in spite of high concentrations of potentially inhibitory
auxin (Kudoyarova et al., 2019). Enterobacter cloacae UW4
that exhibited IAA and ACC deaminase activity promoted root
elongation in canola (Brassica napus L.) plants, whereas its
mutant lacking ACC deaminase activity had no effect on root
growth and thus, highlighting the significance of ACC deaminase
enzyme in elongation of roots in the presence of high auxins (Li
et al., 2000). Thus, both IAA and ACC deaminase act together
for stimulating elongation of roots (Patten and Glick, 2002b).
Over expression of ACC deaminase in rhizobia enhanced the
competiveness of the bacterium and increase nodule number in
legumes such as pea, Lotus sp. (Lotus japonicus and L. tenuis)
(Glick et al., 1998; Conforte et al., 2010). According to Glick
(2014), the high level of ACC was observed in IAA producing
rhizobia, which promote root and shoot elongation, enhanced
mineral uptake, and nodulation. It was also observed that

ACC deaminase enzyme producer rhizobia are potent nitrogen
fixers. In Mesorhizobium sp., the regulation of ACC deaminase
gene (acds) is under the control of nif promoter which also
regulates nif gene expression for nitrogen fixation (Nascimento
et al., 2012). Even though, auxins produced by microorganisms
enhance branching in roots, which in turn stimulate uptake of
water and nutrients, their higher concentrations can also be
inhibitory for root elongation. Its implication can be harmful
during conditions of drought, when longer roots are required for
extracting water from deeper layers of soil. However, this can be
prevented by PGPR that also have ACC deaminase activity along
with high auxin producing capability.

On the other hand, in some studies, application of synthetic
IAA could not stimulate the effect on root growth as induced
by bacterial inoculation, thus showing that no correlation
exists between IAA synthesis and the root growth stimulation
(Kapulnik et al., 1985; Harari et al., 1988; Bothe et al., 1992).
A. thaliana mutants (aux1-7, axr4-1, eir1, etr1, ein2, and
rhd6), defective in either auxin or ethylene signaling, were
found to increase the number of lateral roots and to develop
long root hairs when inoculated with B. megaterium UMCV1,
indicating that plant-growth promotion and root-architectural
alterations by B. megaterium may involve auxin- and-ethylene
independent mechanisms (López-Bucio et al., 2007). In addition,
many studies indicated that the total positive effect on the
organogenesis of roots and plant growth cannot be governed
by IAA biosynthesis alone (Spaepen et al., 2007). According
to Cassán et al. (2001), bacterial phytostimulation is critical
in the stages of early development (germination and early
seedling growth) and leads to other processes that occur later on
during interaction between Azospirillum and plants. Although,
IAA production from Azospirillum and other PGPR is well-
documented, it is not the only mechanism in bacteria that
regulates plant growth.

Microbial Cytokinins and Root Traits of

Plants/Nodulation in Legumes
Cytokinins through regulating cell division and differentiation
play important role in development of plant and regularly act in
conjunction with other phytohormone. Mostly, the equilibrium
between the levels of auxin and cytokinins is considered a major
regulator of plant organogenesis and root architecture (Vacheron
et al., 2013; Liu et al., 2017; Kudoyarova et al., 2019). In the shoot,
cytokinins stimulate proliferation of cells, including the apical
and axillary meristem activities. Increased levels of cytokinins
in shoots have been linked to yield gain (Kieber and Schaller,
2018). In contrast to their stimulatory effect on shoot, cytokinins
have inhibitory effect on root growth, which is due to promotion
of cell differentiation in root apical meristem and regulation
of root branching. By inhibiting initiation of lateral roots and
elongation of primary roots, cytokinins control root architecture,
and can also regulate functions of roots wherein, they regulate
transport of nutrients and uptake of proteins (Argueso et al.,
2009; Werner et al., 2010). Further, in concert with auxins,
cytokinins are also responsible for the regulation of vascular
development, as cytokinins promote phloem and auxins develop
xylem through couple of mutually inhibitory interactions.
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Cytokinin production (particularly zeatin) has been reported in
many PGPR like Arthrobacter, Azospirillum, Bradyrhizobium,
Bacillus, Pseudomonas, and Paenibacillus (Cacciari et al., 1989;
Timmusk et al., 1999; de-García Salamone et al., 2001; Perrig
et al., 2007; Cassán et al., 2009; Hussain and Hasnain, 2009;
Vacheron et al., 2013). Plants that are inoculated with cytokinin
producing bacteria show enhanced growth of shoot, with reduced
root to shoot ratio (Arkhipova et al., 2007). Additionally, various
PGPRs synthesize cytokinins which cause increased production
of root exudates by the plant (Ruzzi and Aroca, 2015) and thus
in turn increase the PGPR interactions with the plant. The role
of auxin and cytokinin in the regulation of Rhizobium nitrogen-
fixing symbiotic interaction has been documented. In this regard,
Gonzalez-Rizzo et al. (2006) used RNA interference approach
for specifically targeting different putative cytokinin receptors
that affect lateral root development in barrel medic roots and
also its symbiotic interaction with Sinorhizobium meliloti. The
authors observed that RNAi of the cytokinin receptor homolog
Cytokinin Response1 (Mt CRE1) led to cytokinin-insensitive
roots, which showed an increased number of lateral roots and
a strong reduction in nodulation. Further, the development of
S. meliloti infection and the formation of nodule primordium
were also affected. The authors also identified two cytokinin
signaling response regulator genes, Mt RR1 and Mt RR4, which
were induced in the beginning of the symbiotic interaction.
However, in the mutants that were affected in the NoD factor
signaling pathway, the induction of these genes was altered by
S. meliloti infection. This indicated that Mt CRE1 is responsible
for cytokinin regulation of the early nodulin gene, Nodule
Inception1 (Mt NIN). The authors thus concluded that Mt NIN,
Mt RR1, and Mt RR4 are activated at the beginning of S. meliloti
interaction, and thus permitting interaction between cytokinins
of the plant and Nod factor signals of bacteria. Similarly, highly
reduced nodulation capacity was observed in the lhk1/hit1 (lotus
histidine kinase 1/hyperinfected 1) mutant of lotus (L. japonicas),
which affected the closest homolog of cytokine receptor MtCRE1
(Murray et al., 2007). During nodule formation in legumes, the
cell division is initiated by cytokinin responsible gene in the
cortical cells, which leads to nodule development (Frugier et al.,
2008; Plet et al., 2011; Held et al., 2014). Cooper and Long
(1994) reported that rhizobia was capable to produce cytokinin
in sufficient amount to induce cell division in cortical cells of
alfalfa (Medicago sativa L.). Similarly, rhizobia enhanced the
synthesis of cytokinin in legumes by expression of Nod factor
cascade, which is helpful in understanding the coordination
among cortical and epidermal cells during nodulation (Oldroyd,
2007). Interaction of Bradyrhizobium sp. strain ORS285 with
legume plants, Aeschynomene afraspera and Indian joint vetch
(A. indica L.) and displayed nodule formation by production of
cytokinin through organism and also change size and numbers
of nodules but initiation of nodule formation was also observed
in cytokinin deficient mutants (Podlesakova et al., 2013).

