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Chapter

Bacterial Symbiotic Signaling in 
Modulating Plant-Rhizobacterial 
Interactions
Aqsa Tariq and Ambreen Ahmed

Abstract

Rhizosphere is the hub for microbial activities where microbes and plants interact 
with complex signaling mechanisms. Plants release various metabolites in response 
to environmental factors which are significant in shaping rhizospheric microbial com-
munities. These microbes develop symbiotic relation with plants by quorum sensing 
signals and regulate various microbial activities including biofilm formation. Biofilms 
are important in inhabiting rhizosphere and provide platform for cell-to-cell micro-
bial interactions. Biofilm- forming rhizobacteria can successfully colonize plant roots 
and establish symbiotic relations with host. During this association, rhizobacteria 
are flourished by using plant root exudates, while the bacteria benefit the plants by 
synthesizing phytohormones, locking soil minerals for plant, protecting them from 
pathogenic invasions and enhancing plant immunity by improving plant tolerance 
against various environmental conditions. Indole is an effector molecule in regulating 
bacterial gene expression related to biofilm production. These interactions are coordi-
nated by bacterially released phytohormones mainly auxin which act as key factor in 
regulating plant-microbe symbiotic interactions. It is characterized as inter- kingdom 
signaling molecule that coordinates various plant and rhizobacterial activities. Thus, 
understanding the nature and interacting behaviors of these molecules would lead to 
the exploitation of plant growth-promoting rhizobacteria for better plant growth in 
agricultural fields.

Keywords: quorum sensing, auxin, biofilms, rhizosphere, bacterial signaling, 
biofertilizers, PGPR

1. Introduction

Rhizosphere is the most complex ecosystem where plants interact with billions 
of microbes that colonize plant roots. Symbiotic interactions between host and its 
associated microbiota are ecologically significant in maintaining ecosystem stability. 
The associated rhizobacteria is also referred to as the second genome as it allows 
the host metabolism to trigger various genomic and functional repertoire to deal 
with a wide range of ecological challenges [1]. Rhizosphere is a hotspot for various 
plant-rhizobacterial activities derived mainly through chemical signals. Plants 
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can preferentially interact with tiny soil creatures recruiting them according to 
their own ecological demands. Plants can filter rhizospheric bacteria by secreting 
certain chemical messengers that disproportionally increase relative abundance 
of mutualistic rhizobacteria and decrease antagonistic species in rhizosphere 
[2, 3]. These chemical messengers can either be plant primary metabolites such 
as carbohydrates, organic acids, lipids, amino acids, nucleic acids, or secondary 
metabolites such as alkaloids, lignin, phenolics, terpenoids, sterols, steroids, essential 
oils, etc. These metabolites are released in the form of root exudates and are a 
source of nitrogen and carbon for rhizobacteria [4]. Crosstalk among microbes and 
pathogens is an important mechanism to ensure successful root colonization and 
development of symbiotic relationship with their photobiont partner. Generally, 
rhizospheric communications are identified as inter- and intra-species microbial 
signaling, plant to microbes signaling and vice versa [5]. Quorum sensing (QS) is 
the fundamental means of rhizobacterial crosstalk. These sensing signals rely on 
inter- and intra-species microbial information that coordinate and control bacterial 
cell-to-cell activities in microbial communities. QS directs various bacterial functions 
involving biofilm formation [6]. Some phytohormones released by rhizobacteria also 
act as signaling molecules. Majority of rhizobacteria, that is, 80% are able to produce 
auxins (IAA) by utilizing tryptophan precursor present in plant root exudates. IAA is 
an effector molecule in bacterial gene expression related to indole signaling molecules 
that regulate biofilm production [7]. These signals are the chief elements affecting 
the structure and physical heterogeneity of soil microbial communities which in turn 
influence plant resilience and plasticity. These plant-microbial cross communications 
are dynamic and interdependent on both partners as well as rhizospheric ecological 
parameters [8]. Microbial processes have great impact on ecological parameters by 
regulating various biogeochemical cycles to establish a compatible niche for healthier 
plants. Understanding these soil interactions occurring among microorganisms and 
their host is critical for the manipulation of untapped potential of microbiome and 
their usability in fields of environmental and sustainable agriculture [9]. Deciphering 
rhizospheric signals could enable scientists to exploit rhizobacteria to promote plant 
growth and production. The overall plant growth depends on the soil microbiota 
and its association with host plant [10]. Hence, rhizospheric engineering can provide 
a healthier environment for plant growth but rhizospheric engineering require 
understanding of these signals. The current chapter unentangles the complexity of 
rhizospheric signals among microbes and their photobionts and the significance of 
these signalings in the development of symbiotic associations.

2. Decrypting phyto-microbiome signals

As described earlier, three major categories of rhizospheric signals are plant-to-
microbe signaling which is regulated by low molecular weight molecules secreted 
in the form of root exudates and are responsible for establishing plant-microbes 
interactions, inter- and intra-microbial signaling regulated by QS which is responsible 
for diversity and contemporizing microbial behavior, and lastly, microbe to plant 
signals regulated by microbially produced substances responsible for altering plant 
physiology and enhancing immunity to cope with environmental fluctuations [11]. 
Consequently, plants and microbes develop cooperative relationship which improves 
plant growth and health.
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2.1 Microbial intra-kingdom crosstalk

Quorum sensing is bacterial signaling process which is initiated through detection 
of exogenous chemical signals. Bacterial cells synthesize and release chemical signals 
known as autoinducers (AIs) which in turn regulate the synthesis of various microbial 
functions such as biofilm formation, virulence, adhesion, motility, metabolism, 
and symbiotic association [12]. QS signals provide bacteria to survive competitive 
environment, increase microbial survival under various habitats and assist microbial 
rhizospheric colonization to develop plant microbial associations. Various quorum 
sensing signaling networks have been identified among rhizobacterial species such as 
diketopiperazines (DKPs), acylated homoserine lactones (AHLs), diffusible signaling 
factor (DSF), phytohormones, antibiotics and secondary metabolites, etc. [13, 14]. 
Quorum sensing signals are categorized as acyl-homoserine lactone (AHLs) which 
are commonly produced by Gram-negative bacteria and autoinducer peptides (AIPs) 
which are commonly produced by Gram-positive bacteria, out of AIPs autoinducer 
type 2 have properties of both AHLs and AIPs, hence, can be produced by both Gram-
negative and Gram-positive bacteria. AHL-regulated QS signaling is known as the 
LuxI/Rlike QS system [15].

Rhizobacteria recognize specific signals within their vicinity and stimulate the 
synthesis of QS that control transcription of various microbial mechanisms [16]. 
Plant-beneficial bacteria also protect plants by releasing certain signals such as acylase 
and lactonase, which degrade pathogenic AHLs or release VOCs to compete with 
rhizospheric phytopathogens. Besides this, most of the rhizobacteria have ability to 
produce antimicrobial compounds such as cyclic-lipodepsipeptides and polycyclic 
tetramate macrolactams that hinder the phytopathogenic abundance and colonization 
[17]. A complex communal signaling network mechanism initiates as a result of 
interactions of microbial QS with plant signals. These signal exchanges occur both 
outside and inside plants [18].