Cytokinins regulate differentiation of root meristem, cause
proliferation of root hairs, but have inhibitory effect on the
formation of lateral roots (Silverman et al., 1998) and elongation
of primary roots (Riefler et al., 2006). Primary root growth in A.
thaliana was inhibited by Bacillus amyloliquefaciensUCMB5113,

which can be attributed to the production of cytokinin (Asari
et al., 2016). However, inoculation of wheat rhizospheres with
zeatin producing B. subtilis IB 22 could not cause any reduction
in the root biomass, but increased rhizodeposition (Kudoyarova
et al., 2014). Arkhipova et al. (2005) observed that after
inoculation with rhizobacteria B. subtilis IB22, zeatin riboside
were detected in roots in the beginning followed by accumulation
in shoots and corresponding decline in their concentration
in roots. As the cytokinins produced by the bacterium are
ribosylated, they get transported out of the roots. Hence, their
accumulation was not observed in the roots and the growth of
the roots was normal. It can thus be inferred that introduction
of microbes that produce cytokinins into the rhizosphere may
not essentially cause inhibition of root growth, provided they are
migrated to the shoots.

Role of Microbial ABA and Gibberellins on Root Traits

of Plants
Various studies have reported the ability of PGPR to synthesize
ABA or gibberellic acid, or to regulate the level of these hormones
in plants (Richardson et al., 2009; Dodd et al., 2010). ABA is
a well-known phytohormone for its role during conditions of
drought stress. The increased ABA levels during water limiting
conditions cause closure of stomata and thus help in reducing
loss of water (Bauer et al., 2013). Nevertheless, the hormone
is also known to act differently during development of lateral
roots (De Smet et al., 2006; Dodd et al., 2010). An increase in
ABA levels in A. thaliana was observed when inoculated with
Azospirillum brasilense Sp245, particularly under osmotic stress
conditions (Cohen et al., 2008).

Gibberellins act in combination with other phytohormones
and additional regulatory factors, and stimulate primary root
elongation along with lateral root extension (Yaxley et al.,
2001). Many PGPR including, Achromobacter xylosoxidans,
Acinetobacter calcoaceticus, Azospirillum spp., Azotobacter
spp., Bacillus spp., Herbaspirillum seropedicae, Gluconobacter
diazotrophicus, and rhizobia are known to produce gibberlins
(Gutiérrez-Mañero et al., 2001; Bottini et al., 2004; Dodd et al.,
2010). In a study, when gibberellic acid at similar levels as those
produced by Azospirillum was applied on maize was found to
promote root growth. Further, the amount of gibberellins also
increased in maize roots inoculated with Azospirillum strains
(Fulchieri et al., 1993). Yanni et al. (2001) noted that indigenous
Rhizobium leguminosarum bv. trifoli C6 could colonize rice
roots in the Egyptian Nile delta where Trifolium alexandrinum
L. is grown in rotation with rice. These IAA and gibberellin
producing Rhizobium strains promoted root and shoot growth in
rice, thereby improving seedling vigor hence resulting in higher
grain yield.

The production of phytohormones by PGPR has been
well-documented. Inoculation with phytohormone producing
PGPR may influence the phytohormone levels in plants
and thus resulting in altered growth. However, the role of
individual hormone in influencing plant growth is difficult
to measure as different phytohormones are co-produced by
bacterial strains and they work in combination with other
hormones and regulatory factors to produce an effect on plant
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system. Development of bacterial mutants lacking the ability
to produce individual phytohormone from a strain producing
multiple phytohormones can help in deducing the role of
each phytohormone. However, the effect may vary with the
dose and host plant. In future, transcriptomics can help in
deciphering pathways up-regulated or down-regulated due to
PGPR inoculation.

Role of Microbial VOCs on Root Traits of
Plants
A number of VOCs and secondary metabolites produced by
PGPRs helps in improving tolerance of plants to stress conditions
and also aid in stimulation of plant growth by specifically altering
root traits. VOCs are thus considered to be effective mediators of
chemical crosstalk be it, attracting, repelling or warning signals.
Microbes secrete VOCs for a variety of reasons like, crosstalk
and protection (Kai and Piechulla, 2009). Plant root system
can quickly and efficiently sense the volatiles released by its
allied microbes. Ortíz-Castro et al. (2008) demonstrated that
plant roots can perceive quorum sensing signals to modulate the
root system architecture. Gutiérrez-Luna et al. (2010) using a
divided Petri plate assay, observed the positive effect of certain
rhizobacteria isolated from lemon (Citrus limon L.) on root
morphogenesis and biomass production in A. thaliana seedlings,
indicating the role of VOCs in plant growth modulation. The
response of the plant to VOCs via alteration of root architecture
may be of ecological significance for increasing colonization
of roots and strengthening of beneficial mutual interactions
between plants and their coupled bacteria (Gutiérrez-Luna
et al., 2010). These chemical cross talks/communications might
regulate how plant will perform in various agricultural soils
(Camarena-Pozos et al., 2018). The effect is achieved by affecting
root growth and improving availability of nutrients in the
rhizosphere along with other beneficial contributions w.r.t. plant
immunity by the microorganisms (Ortíz-Castro et al., 2009).
Inoculation of A. thaliana with Bacillus megaterium UMCV1
resulted in altered root-system architecture with inhibition of
primary-root growth and an increase in number and length
of lateral roots. The solid-phase microextraction coupled to a
gas chromatography—mass spectrometry (SPME-GC-MS) based
analysis identified acetoin in the volatiles produced by UMCV1
(López-Bucio et al., 2007). VOCs (aldehydes, ketones and 1-
butanol) released by some Bacillus isolates (L254, L263, L265a,
L265b, L266, L270, L271, and L272a) resulted in modulation
of root-system architecture in A. thaliana plants, consequently
resulting in enhanced biomass (Gutiérrez-Luna et al., 2010).
Farag et al. (2006) also reported 1-butanol among the VOCs
produced by B. subtilis GB03 and B. amyloliquefaciens IN937a
by using SPME-GC-MS technique. Ryu et al. (2003) reported
the stimulatory effect of acetoin or 2,3-butanediol producing
Bacillus strains on A. thaliana growth. The volatiles of B. subtilis
GB03 stimulated plant growth via signaling of cytokinin and
ethylene, whereas, VOCs of B. amyloliquefaciens IN937a exerted
their effect independently without the involvement of cytokinin
and ethylene (Ryu et al., 2003; Farag et al., 2006), indicating the
role of different VOCs in phytostimulation. Gutiérrez-Luna et al.

(2010) detected butyrolactone in the VOCs produced by Bacillus
sp. strain L265a. Butyrolactone as an autoinducer of bacterial
quorum-sensing (QS) signaling has also been reported (Polkade
et al., 2016).

Tobacco (Nicotiana attenuata L.) plants cultivated under
sulfur-limiting conditions showed enhanced growth under
the influence of dimethyl disulfide produced by Bacillus sp.
strain BG55. The observed effect was partially attributed to
absorption and assimilation of dimethyl sulphoxide (Meldau
et al., 2013). Cordovez et al. (2018) demonstrated that VOCs from
Microbacterium sp. strain EC8 caused an increase in root biomass
and lateral root density in A. thaliana plants. The authors
also reported similar effects in other crop plants like lettuce
(Lactuca sativa L.) and tomato. Further, enrichment of sulfur-
containing compounds like dimethyl disulfide and dimethyl
trisulfide, compounds found usually from bacteria, and also rarer
compounds, such as S-methyl 2-methylpropanethioate and S-
methyl pentanethioate was also observed in the headspace of
EC8. Genome-wide transcriptome analyses further identified
1,361 (698 upregulated and 663 downregulated) differentially
expressed genes (DEGs) in root tissues induced by microbial
VOCs. In root tissues, DEGs involved in sulfur metabolism were
mostly downregulated, DEGs involved in nitrate assimilation
were upregulated, whereas DEGs involved in nitrate reduction
were downregulated. While, upregulated expression of genes
encoding three nitrate transporters (NRT2.1, NRT2.6, and
NRT2.7) and a chlorine channel (CLC-A) proteins was observed.
Other genes involved in nitrate-related processes, like NIA1 and
NIA2, encoding nitrate reductases, were downregulated. It has
been reported that nitrate is not a mere nutrient for plants but
also acts as a signal for regulating metabolism of carbon and
nitrogen (Scheible et al., 1997). The transporter gene of nitrogen,
NTR2.1, displayed an upregulation of 14-folds in A. thaliana
when exposed to VOCs from EC8, is reported to be regulated by
nitrate and act as a negative regulator of lateral root initiation
under high-sucrose and low-nitrate conditions, whereas NRT2.6
is reported to be a part of growth stimulation ofA. thaliana by the
rhizobacterium Phyllobacterium brassicacearum STM196 (Little
et al., 2005; Kechid et al., 2013). The transporter gene NRT2.6,
along with NRT2.5, was upregulated in the leaves of A. thaliana
that were inoculated with the bacteria, thereby inferring that
these genes may be a part of the regulation of nitrogen control
for root development (Kechid et al., 2013). The identification of
the bioactive volatiles produced by PGPR and characterization
of their ecological functions can open up new avenues for
improving crop productivity in a sustainable way.

Microbial Nitric Oxide (NO) in Plant
Signaling
Nitric oxide is a small, diffusible, lipophilic, volatile free
radical and a ubiquitous bioactive molecule, which participates
in a broad spectrum of metabolic, signaling, defense, and
developmental pathways (Lamattina et al., 2003). The NO has
the potential to operate simultaneously on a number of discrete
biochemical nodes via modulation of cell redox status and
Ca2+ cytosolic concentrations. This unique property makes NO
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a molecule with remarkable signaling as well as homeostatic
characteristics for the synchronization and organization of
cellularmetabolism (Lamattina et al., 2003).Many studies suggest
extensive linkage between NO and plant hormones (Molina-
Favero et al., 2008).

Rhizobacteria can produce NO by different pathways
(Molina-Favero et al., 2008; Arasimowicz-Jelonek and Floryszak-
Wieczorek, 2014). Bacterial nitric oxide synthase (bNOS) can
synthesize NO by oxidation of L-arginine to L-citrulline, in
presence of oxygen (Stuehr, 1997). The other major pathway
for NO synthesis in free bacteria is through the process of
anaerobic denitrification. The established denitrification pathway
is a multistep process that reduces nitrate (NO−

3 ) to nitrogen
N2 via activities of nitrate reductase (NR), nitrite reductase
(NiR), NO reductase (NoR), and N2O reductase (Meilhoc et al.,
2011). Nitric oxide is synthesized as a free intermediate by
the enzyme nitrite reductase. In addition, denitrification can
also occur under aerobic conditions. The process involves a
periplasmic nitrate reductase (Nap) rather than the classical
membrane bound respiratory nitrate reductase (Nar) found in
anaerobic denitrification. Steenhoudt et al. (2001) identified a
Nap in Azospirillum brasilense Sp245 which is not sensitive
to oxygen. Another pathway for bacterial NO production is
heterotrophic nitrification which causes sequential oxidation of
ammonia to hydroxylamine (NH2OH), NO−

2 , and NO−
3 , with

NO being produced as an intermediate during the reduction of
NO−

2 to N2 (Wrage et al., 2001). Pothier et al. (2007) reported that
nirK gene in A. brasilense Sp245 encodes a NO-producing nitrite
reductase copper-containing enzyme. Further, the expression of
nirK was induced by wheat seed or root extracts (Pothier et al.,
2007).

Bloom et al. (2003) have very well-reviewed various molecules
and signals which are involved in development of roots. Amongst
them, nitrogen species as NO, ammonium and nitrate are
evidently occupied in growth and development of roots. NO
production by the microbial partner in the legume–Rhizobium
symbiosis has been reported by Horchani et al. (2011). Various
approaches have also shown that denitrification is responsible
for generation of NO in bacteroids, especially during hypoxic
conditions (Meakin et al., 2007; Sanchez et al., 2010). In addition,
Horchani et al. (2011) also demonstrated that around one-third
of the NO generated byMedicago truncatula–Si. meliloti nodules
is synthesized by the rhizobial denitrification pathway. Gouvêa
et al. (1997) indicated that application of NO donors like sodium
nitroprusside (SNP) and nitrosoglutathione stimulated growth
and elongation in maize roots, thus postulating the intermediary
role of NO in IAA-induced root elongation. Pagnussat et al.
(2002, 2003) showed that NO acts as a signal molecule in the
IAA-induced signaling pathway, and thus causing development
of adventitious roots in cucumber (Cucumis sativus L.). The
authors also noted that application of two NO donors, SNP and
S-nitroso, N-acetyl penicillamine (SNAP) to hypocotyl cuttings
of cucumber could induce de novo root-organogenesis, whereas
application of NO scavangers, 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) with SNP or
SNAP blocked the effect. Microscopic observation revealed
similar anatomical structure in NO- and IAA- induced roots.