2.2 Microbial inter-kingdom crosstalk

Among these QS, AHLs are commonly produced signaling molecules in rhi-
zobacteria which also act as interkingdom signaling molecules as it also regulates 
expression of various genes in plants [19, 20]. Some AHLs such as cyclodipepetides 
and their derivatives also modulate auxin-responsive genes expression in plant 
roots [21]. Moreover, AHLs also regulate plant auxin to cytokinin ratio by trigger-
ing genes responsible for upregulation of auxin and downregulation of cytokinin 
[22]. AHLs, that is, N-butanoyl homoserine lactone and N-hexanoyl homoserine 
lactone, greatly impact plant physiology. Short-chain AHLs regulate plant growth 
especially root elongation [23]. QS also promotes signals for nodulations. These 
signals are responsible for regulating plant defense systems related to systemic 
acquired resistance (SAR) and induced systemic resistance (ISR) [24]. There is a 
molecular mechanism known as microbe-associated molecular patterns (MAMPs) 
that allows recognition based on highly conserved signature molecular patterns of 
microbes that are unique to the whole class. This is similar to pattern recognition 
receptors (PRRs) present in plants that recognize microbial compounds within 
root vicinity [25, 26]. Identification of unique MAMPs by phytoreceptors trigger 
signals from roots that modulate signaling pathways of various phytohormones 
such as salicylic acid, jasmonic acid, ethylene, etc. which trigger the expression 
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of genes related to plant secondary metabolites and defensive proteins to activate 
resistance within plants [15]. Microbial QS interact with VOCs within rhizosphere. 
VOCs are significant for long-distance interactions with rhizobacteria and respon-
sible for managing microbial populations and plant-microbe associations. VOCs 
serve as inter- and intra-species signaling molecules by regulating gene expression 
of various bacterial functions including biofilm formation. VOCs also modulate 
plant physiology, that is, root system architecture and plant hormonal signaling 
[27, 28]. Microbial VOCs trigger and interfere with auxin-signaling pathway in host 
plants [29]. Microbial diffusible signaling factor is also responsible for regulating 
plant immunity by trigging various plant defensive signaling. Similarly, various 
Gram-positive bacteria use peptides as QS to colonize plant roots which is also 
considered to regulate defensive signaling within plants [30, 31]. Moreover, QS 
also regulates nodulation in leguminous plants. Flavonoids present in root exudates 
enhance microbial gene expression for AHL synthesis [32]. Plants possess quorum 
quenching (QQ ) mechanisms to QS signaling. Plants have adapted various mecha-
nisms such as enzymatic degradation, biosynthesis and secretion of anti-QS com-
pounds, disruption of binding, receptor, and regulatory sites [33, 34]. Sometimes, 
plants produce QS-intimate molecules, that is, p-coumaric acid, isothiocyanate 
sulforaphane, curcumin, patulin, etc. [35–38]. Among these molecules, alkamides 
andN-acylethanolamines (NAEs) are excellent contenders regarding their chemis-
try and structure to act as AHL [38]. These AHL analogs interfere with pathogenic 
QS regulatory pathways inhibiting their gene expression [39].

2.3 Rhizospheric phyto-signaling

The chemicals released by plants directly influence the structure of microbial 
communities by influencing abundance and diversity of rhizobacteria. Root exudates 
are important for microbial root colonization. Metabolically active bacterial species 
are attracted toward root exudates [40]. Root exudation occurs through active and 
passive mechanisms. Secretion of low molecular weight signals is a passive process 
whereas other metabolites such as mucopolysaccharides are released actively. ATP-
binding cassette transporters such as ABC transporters are involved in exudation 
phenomena [41]. The microbes within root vicinity use the substances present 
in root exudates. These substances act as plant pheromones that either stimulate 
or antagonize other microbes. Moreover, the composition of root exudates also 
modifies microbial dynamics which favors abundance of plant growth-promoting 
rhizobacteria (PGPR) and prevents pathogenic microbial growth [42]. Hence, 
root exudate mediates a tripartite signal among PGPR, pathogens, and the host 
plant [43]. Root exudates can either be low molecular weight compounds such as 
sugars, amino acids, organic acids, phenolics, and other secondary metabolites 
or high molecular weight compounds, that is, mucopolysaccharides [44]. The 
quantity and quality of exudates depend on various plant physiological parameters 
such as plant species, nutritional status, growth stage, etc. These compounds act 
as sources of nitrogen and carbon for microbes. The presence of these catabolic 
pathways is significant in root colonization and disease suppression [45]. Amino 
acids and carbohydrates act as microbial pheromones whereas protein molecules are 
essential for antagonistic signaling [46, 47]. For instance, lectin proteins released 
as root exudates assist in both symbiosis and defense responses [48]. Moreover, 
arabinogalactans (mucopolysaccharides) exuded from roots attracts PGPR and repel 
rhizospheric pathogens [49]. Besides amino acids, proteins, and carbohydrates, a 
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considerable amount of phytohormones are also present in root exudates. Salicylic 
and jasmonic acids are involved in shaping rhizospheric microbial community. 
Microbial abundance is relatively high in the presence of these phytohormones and 
provoke plant immunity [50]. Although volatile organic compounds (VOCs) are quite 
significant aboveground signaling molecules, however, minute quantity of VOCs is 
also released in the form of root exudates. These compounds attract and kill root-
colonizing rhizospheric pathogens [51].