Moreover, the hypocotyls treated with SNP or SNAP along
with IAA showed enhanced response and displayed better
root organogenesis as compared to the hypocotyls treated
with NO donors or IAA alone (Pagnussat et al., 2002).
Pagnussat et al. (2003) strongly indicated the role of endogenous
NO as a downstream component in the IAA-mediated root
organogenesis. Correa-Aragunde et al. (2004) reported that NO
has a major role in lateral root formation (LRF) in tomato.
Molina-Favero et al. (2008) analyzed the aerobic NO production
in A. brasilense Sp245 and its mutants Faj009 (IAA attenuated)
and Faj164 (lacking periplasmic nitrate reductase activity) and
correlated it with root-organogenesis in tomato. The strains
Sp245 and Faj009 could produce 120 nmols of NO per g bacteria,
whereas, strain Faj164 could produce only 5.6 nmols of NO
per g bacteria, indicating aerobic denitrification as major source
of NO in bacteria. Inoculating tomato seedlings with Sp245
and Faj009 could promote both lateral and adventitious roots
formation, whereas no such effect was observed with Faj164
inoculation, indicating the role of NO in Azospirillum-induced
root branching, without any regards to the potential of bacteria
to synthesize IAA. Creus et al. (2005) investigated the ability
of aerobically grown Azospirillum brasilense Sp245 to synthesize
NO, using NO specific fluorescent probe 4, 5-diaminofluorescein
diacetate (DAF-2 DA), followed by epifluorescence microscopy.
Quantification of NO was done by electron paramagnetic
resonance (EPR). The production of green fluorescence indicated
the production of NO which was drastically reduced in
presence of specific NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO). They further
studied the role of NO as the inducer molecule in the
Azospirillum-mediated stimulation of the tomato roots by
incubating Azospirillum-inoculated and uninoculated tomato
roots with DAF-2 DA followed by fluorescence microscopy. The
Azospirillum inoculated roots exhibiting induction of lateral root
formation also showed high fluorescence intensity majorly in the
vascular tissues and sub-epidermal cells of roots. Treatment with
cPTIO completely blocked the Azospirillum-mediated induction
of lateral root formation (LRF), while addition of NO donor
sodium nitroprusside partly reversed the inhibitory effect of
cPTIO. These results strongly indicated the role of NO in
the Azospirillum-mediated root growth promotion in tomato
seedlings. Other studies have attributed the ion nitrite produced
by Azospirillum metabolism to be accountable for the observed
effects on the plant growth and other developmental processes
on inoculation of roots (Didonet and Magalhaes, 1993).

The auxin competitive inhibitor, p-chlorophenoxyisobutyric
acid (PCIB) was found to reduce the stimulating effect of
Azospirillum brasilense Sp245 on LRF, indicating the involvement
of auxins in the Azospirillum-induced effects (Creus et al.,
2005), possibly causing an increase in the levels of NO as
reported previously also (Pagnussat et al., 2002). In all together,
these findings very well-support the hypothesis that NO is
necessary for the Azospirillum-promoted LRF and both auxins
and NO, act as cellular messengers that are involved in the close
communication between Azospirillum and plant root leading to
LRF. The increased build-up of NO in the inoculated plants can
also be a result of some events rather than production of NO by
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Azospirillum itself, viz. (i) induced reduction of nitrite into NO in
inoculated plant roots (Stohr and Ullrich, 2002); (ii) acidification
of the root apoplast by Azospirillum which eventually induce a
non-enzymatic production of NO in plant roots (Bethke et al.,
2004). As majority of the studies indicate, effect on the root traits
of plants can also result from the indirect stimulation of the plant
auxin pathway by microbially produced NO in the rhizosphere.

CONTRIBUTIONS OF PGPR TO
AGROECOSYSTEM FUNCTIONING

Colonization of plant roots with bacteria is mutually beneficial
for plant and bacteria. Plants secrete fixed carbon by root
exudation and feed the rhizosphere bacteria and in turn bacteria
help the plant through exhibiting an array of growth promoting
traits. Apart from direct and indirect PGP traits, PGPR mediated
altered root traits also contribute to agroecosystem functioning
and plant productivity as discussed in the following sub-sections.

PGPR and Soil Structure
Root adhering soil play important role in uptake of nutrients and
water for plant growth. Root traits play key role in shaping the
physical structure of soils (Leifheit et al., 2013). Morphological
root traits, such as root length density and root diameter, strongly
influence soil stability because denser, finer root systems bind
soil more effectively than do coarse root systems (Loades et al.,
2010). As the diameter of larger root increases with growth,
the soil particles adjacent to the root get pushed aside thus
increasing the soil density. Finer roots on the other hand increase
the soil porosity by improving the soil aggregation (Gyssels
et al., 2005). Architectural root traits such as branching of
roots helps in increasing the anchorage by fixing the soil, hence
increasing soil stability and protection against erosion (Bardgett
et al., 2014). PGPR strains able to enhance root morphological,
physiological, and architectural characteristics thus can help in
improving soil structure and stability. However, focussed studies
need to be conducted to have direct evidence on PGPR mediated
improvement of soil structure mediated through root traits.

Root exudation is another root trait that has strong
influence on soil aggregation and stability, as the polysaccharides
(mucilaginous substances) and proteins present in the root
exudates act like glue, that bind clay and mineral particles
together to form soil aggregates (Czarnes et al., 2000; Whalley
et al., 2005). PGPR inoculation has been found to enhance
rhizodeposition by the host plant (Kudoyarova et al., 2014),
that provide nutritional niche for the rhizosphere microbial
communities. However, not much information is available on
how the PGPR mediated alteration in quality and quantity of
rhizodeposits influences soil structure. Nonetheless, many of the
rhizosphere microorganisms produce exopolysacharides (EPS)
for attachment to other cells, soil particles and root surfaces.
EPS bind with the soil particle to form aggregates and stabilize
the soil structure. The improved structure increases cation
exchange and water holding capacity of the soil (Upadhyay
et al., 2011). EPS producing Rhizobium spp. strain YAS34
significantly increased the root adhering soil (RAS) aggregation

and soil macropore volume. The inoculation also improved root
diameter and overall plant growth of sunflower (Helianthus
annuus L.) (Alami et al., 2000). This significant increase in
RAS mass around the roots of inoculated plants could be the
result of either an increase in soil adhesion to roots or a higher
soil aggregate stability around roots, or both (Alami et al.,
2000). The improvement in soil aggregation due to microbial
inoculation may be attributed to microbial EPS. Seed inoculation
of sunflower with an EPS producing Pseudomonas putida strain
GAP-P45 resulted in increased root adhering soil/root tissue
ratio, increased the stable soil aggregates percentage and also
improved plant biomass under drought stress (Sandhya et al.,
2009). Two salt-tolerant strains Halomonas variabilis HT1 and
Planococcus rifietoensis RT4 able to form biofilm and accumulate
EPS, improved chickpea (Cicer arietinum Var. CM-98) plant
growth and soil aggregation under salinity stress (Qurashi and
Sabri, 2012). Similar effects on RAS improvement have been
observed in wheat under P. polymyxa CF43 inoculation (Gouzou
et al., 1993). Mutation in sacB gene (encoding levansucrase
for synthesis of levan) of P. polymyxa impaired its ability
to cause soil aggregation, thus implicating the role of levan
produced by P. polymyxa in the aggregation of root-adhering
soil in wheat. EPS producing Bacillus amyloliquefaciens p16
improved soil aggregation and soil water retention (Deka et al.,
2018). Inoculation of EPS producing Pantoea agglomerans strain
NAS206 in wheat increased aggregation and stabilization of root-
adhering soil, as indicated by significant increase in aggregate
mean weight diameter, aggregate macro-porosity, RAS/RT ratio,
and water stable aggregates (Amellal et al., 1998). Similarly,
inoculation with EPS producing rhizobacteria (Planomicrobium
chinense P1, Bacillus cereus P2, and Pseudomonas fluorescens
P3) in wheat significantly enhanced the water holding capacity
of sandy soil and improved soil aggregation around the plant
roots (Khan et al., 2016). Under field conditions, inoculation
with EPS producing Pseudomonas mendocina Palleroni along
with Glomus intraradices, an arbuscular mycorrhizal fungus onto
lettuce showed stabilization of soil aggregation (Kohler et al.,
2006).

PGPR can contribute toward soil structure and stability
through EPS production, influencing root exudation and other
root traits. However, intricacies of the mechanisms need to be
explored through focussed studies on these aspects.

PGPR and Carbon Sequestration
Soil is incorporating 6,000 billion tons of carbon approximately
and acts as natural reservoirs of biogeochemical carbon cycle.
More carbon is getting emitted into the atmosphere due to
industrial development (Cristea et al., 2020). Microorganisms
can sequester carbon into the soils and is sustainable method
to lowering atmospheric carbon. Selection of suitable microbial
inoculant is important to improve agriculture land capability
to sequester and store carbon (Ahmed et al., 2019). Microbial
consortia of (Pseudomonas protegens, Bacillus paramycoides and
Bacillus paramycoides) when applied in tall perennial aromatic
grass species including vetiver (Vetiveria zizanioides), lemongrass
(Cymbopogon citratus), palmarosa (Cymbopogon martinii), and
citronella (Cymbopogon winterianus) improved the carbon
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sequestration (Maddhesiya et al., 2020). High C: N ratio of soil
treated with PGPR highlight the significant role of inoculants in
enhancing carbon sequestration. Co-inoculation of rhizobacteria
and cyanobacteria significantly increased the grain yield of
rice and showed positive influence on carbon sequestration in
soil (Prasanna et al., 2011). Under elevated CO2 soil microbe
Pseudomonas fluorescens increased the capacity to store carbon
and nitrogen in plant (Nie et al., 2015). Combined application
of rice husk biochar (RHB) along with PGPR (Pseudomonas
species, Azotobacter chroococcum, and Azospirillum brasilense)
resulted in significantly higher rice yield, nutrient uptake, and
also increased organic content of soil (Singh et al., 2017).
Glomalin-Related Soil Protein (GRSP) improves the soil quality,
C and N storage. Cell walls of hyphal Arbuscular mycorrhizal
fungi (AMF) produce glomalin and, death of hyphae deposited
in the soil, further incorporated into soil organic matter (SOM)
pool. Interaction of AMF and PGPR improved the glomalin
production in rhizosphere of pea (Pisum sativum L.) and further
enhanced C and N storage in rhizosphere (Walley et al., 2014).
In boreal forest ecosystems root-associated fungi acts as organic
decomposers and belowground mediators for C transport and
respiration (Clemmensen et al., 2013).

PGPR in Water and Nutrient Acquisition
For efficient nutrition in plants, the acquisition of nutrients
by the roots plays the most important role (Gutschick, 1993).
Efficiency in acquisition depends on root size and morphology,
physiology and biochemistry. Root exudation influence the soil
nutrient cycling by exuding compounds rich in organic acids that
increase availability of nutrients by desorption and solubilization
frommineral surfaces and by priming the rhizospheric microbial
communities for enhanced mineralization of organic matter
resulting in increased nutrient availability in the soil (Bardgett
et al., 2014). However, priming of microbial growth by
root exudates can also increase immobilization of nutrients,
thereby reducing their availability to the plants (Bengtson
et al., 2012). Thus a fine balance between mineralization and
immobilization dynamics is probably controlled by variations
in the quality of root exudates, the extent of nutrient
limitation for microbial growth (Dijkstra et al., 2013; Drake
et al., 2013), and the response of specific groups of microbes
involved in nutrient transformations (Bremer et al., 2007).
The relationships between root traits and nutrient cycling
have been studied in the field and mixed results have
been reported.

PGPR may improve the plant nutrition by affecting the
plant nutrient uptake and/or the plant growth rate (Mantelin
and Touraine, 2004). It is generally considered that increase
in root surface area triggered by PGPR, results in enhanced
nutrient uptake (Vacheron et al., 2013). However, the activity
of root ion transporters can be regulated according to the
nutritional demand of the plant (Lappartient et al., 1999).
Hence, PGPR must interfere with the development and nutrition
pathways of the host plant to modulate both nutrient acquisition
and growth (Vacheron et al., 2013). Maize cultivar Seiddi
inoculated with A. lipoferum CRT1 exhibited increased lateral

root growth and enhanced photosynthetic potential unlike non-
responsive cultivar FuturiXX (Rozier, 2016). GC-MS based
profiling of small organic substances in the ascending xylem
sap of plantlets revealed reduced content of 17 substances,
including primary metabolites, such as glucose, maltose, sucrose,
TCA cycle intermediates, GABA, amino acids and shikimate
pathway metabolites in both the cultivars after A. lipoferum
CRT1 inoculation. Whereas, the content of 28 substances,
including glucose, lactic acid, acidic intermediates of the pentose
phosphate and ascorbate/aldarate pathways and defense-related
hydroxycinnamic acids, decreased in the xylem sap of the
A. lipoferum-phytostimulated plantlets of responsive cultivar
(Seiddi) only, suggesting the role of xylem-transported metabolic
signaling in A. lipoferum induced phytostimulation of maize.
Glucose or other metabolites that are retrograde transported
through the xylem to the shoot by transpirational pull may act
as feedback signals of the root status. Such signals may stimulate
leaves to enhance photosynthesis-mediated C-assimilation that
is needed to sustain A. lipoferum-triggered root growth (Rozier,
2016).

Li et al. (2020) reported improved nutrient acquisition of
N, P, Ca+2 and K+ in maize by novel PGPR strain Kocuria
rhizophila Y1. Inoculation of consortium of Bacillus megaterium
BHU1, Arthrobacter chlorophenolicus BHU3, and Enterobacter
sp. BHU5 significantly improved Cu, Zn, Mn, and Fe nutrients
in wheat (Kumar et al., 2014). According to Sabir et al. (2012)
root inoculation with PGPR strainsAzospirillum brasilense Sp245
and Bacillus subtilis OSU-142 enhanced growth and nutrient
acquisition (N, P, K, Ca, and Mg) in grapevine rootstocks
(Vitis spp.). Inoculation of soybean with a consortium of
Pseudomonas aeruginosa LSE-2 and Bradyrhizobium sp. LSBR-
3 exhibiting multiple PGP traits (IAA, P solubilization, ACC
deaminase, biofilm formation) enhanced root dry weight, nodule
number, dry weight, leghaemoglobin content, and nutrient
(N, P, K) acquisition (Kumawat et al., 2019) adding toward
overall plant growth and yield. Safflower (Carthamus tinctorius
L.) inoculation with Bacillus strains (B. subtilis OSU-142
and B. megatorium M3) enhanced nutrient acquisition and
improved seed and oil yield under semi-arid condition (Ekin,
2020). Treatment with rhizobacteria (Pseudomonas sp. R185)
and endophytic bacteria (Pseudomonas mosselii E240) had a
positive effect on P, Zn, and Fe contents in wheat grains
in phosphorous deficient soils (Emami et al., 2018). Rana
et al. (2012) reported 2-fold enhancement in P and 66.7%
increase in the N content in leaves of wheat treated with a
combination of Bacillus sp. AW1 and Providentia sp. AW5.
They also observed significant correlation between plant biomass,
grain weight, N, P, and Fe contents with acetylene reduction
activity of rhizosphere soil, indicating the role of N fixation in
crop productivity.