Transcriptional profiling showed that expression of various microbial genes is 
regulated by root exudates. Phytochemicals direct various bacterial processes involved 
in rhizosphere colonization such as chemotaxis, motility, phase variation, membrane 
integrity, environmental resistance, and nutrient sequestration [45]. Root exudates also 
trigger microbial biofilm-related pathways. Biofilm formation is significant in rhizo-
spheric colonization, adhesion to seeds, and roots [52]. Microbial motility in response 
to phytochemicals is crucial for recruiting rhizobacteria within plant vicinity [53]. 
Rhizospheric microbial activities determine the amount of root exudates which in turn 
affect patterns of root distribution toward rhizospheric nutrient pools. These exudates 
induce microbial chemotaxis by trigging the expression of various proteins related to 
methyl-accepting chemotaxis (MCP) such as Mcp (A, B, C), Tlp (A, B, C), YvaQ , YoaH, 
HemAT, and YfmS. These proteins adhere to the chemoreceptors when concentration of 
root exudated reaches to threshold. The binding of ligand to the ligand binding domain 
of chemoreceptors induces autophosphorylation of protein followed by transfer of 
phosphoryl group to response regulatory protein which interacts with flagellar motor 
and controls microbial movement responsible for chemotaxis [54, 55].

2.4 Auxins mediated cross-kingdom signal transmission

Auxins (IAA) are master phyto-hormone that control majority of plant functions. 
Besides plant, rhizobacteria also have ability to produce auxins as a result of their 
defensive mechanism. Tryptophan is most significant amino acid exuded by plants. 
Microbes in root vicinity detoxify tryptophan and produce auxins [56]. PIN proteins 
mediated auxin flux allows initiation of cell-to-cell communicating network [57]. 
Auxins act as signaling molecules for communication between microbes to coordinate 
their activities. Auxins also trigger diverse plant metabolic functions. Modification 
of root system architecture is one of the most promising features regulated by auxin 
producing PGPR [58]. Auxins also act as phytochemicals that regulate rhizobacterial 
chemotaxis. IAA signals received by bacterial methyl accepting proteins present in 
chemoreceptors initiate flagellar movement in rhizobacteria. Moreover, IAA also 
serves as nutrient reservoir in rhizosphere for microbes [59, 60]. IAA also enhances 
competence within rhizosphere. IAA-producing bacteria are more competent and 
successful in colonizing rhizosphere. This indicates that IAA might have some evo-
lutionary significance that enhances bacterial survival under various environmental 
conditions. It is considered that IAA provides protection to rhizobacteria under biotic 
and abiotic stress conditions ensuring their survival [61]. IAA also interacts with 
QS molecules and regulates secretion of extracellular polymeric substances, lipo-
polysaccharides, and formation of biofilms [7]. Hence, rhizobacterial colonization 
is regulated by the interaction of IAA and QS signals and their high survival is also 
linked with biofilm production. IAA plays important role in modulating gene expres-
sion of bacterial cells and making them more competent [56]. Transcriptome analysis 
revealed that IAA signaling causes downregulation and upregulation of various 
respiration affecting genes in rhizobacteria [62].
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Auxin signaling is significant in root morphological processes such as root hair 
formation and development of root tips. Plant phenotypic plasticity relases on auxin 
signaling and transport. It induces hyperpolarization that causes physicochemical 
alterations in plasma membrane [63]. Plant root morphological alterations depends 
on auxin concentration. Auxin primarily induces formation of primary and lateral 
roots under optimum concentrations and adventitious root formation under higher 
concentrations [64]. Moreover, auxins also initiate the nodulation process in legu-
minous plants. Flavonoids interact with auxin-signaling pathway and inhibit auxin 
biosynthesis and initiate the nodulation process. Auxin signaling controls various 
processes of nodulation, that is, formation of bacteroids, vascular bundles, num-
ber of nodules, etc. [65]. Auxins also regulates signaling pathways related to other 
phytohormones. It regulates transcription of 1-aminocyclopropane-l-carboxylic acid 
(ACC) that regulate ACC deaminase production which in the presence of low ethyl-
ene converts to α-ketobutyrate and ammonia. Hence, auxins interact with ethylene 
and reduce effects of environmental stress on plants [66, 67]. Coordination of auxins 
with cytokinins regulates cell division and differentiation at root meristem resulting 
in root growth. Auxins initiate formation of lateral roots while interactions of auxins 
with ethylene are significant for the development of root hair and elongation. Overall 
mechanism of root growth is regulated by auxin-derived phytohormonal coordina-
tion. Similarly, brassinosteroids, gibberellins, strigolactones act synergistically with 
auxins to regulate plant physiological processes [68, 69]. These underlying signal 
coordinations are responsive for plant root adjustments to external stimuli through 
inducing primary root elongation, lateral roots, and root hair formation [70, 71]. The 
overall mechanism of signaling crosstalk is illustrated in Figure 1.