PGPR can directly increase bioavailability of nutrients
through nitrogen fixation and nutrient mobilization of key
nutrients (iron, phosphorous, and potassium) to crop plants
(Rashid et al., 2016). Phosphate solubilization is an important
effect of PGPR on plant nutrition. Although, the soils generally
have high levels of phosphorus, most of the soil P exists in
fixed forms and only a small proportion is available for plants.
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Soil microorganisms play important role in the solubilization
and mineralization of organic or insoluble forms of P into plant
available forms (Richardson et al., 2009; Ramaekers et al., 2010)
through the release of organic acids and hydrolytic enzymes
(phosphatases and phytases) (Richardson and Simpson, 2011).

Plant phosphate use efficiency (PUE) is generally correlated
with P acquisition efficiency and with root length and
architectural traits (Ruiz et al., 2019). Root hairs can increase the
effective surface area of plant roots and help the roots to exploit
non-accessible stocks of P through accessing the finer pores than
the main root axis can enter, thus length and density of root
hairs play important role in nutrient acquisition (Ma et al., 2001).
PGPR able to influence the root traits including root length,
lateral branching, and root hair length and density, thus can help
in improving plant nutrition acquisition capacity.

Biological nitrogen fixation is another important trait of many
PGPR that contributes to fulfill the nutritional demands of the
plant. Nitrogen fixing bacteria possess the nitrogenase enzyme
that converts atmospheric elemental dinitrogen into ammonia.
Nitrogen fixing PGPR can be symbiotic, associative or free living.
Symbiotic nitrogen fixers like rhizobia and Fankia form nodules
on the plants root by modifying the root architecture and can
benefit the plant by directly supplying the fixed form of N in
the root nodules (Brock, 2000). Rhizobium-legume symbiosis is
most studied for its nitrogen contributions. Rhizobia can fix 180
× 106 tons of nitrogen annually through BNF process at global
level (Sahgal and Johri, 2003) which causes efficient increment in
the productivity and quality of crops (Herridge et al., 2008; Krapp
et al., 2011).

Associative nitrogen fixers like Azospirillum are known for
their effect on root architecture and associative nitrogen fixation
in many crops (Bashan et al., 2004). The important free living
and associative nitrogen fixing genera include Azospirillum,
Azotobacter, Gluconacetobacter, Bacillus, Burkholderia,
Clostridia, Kelbsiella, Mycobacterium, and Pseudomonas.

With increasing attention on the genetic, molecular and
physiological regulation for root architecture as related to plant
nutrient efficiency, a number of genes and regulators have been
identified and demonstrated to participate in regulatory networks
linking root architecture to nutrient efficiency in different crops
including Arabidopsis, maize, rice, soybean (Li X. et al., 2016).
The expression studies of these genes and regulators under the
influence of PGPR inoculation can help in understanding the
regulatory role of PGPR in nutrient acquisition.

PGPR and Abiotic Stress Tolerance in
Plants
Abiotic stresses include excessive or deficient water, high or
low temperature, high salinity, heavy metals, and ultraviolet
radiation, are malicious for growth and development of plant,
lead to crop yield losses (He et al., 2018). PGPR plays defensive
role against abiotic stresses (Kaushal and Wani, 2016). While
it is difficult to elucidate the explicit mechanism by which
PGPR act to enhance drought tolerance by affecting root
traits of the plant, in certain cases it has been demonstrated.
For example, Sandhya et al. (2009) reported production of

extracellular matrices by PGPR for themaintenance of a hydrated
root environment and thus, increasing root-adhering soil and
stability. In drought stressed A. thaliana plants, inoculation with
spermidine producing Bacillus megaterium BOFC15 exhibited
reduction in reactive oxygen species, upregulation of ABA
biosynthesis and response genes, and augmented photosynthesis
and root system architecture (Zhou et al., 2016). In a study,
thuricin produced by Bacillus thuringiensis NEB17 was applied
to soybean (Glycine max) under drought conditions and it
caused modification in root structures and increase in root
length and biomass, nodule biomass, ABA content, and total
nitrogen content (Prudent et al., 2015). IAA producing strains
Pseudomonas putida, Pseudomonas sp., and Bacillus megaterium
could stimulate shoot, root biomass and water content in
white clover plants (Trifolium repens) under drought condition.
Bacillus megaterium was found to be more effective when
applied along with arbuscular mycorrhizal fungi against drought
(Marulanda et al., 2009). Limited water availability results in
low rate of photosynthesis and insufficient nutrient uptake.
In wheat, inoculation of phosphorus-solubilizing and drought-
tolerant PGPR Pseudomonas libanensis EU-LWNA-33 improved
plant growth and phosphorus uptake under water deficient
condition (Kour et al., 2019). Inoculation with Bacillus sp. 12D6
and Enterobacter sp. 16i delayed onset of drought symptoms in
wheat and maize seedlings. Inoculation of wheat with Bacillus sp.
(12D6) increased the root length, whereas, in maize inoculation
with both Bacillus sp. strain 12D6 and Enterobacter sp. strain 16i
increased the root length and surface area (Jochum et al., 2019).
Seed treatment with endophytic bacteria Bacillus subtilisMSEB78
and Corynebacterium hansenii MSEB3 improved chlorophyll
content, relative water content, shoot fresh and dry biomass
under drought stress (Bodhankar et al., 2019).

Among the various PGP traits implicated in conferring
drought tolerance, synthesis of enzyme ACC deaminase is
most studied. Through production of ACC deaminase, PGPR
maintain the level of plant stress hormone ethylene below
inhibitory levels, maintaining normal root growth by diverting
the excess of auxins and delaying senescence under drought
(Marasco et al., 2013). ACC deaminase producing PGPR
strains Ochrobactrum sp. SB2.ACC2, Bacillus sp. SB1.ACC3,
and Alcaligens sp. SB1.ACC2 reduced ethylene production and
promoted the plant growth by inducing salinity tolerance in rice
(Bal et al., 2012). Inoculation of Jerusalem artichoke (Helianthus
tuberosus L.) with IAA and ACC deaminase producing Bacillus
aquimaris strain 3.13 and Micrococcus luteus strain 4.43
drought conditions increased shoot height and weight, length,
diameter, volume, area of root ultimately improving harvest
index (Namwongsa et al., 2019). Similarly, Rice (Oryza sativa)
seedlings inoculated with IAA and ACC deaminase producing
Pseudomonas fluorescens strain REN, exhibited enhanced root
length under flooding (Etesami and Alikhani, 2016). The
ability of PGPR to produce both auxins and ACC deaminase
becomes particularly important under stress conditions (Glick,
2014). Phytohormones mediated increase in root length, root
surface area, and the number of root tips, causing increased
uptake of water and nutrients, represents a major contributor
for the improvement of survival chances of the plant under
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water limiting conditions (Glick, 2011; Marasco et al., 2013).
ACC deaminase producing Pseudomonas lini DT6 and Serratia
plymuthica DT8 mitigated drought stress and promoted the
growth of jujube plant by regulating ABA and IAA (Zhang et al.,
2020). ACC demainase producing rhizobacteria Enterobacter
cloacae and Achromobacter xylosoxidans amended with biochar
improved the maize growth and productivity under drought
stress (Danish et al., 2020). Root colonization of wheat plants
with IAA and ACC deaminase producing Stenotrophomonas
maltophila SBP-9 improved root, shoot length and biomass,
chlorophyll content under salinity stress. Inoculation decreased
level of proline and malondialdehyde (MAD), and increased
activities of antioxidant enzymes, superoxide dismutase (SOD),
catalase (CAT), peroxidase (POX) (Singh and Jha, 2017).
The PGPR exhibit enzymatic and non-enzymatic antioxidant
responses to scavenge the toxic compounds like reactive oxygen
species produced under stress conditions. In Okra (Abelmoschus
esculentus) combined inoculation with Bacillus megaterium
UPMR2 and Enterobacter sp. UPMR18 improved germination
percentage, plant growth parameters (shoot fresh weight and root
dry weight) and adapted to salinity stress by eliminating reactive
oxygen species (ROS) through SOD (superoxide dismutase),
CAT (catalase) and APX (Ascorbate peroxidase) activities (Habib
et al., 2016). PGPR inoculation increased proline accumulation
in soybean, lettuce, wheat, maize plants under abiotic stress
conditions (Han and Lee, 2005; Kohler et al., 2009; Zarea
et al., 2012; Bodhankar et al., 2019). Salt tolerant PGPR Bacillus
aquimaris SU8 accumulated total soluble sugars, improved
growth and yield of wheat under saline soil (Upadhyay and
Singh, 2014). Priming of wheat seeds with Bacillus safensis
(NCBI JX660689) and Ochrobactrum pseudogrignonense (NCBI
JX660688) improved temperature stress tolerance of wheat
seedlings by lowering ROS levels, increasing chlorophyll content
and accumulating osmolytes (Sarkar et al., 2018).

Role of VOCs released by PGPB have been implicated in stress
tolerance. VOCs produced by Bacillus subtilis GB03 stimulated
choline synthesis in A. thaliana that helped in maintaining
cell turgor through preventing the water loss (Zhang et al.,
2010). Moreover, Pseudomonas chlororaphis O6 induced stomata
closure in the colonized plants, by producing VOC, 2R, 3R-
butanediol (Cho et al., 2011). In mungbean [Vigna radiate (L.)
R. Wilczek] inoculation with Pseudomonas aeruginosa GGRJ21
strain elicited drought tolerance as indicated from better plant
growth, osmolyte accumulation, antioxidant enzyme status,
and up-regulation of drought responsive genes i.e., dehydrin
(DHN), catalase (CAT1), and dehydration-responsive element
binding protein (DREB2A) (Sarma and Saikia, 2013). Sheibani-
Tezerji et al. (2015) reported up-regulation of genes involved in
detoxification of reactive oxygen species (ROS) in the drought-
exposed potato (Solanum tuberosum) plants colonized with root
endophytic bacteria Burkholderia phytofirmans PsJN. Similarly,
Pseudomonas putida MTCC5279 inoculation improved drought
stress response of chick pea as indicated from gene expression
(stress responsive genes), membrane stability, water status,
plant growth, antioxidant enzymes (Tiwari et al., 2016).
Treatment of wheat seedlings with Bacillus velezensis 5113
exposed to cold/freezing, heat or drought stress, improved

the plant survival under stress conditions. Protein profile
of wheat leaves showed differential expression of several
proteins with cold stress showing strong impact on protein
profile than heat and drought (Abd El-Daim et al., 2019).
PGPR also help the plant under stress conditions by nutrient
cycling through diazotrophy, phosphorus solubilization, and
siderophore synthesis, by enhancing photosynthesis, increasing
fine root production and overall root surface area and reducing
the stress ethylene emission, thus contributing toward better
plant performance (Casanovas et al., 2002; Timmusk et al.,
2014; Gagné-Bourque et al., 2016). Thus, PGPR through
various direct and indirect mechanisms (Figure 3) can enhance
plant’s tolerance to abiotic stress, hence contributing toward
sustainable production.

PGPR and Biotic Stress Tolerance in Plants
Use of chemical inputs to control phytopathogens poses a
serious threat to soil fertility, crop productivity, and nutritional
value of farm produce. Application of PGPR can help in
mitigating biotic stresses and thus improving crop yield in a
sustainable way (Sayyed, 2019). The antagonistic relationship
between microbes and plant pathogens may be complex. It may
involve the competition for nutrient and space, production of
antimicrobial compounds or triggering of the host defensive
response (Figure 3). PGPR eliciting ISR may modulate defense
responses of the plant to their own benefit (Zamioudis and
Pieterse, 2012). In the absence of pathogens ISR poses slight
fitness costs on the plant, however, the benefits of ISR greatly
outweigh the costs when the plant is attacked by pathogens. The
cross communication between the plant and the ISR-eliciting
PGPR, reduce the susceptibility of the plant to pathogen attack
(Choudhary et al., 2007; Bakker et al., 2013).

Many PGPR especially Pseudomonas and Bacillus species
have been well-reported to play important roles in plant
growth promotion through the biocontrol of a broad range of
plant pathogens, by eliciting ISR, production of antimicrobial
compounds (lipopeptides, antibiotics, and enzymes) and acting
as competitors for growth factors (space and nutrients) with
other pathogenic microorganisms through colonization (Pal
et al., 2001; Haas and Defago, 2005; Weller, 2007; Loganathan
et al., 2014; Singh et al., 2014; Bodhankar et al., 2017; Shafi et al.,
2017; Hashem et al., 2019; Wang et al., 2019). Certain PGPR like
Azospirillum spp. are reported to reduce the damage caused by
plant pathogens through indirect mechanisms like competition
and displacement of pathogens, general enhancement of plant
health to resist pathogen attack, and possible inhibition of
fungal growth via the production of toxic substances (Bashan
and de-Bashan, 2010). The role of Rhizobium spp. in disease
management has been associated with production of lytic
enzymes, antimicrobial metabolites and ISR. Also, rhizobial
mediated plant growth promotion and/or symbiotic efficiency
also contribute toward disease suppression by the host plant
(Volpiano et al., 2019).