Figure 1. 
Signal crosstalk among plant-Rhizobacteria and phytopathogens.
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3. Signal-mediated phyto-microbial symbiotic responses

These signaling networks provide benefits to both partners in regulating symbiotic 
associations.

3.1 Rhizospheric colonization by biofilm formation

Microbial quorum sensing signals are involved in biofilm production that facili-
tates rhizobacteria to colonize plant roots and rhizosphere. Rhizobacteria have ability 
to produce multicellular communities embedded within extracellular polymeric 
substances regulated by QS. This phenomenon is regulated by complex signaling 
network. QS-mediated bacterial chemotaxis is important in regulating early stages 
of biofilms. QS such as cyclic dimeric guanosine 3′,5′-monophosphate (c-di-GMP), 
cyclic dimeric adenosine 3′,5′-monophosphate (c-di-AMP), and cyclic adenosine 
3′,5′-monophosphate (cAMP) are the frontline signaling molecules in the regulation 
of biofilm development [72]. Biofilms are bacterial protecting shells under unpleas-
ant environmental conditions to ensure their survivability and colonization in 
rhizosphere and to plant roots. Biofilms provide protection by secreting extracellular 
polymer. Extracellular polymer of biofilms is composed of exopolysaccharides (EPS), 
nucleic acids, proteins, and lipids which help in sequestration of toxic substances 
by elevating catabolic gene expression. Higher bacterial cell density within biofilms 
provides larger gene pool that facilitates adhesion and other metabolic activities 
[73]. This synchronization is controlled by QS mediated cell-to cell contact. The 
internal structures are interconnected for communication and transfer of nutrients. 
EPS primarily contains carbohydrates which provide foundation for the adhesion 
of various substances (proteins, lipids, nucleic acids) within biofilm microenviron-
ment [74]. The release of QS depends on bacterial cell density. When population size 
reaches the threshold value QS initiates the formation of biofilms. In Pseudomonas 
aeruginosa, there are two AHL signaling systems, that is, LasI/R and RhlI/R system 
that controls microbial activities. Binding of LasI-mediated protein to LasR activates 
LasR-AHL complex. Similarly, RhII mediated signal activates RhlR-AHL complex. 
After its activation, Las system can take over Rhl system to produce Pel polysaccha-
rides and pyocyanin which are important for the formation of complete and mature 
biofilms. LasI/R system also regulates biofilms by activating PelD via controlling 
the expression of diguanylate cyclase TpbB [75, 76]. Production of rhamnolipids by 
RhlI/R system also regulates bacterial motility which influences and determines initial 
attachment, stability, and integrity of biofilm structure. AHLs trigger the expression 
of lectins (LecA and LecB) responsible for binding the bacterial communities to EPS. 
These proteins are responsible for the formation of cell clusters for EPS retention and 
stability of biofilm structure. LecB protein is also involved in the formation of biofilm 
matrix [77]. In addition to this, AHLs also stimulate the secretion of EPS through a 
positive feedback mechanism [78]. luxS also contributes to biofilm formation mecha-
nism. It regulates the expression of iron transporter to increase the intracellular Fe 
concentrations which stimulate biofilm formation. Similarly, it is also involved in the 
release of extracellular nucleic acids into biofilm matrix. Besides these, AIPs and DSF 
also contribute to biofilm formation and bacterial colonization [74]. In addition to 
QS, indole (IAA) also acts as signaling molecule in regulating microbial communi-
ties. Rhizobacteria produce indole during stationary phase of bacterial growth [79]. 
Microbes utilize root-exuded tryptophane to produce indole via tryptophanase. 
Indole concentration is crucial for biofilm formation. It acts as high-level pulse and 
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low-level persistent signal for bacterial persistence and biofilm formation [80]. 
Indoles induce DksA binding to RNA polymerase and activation of VpsR protein that 
trigger the upregulation of cdgA gene responsible for biofilm formation [81]. Besides, 
trigging biofilm formation, under certain conditions, indole inhibits its formation. 
For instance, in the presence of antistress protein (YcfR), indole synthesis inhibit 
biofilm formation in Escherichia coli [82].