Umpteen literature repots provide evidence for PGPR
mediated pathogen control in different plant. For example, a
PGPR Bacillus subtilis BS2 was found to be effective under
field condition against a pathogen Fusarium oxysporum f.sp.
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FIGURE 3 | Mechanisms of PGPR mediated biotic and abiotic stress tolerance in plants.

lycopersici causing tomato wilt. Tomato plants pretreated with
B. subtilis BS2 has significantly induced defense mechanisms
viz., polyphenol oxidase, peroxidase, chitinase, phenolics and
phenylalanine ammonialyase. Inoculation also improved the
nutritional quality and fruit yield (Loganathan et al., 2014).
Bacillus amyloliquefaciens SQR9 a beneficial bacteria showed
strong antifungal activity against six tested soil-borne pathogens
Fusarium solani, Verticillium dahliae Kleb, Rhizoctonia solani
Kahn, Sclerotinia sclerotiovum, Fusarium oxysporum f. sp.
cucumerinum, and Phytophthora parasitica var. nicotianae
the bacterium produces a different spectrum of antifungal
compounds in response to different fungal species (Li et al.,
2014). In rice plants, inoculationwith B. amyloliquefaciens
(SN13) enhanced immune response against R. solani by
modulating various molecular, metabolic and physiological
functions (Srivastava et al., 2016). Treatment with PGPR
Bacillus amyloliquefaciens improved plant growth and induces
resistance in chili (Capsicum annum L.) against anthracnose
disease (Gowtham et al., 2018). Inoculation with Peanibacillus
lentimorbus B-30488 in Nicotiana tabacum cv. white burley
significantly reduced the level of cucumber mosaic virus RNA
in the leaves. Inoculation caused an increase in the expression
of pathogenesis-related (PR) genes and antioxidant enzymes
suggesting induced resistance against the virus. Colonization by
B-30488 improved tissue health and physiology of cucumber
plants, which produced more flowers and seeds (Kumar et al.,
2016). P. lentimorbusB-30488 also producedACCdeaminase and
could induce tolerance against southern blight disease in tomato
caused by S. rolfsii. The inoculated plants showed modulation of

the ethylene pathway and antioxidant enzyme activities; systemic
tolerance was corroborated by PR gene expression analysis
(Dixit et al., 2016). PGPR strains fluorescent Pseudomonas
sp. EM85 and two Bacillus spp. MR-11(2) and MRF isolated
from maize rhizhosphere showed strong antagonistic activity
against Fusarium graminearum, Macrophomina phaseolina, and
Fusarium moniliforme causal agents of wilting and root rot,
stalk rot/collar rot, and charcoal rot of maize, respectively (Pal
et al., 2001). Seed treatment of chickpea with combined triple
potential rhizosphere microbes, viz., Trichoderma harzianum
THU0816, fluorescent Pseudomonas aeruginosa PHU094, and
Mesorhizobium sp. RL091 significantly improved plant growth
parameters and also triggered the defense in chickpea against
the attack of Sclerotium rolfsii infection (Singh et al., 2014).
In french bean (Phaseolus vulgaris) combined inoculation
of Pseudomonas fluorescens along with AMF (arbuscular
mycorrhizal fungi) has reduced the root rot incidence caused
by Rhizoctonia solani apart from promoting plant growth
and yield (Neeraj and Singh, 2011). Intercropping of cotton
with Sesbania aculeata with PGPR (Azospirillum AZ204 and
Pseudomonas fluorescens) inoculation significantly improved
cotton yield and reduced the root rot incidence caused by
Rhizoctonia bataticola (Marimuthu et al., 2013). Inoculation
with Methylobacterium spp. reduced the disease intensity in
tomato plants challenged with Ralstonia solanacearum through
reduced ethylene levels and ACC accumulation in tomato plants
and enhanced accumulation of PR proteins/defense enzymes
(Yim et al., 2013). Inoculation with Enterobacter asburiae BQ9
induced resistance of tomato plants against yellow leaf curl virus
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FIGURE 4 | Conceptual presentation of PGPR mediated changes in root traits and the corresponding effects on plant growth and ecosystem functioning.

through enhanced expression of antioxidant enzymes, including
catalase, superoxide dismutase, peroxidase and phenylalanine
ammonia lyase, and defense-related genes (Li H. et al., 2016).
Acyl-homoserine lactones (AHL)-producing Serratia liquefaciens
MG1 and P. putida IsoF elicited induced systemic resistance
(ISR) in tomato against Alternaria alternata whereas AHL-
null mutant strains of both PGPR resulted in reduced ISR
(Schuhegger et al., 2006). Root exudates have been found
to contain chemicals that mimic AHL signals, stimulating
beneficial rhizosphere associations while inhibiting pathogenic
bacteria (Teplitski et al., 2000). Treatment of PGPR Pseudomonas
aeruginosa and Burkholderia gladioli in tomato plants controlled
root-knot nematode infection through alteration in the synthesis
of different secondary metabolites in plants (Khanna et al., 2019).

Studies have reported that plants under pathogen attack
recruit beneficial microorganisms in their rhizospheres
(Rudrappa et al., 2008; Lee et al., 2012) Weller et al. (2002)
reported that in monocultures of wheat, after an initial outbreak
of take-all disease, recruitment of 2,4-diacetylphoroglucinol
producing pseudomonads occurs that results in increased disease
suppressiveness. Mavrodi et al. (2012) also reported evidence
in support of cry for help hypothesis in the wheat rhizosphere,
in which 2,4-diacetylphloroglucinol producing pseudomonads
were recruited under irrigated conditions (G. graminis var.

tritici, sensitive to 2,4-diacetylphloroglucinol, is the major
pathogen under irrigated conditions) and phenazine producing
pseudomonads were recruited under dry conditions where R.
solani, sensitive to phenazines, is the major pathogen.

As indicated by several studies, PGPR have tremendous
potential as biocontrol agents and thus can contribute to
sustainable agricultural production by reducing the pesticides
load and thus saving the soil health.

CONCLUSIONS AND FUTURE
PROSPECTS

Benefits of PGPR to plant growth and yield are well-documented
and majority of the studies have emphasized on plant parameters
aboveground. However, interaction of PGPR with the plant
starts in the rhizosphere through root exudation followed
by attachment, colonization on the rhizoplane, and/or in
the endorhizosphere. PGPR, by releasing various metabolites
including phytohormones, and volatile organic compounds
influence the root traits through influencing hormonal balance
and/or root trait pathways. The microbial effect on the altered
root traits may manifest in terms of root morphological,
physiological, architectural, and biotic traits. The altered toot
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traits may contribute toward plant growth and development and
ecosystem functioning through cumulative effects in terms of
enhanced anchorage due to root branching, better uptake of
soil resources due to increased root surface area as presented
in Figure 4. PGPR inoculation improves soil aggregation due
to increased microbial polysaccharide production. In addition,
PGP traits exhibited by the PGPR communities like biological
nitrogen fixation, solubilization of nutrients like P and K,
biocontrol of plant pathogens and abiotic stress management
etc. also contribute significantly to plant growth and yield. The
application of fixing/mobilizing/acquisitioning PGPR can save
significant amount of chemical fertilizers, besides contributing
toward sustainable agriculture. However, the PGPR mediated
effect on root traits and subsequent benefits to the plants and
ecosystem services need to be estimated/calculated through
systematic and focused research/methodologies. Seedling stage
screening of presumptive PGPR strains for inducing beneficial

root traits can be advantageously used for selecting promising
PGPR strains. It is an interesting field of research with direct
applications in sustainable agriculture.
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