3.2 Development of root nodules

Rhizobia-legume symbiotic interactions are widely known for their unique 
character, that is, nodule formation on plant roots in which rhizobia provide 
nitrogen to plants and in return get dicarboxylates. This process is initiated by the 
phytochemical signals, that is, flavonoid. Flavonoids interact with bacterial QS to 
activate nodulation genes (nod, noe, and nol) which then synthesize nodulation 
factor (Nod), that is, lipo-chitooligosaccharides (LCOs) [83]. These signals are 
received by receptors on roots epidermis to initiate nodulation process. Besides 
flavonoids, some other molecules present in root exudates such as vanillin, chalcones, 
aldonic acid, betaines, and jasmonate also activate nod genes. These signals are 
specific to the plant species to ensure accurate host-microbe relationship [84]. 
Flavonoid signals determine auxin transport patterns in plant roots. Alterations 
in auxin transport patterns are important in the nodulation mechanism. During 
initial stages of nodule organogenesis, auxin transport is inhibited and later during 
initiation and differentiation of nodular cells, auxin transport increases, and auxin 
accumulates in nodule primordium. This auxin influx and efflux is controlled by PIN 
and AUX1 genes present in plant roots. Flavonoids itself can regulate PIN activation 
and localization for auxin transport. Plant signals trigger reduction in auxin efflux 
in response to rhizobial encounter leading to auxin accumulation in pericycle and 
inner cortex. Moreover, exogenous auxin (bacterially produced) also disrupts plant 
phytohormonal homeostasis to adjust auxin at permissive levels for nodulation 
[85, 86]. Rhizobia produce auxin that enhances plant root growth, cell division, 
differentiation, and nodule formation. It also increased the number of nodules which 
is associated with biological nitrogen fixation ability [87]. During nodulation, auxins 
also interact with other phytohormones (such as abscisic acid) that inhibit lateral root 
formation and stimulate nodulation.

3.3 Root architecture system

The impact of rhizobacteria on plant root system architecture is significant 
in plant growth induction. PGPR modify plant root system architecture by their 
phytohormone production ability which interact with plant hormonal balance. An 
enhanced lateral root with more branching pattern is one of the more distinctive 
impacts of PGPRs on plants [88]. The overall root architecture is the dynamic 
response of roots toward soil localized nutrient resources through meristematic 
activity. Root architecture is linked with nutrient acquisition, thus, roots with higher 
surface area can interact more with soil particles, soil water, and microorganisms. 
PGPR-associated roots displayed increased rigidity with increased length and 
diameter of the roots as well as the cortex and aerenchyma space, increased 
protoxylem poles, and metaxylem vessel components with enhanced flavonoid and 
phenolic contents. PGPR releases phytohormones which manipulates plant hormonal 
homeostasis. Impact of IAA on the architecture and growth of roots is very much 
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significant [89]. Auxin to cytokinin ratio is important in shaping plant root system. 
IAA regulates a wide range of processes involved in plant growth and development, 
low concentrations of IAA can promote primary root elongation, whereas high 
concentrations of IAA promote the growth of lateral roots, shorten primary root 
length, and promote root hair formation [90]. The concentration of auxin in the 
plants changes according to its uptake and excretion from tissues, its production 
from tryptophan, and the generation of IAA conjugates [91]. Auxins encourage root 
development to its full potential. Moreover, its increased concentrations reduce root 
growth [92].

3.4 Regulation of plant defense responses

PGPR-associated plants configure high tolerance to unfavorable environmental con-
ditions. PGPR induces innate immune response in plants against phytopathogens and 
also PGPR regulates defense responses in plants by activating defense-related signaling 
pathways and prepares plants for accurate response. Plants recognize phytopathogens 
through pattern recognition receptors (PRRs) by recognizing pathogen-associated 
molecular patterns (PAMPs or MAMPs) to initiate signal cascades for the regulation 
of specific transcription factors to activate multiple intracellular defense responses 
[20]. This induction of signal cascade is either hormone dependent or independent. 
Rhizobacteria-produced phytohormones such as auxins, abscisic acid, gibberellins, and 
cytokinins also contribute toward these signal transductions. This stimulates intracellu-
lar defense responses [93]. AHLs and DSFs act as signaling molecule in plant-pathogenic 
interactions. This signal is perceived by plants and initiate the phytohormone-mediated 
biosynthesis of phytoanticipins or phytoalexins [94]. PGPRs can also recognize specific 
phytopathogens. PGPR-produced salicylic acid (SA) regulate plant defense response 

Figure 2. 
Development of symbiotic associations between plants and beneficial bacteria by regulating plant phytohormonal 
pathways.
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known as systemic acquired resistance (SAR). It binds with non-repressor of pathogen-
esis-related genes (NPR1). SA pathway is also involved in regulating flavonoid signaling 
which inhibits pathogenic proliferations [95]. SA-independent PGPR-mediated plant 
defense system is referred to as induced systemic resistance (ISR). This pathway includes 
jasmonic acid and ethylene signals. Invasion of PGPR trigger MAMPs recognition lead-
ing to the activation of ISR mechanism [95]. The development of symbiotic associations 
between plants and microbes has been illustrated in Figure 2.

4. Agronomic efficiencies of symbiotic signaling

Plant microbial signaling mechanisms are responsible for the development of 
plant-microbial associations which is crucial for sustainable agricultural. Nutrient 
acquisition is a significant consequence of these associations. A cascade of signals 
regulates the continuous flow of nutrient exchange between both partners.

4.1 PGPR as biofertilizers

Various commercially available PGPR bioformulations are used as biofertilizers 
to increase crop productivity [96]. PGPR can restore the nutrient cycle between the 
soil, plant roots, and existing microorganisms [97]. Fertilizers containing nitrogen 
drive up manufacturing costs. Nitrogen biofixation is the first method of accelerating 
plant development which regulates nitrogenase activity and helps the plant regain 
its nitrogen equilibrium. In order to break the bond between the nitrogen atoms, 
the N2-fixing process carried out by microbes requires energy, which is supplied by 
readily available organic carbon. The root mutualistic bacteria may fix up to 30 kg/
ha of pure nitrogen each year. The amount of nitrogen fixed by these bacteria can be 
useful for maintaining soil fertility over the long run. Biological N2-fixing PGPR is 
injected into crops and crop fields to promote growth, control disease, and maintain 
the nitrogen content in agricultural soil [98]. They are reliable, eco-friendly sources 
of the renewable nutrients needed to sustain the biology and health of the soil [99]. 
On the basis of their capacity to draw nutrients from the soil, fix atmospheric N2, 
promote the solubilization of nutrients, a variety of microbial taxa have been utilized 
commercially as effective biofertilizers [100].

4.2 PGPR as biocontrol agent

The utilization of these rhizobacteria by farmers in the field is currently insuf-
ficient. To address variability in the efficacy of the biocontrol system, combined 
activity of several bacterial strains is necessary. These rhizobacteria mixes can be 
employed as a seed treatment, which might help to cut down on the amount of bacte-
rial inoculum needed. This will promote both the hostile activity of the bacteria on 
the root surface during the early root infection by the pathogens and their systemic 
dissemination over the surface of the growing root system [101].

4.3 PGPR in phytoremediation

Use of PGPR biofilms in phytoremediation technologies plays a significant role. 
PGPR enhances the qualities of plants employed in phytoremediation, such as 
biomass production, low-level pollutant absorption, plant nutrition, and health, 
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however, it is crucial to pick PGPR that can last and be effective in phytoremediation 
procedures. Metal-tolerant PGPR hinders direct uptake of heavy metals to plants by 
converting them to less toxic forms as a result plant growth is improved [102]. When 
PGPR are applied to a polluted site, they increase the capacity of the plants that grow 
there to detoxify synthetic chemicals and preserve soil structure. Additionally, PGPR 
reduces the toxicity of heavy metals by changing their bioavailability in plants [103].

5. Conclusion and future prospects

Microbial interactions with plants are carried out through an interconnected 
signaling network that work inter- and intra-specifically. These signaling mechanisms 
decipher the microbiome communications related to plant productivity. Various plant 
metabolites released through roots in the form of root exudates attract rhizobacteria 
that interact by producing quorum-sensing signals. These signals are responsible 
for various bacterial activities in rhizosphere. Digging into their molecular pattern 
is necessary to take their full advantage. Manipulating these signaling pathways can 
help in rhizospheric engineering which will be beneficial for sustainable agriculture. 
Expanding research related to metagenomic analysis of rhizomicrobiome is 
important to understand whole infrastructure of symbiotic associations. Moreover, 
use of appropriate PGPR and their commercialization is necessary as they are more 
economic and environmentally safe compared to chemical fertilizers. Thereby, 
utilization of PGPR base biofertilizers are much appreciated.
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