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Abstract

Increasing plant growth and yield with the aid of plant growth-promoting bacteria is a widely accepted, eco-friendly and economic approach
in modern agriculture. Their use as an alternative to widely used harmful chemical fertilizers and pesticides can improve overall soil health
and fertility, thereby enhancing crop yield. The positive modulation of genes related to growth and development, fruit formation, stress
tolerance and phytohormone production helps plantssignificantly during maturation. Furthermore, the enhanced production and expression
of defence-related hormones aid in survival under various stress conditions, such as drought, pH fluctuations, salinity and water stress. In
addition, the application of growth-promoting bacteria, mainly from species such as Azospirillum, Bacillus, Klebsiella, Enterobacter,
Pseudomonas, Azotobacter, Burkholderia, Rhizobium, Alcaligenes, Arthrobacter and Serratia supports plant growth and development by
improving soil porosity, pH and salinity conditions. This review briefly outlines the role of the plant growth-promoting bacteria as microbial
biofertilizers that enhance crop resilience under both biotic and abiotic stress conditions. By highlighting recent advancesin understanding
the mechanisms of microbe-plant interactions under these stresses, it also provides unique insights into how microbial biofertilizers can be
employed for sustainable agriculture. This has direct relevance for policymakers and farmers by reducing dependence on chemial fertilizers,
which have various negative impacts, thereby promoting long-term environmental sustainability and improved agricultural practices.
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Introduction According to FAOSTAT, the total use of chemical pesticides
in 2021 reached an alarming 3.54 million tonnes (5). Chemical
fertilizers alter the physico-chemical and biological properties of soil
and degrade the quality of groundwater. They also reduce soil
fertility, weaken microbial activity, alter soil pH, cause acidification,
harden soil texture, decrease the availability of essential nutrients
and minerals and may even contribute to the emission of
greenhouse gases. For instance, organochlorine insecticides such as
endrin, aldrin, dieldrin and endosulfan cause food poisoning,
whereas C14-DDT, heptachlor and chlorpyrifos affect the
metabolism of animals and interfere with the proper functioning of
internal organs (6, 7). Due to excessive pesticide use, soil
degradation and other anthropogenic actions, the concentrations
of elements such as Ni, Cr, Zn, Cd, Pb, As, Cu and Co increase
significantly (8). However, only H, C, O, N, K, P, Mg, Ca, Fe, S, B, Cl, Zn,
Mo, Cu, Ni and Mn function as essential elements required for plant
growth, development and optimal production (9).

Plant growth depends on various factors, namely light, water, soil
type, temperature and multiple macro- and micro-nutrients.
Among these, microbial association is one of the most important
factors that positively affects plant growth (1). Some microbes play
an important role in supporting plant growth by initiating
mutualistic association in the root, solubilizing inorganic
compounds in the soil, degrading and mineralizing organic
compounds, fixing atmospheric nitrogen, solubilizing inorganic
phosphate and mediating the secretion of biologically active
substances such as chelators, phytohormones and antibiotics.
Examples of plant growth-promoting bacteria are mainly from
species such as Azospirillum, Bacillus, Klebsiella, Enterobacter,
Pseudomonas, Azotobacter, Burkholderia, Rhizobium, Alcaligenes,
Arthrobacter and Serratia (2). Plants are targeted by a plethora of
pathogens, from small species such as viroids to larger species such
as bacteria, oomycetes, viruses, fungi and nematodes, all of which
contribute significantly to reduced crop productivity. Studies Another important factor that plays a major role in plant
indicate that 20-40 % of loss in crop productivity is due to pathogen ~ 8rowth is phytohormones such as IAA, ABA, cytokinin, jasmonic
infection (3). These microbes primarily act through the synthesis of ~ acid; g'ibberellinf, and salicylic acid (10). Numerous str?ins of
iron-chelating siderophores, chitinase-like lytic enzymes, (3-1,3- Azosp/r/l{um brasilense promote plant gr.owth by up.regulatmg the
glucanase and other biocontrol agents, which enable colonization production of plant phytohormones, mainly IAA, zeatin (2), GAs, ABA

around specific plant tissues such as stems, roots, fruits and leaves, and ethylene. Th'e)'/ also prc?duce growth r.egulators such as
thereby promoting protection against various pathogens (4). putrescine, spermidine, spermine and cadaverine (11). The genus
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Bacillus has great importance in the biocontrol of plant pathogens
through the production of antibiotics, siderophores and enzymes
such as cell wall hydrolases. Several Bacillus species with
antibacterial properties have been reported, including B. subtilis, B.
amyloliquefaciens, B. thuringiensis, B. coagulans and B. cereus (12).
Bacillus subtilis can solubilize soil phosphate, enhance nitrogen
fixation and exhibit antioxidant properties (13). Klebsiella spp.
influence plant growth and yield by producing various organic
acids. These organic acids help produce indole compounds,
solubilize phosphate in the soil (550.16+0.04 pg/mL), enhance
siderophore and ACC deaminase production and play a significant
role in nitrogen fixation (14). Azospirillum, Cyanobacteria and
Azocarus also exhibit a high capacity for nitrogen fixation (15).
Nitrogen-fixing bacteria are classified into different genera:
Rhizobium (fast-growing), Mesorhizobium, Sinorhizobium and
Bradyrhizobium (slow-growing). These bacteria form symbiotic
associations with plants and are present in root nodules (16). Omics
techniques can be adopted to sense signals and observe plant
characteristics related to soil metabolites, salinity, minerals and
metals (17).

In the microbial root zone, plant growth-promoting
rhizobacteria (PGPR), nodule-promoting rhizobacteria (NPR) and
plant health-promoting rhizobacteria (PHPR) initiate interactions
within the rhizosphere region (18). The rhizosphere effect
determines the structure of the microbial flora present in different
regions and it varies between cultivated and uncultivated soils (19).
The bacteria present in the rhizosphere can recognise chemical
signals from the roots and respond accordingly. PGPR can secrete
compounds with antimicrobial and antibiotic properties and their
volatile compounds can restrict the growth and colonization of
potentially phytopathogenic microorganisms, thereby keeping the
plant healthy (20, 21).

Hence, this review discusses the importance of microbial
fertilizers as an environmentally sustainable strategy in agriculture,
designed to improve crop resilience against both biotic and abiotic
stress factors, along with their underlying mechanisms. It also
evaluates future perspectives and identifies the existing research

gaps.
Microbes and plantinteraction

The association of plant hosts with a group of microorganisms in
the plant holobiont is influenced by several parameters that affect
the interaction between the plant and the microbial consortium for
enhanced plant growth (22). The selected microbes for inoculation
must fulfil specific criteria for supporting plant growth and
development by acting as plant strengtheners, biopesticides,
biofertilizers or phytostimulators. These microbes are highly target
specific and effective in very small quantities, as they can multiply
on their own but function under the regulation of both the plant and
the local microbial communities (23). The various mechanisms

Table 1. Mechanism of action of plant growth-regulating rhizobacteria
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through which microbial biofertilizers function as plant growth
regulators include the induction of signaling pathways, hormone
and enzyme production, phosphorus and potassium solubilization,
nitrogen fixation and enzymatic probiotics (AAC deamination) (18).
The PGPR act on the plant through both direct and indirect
mechanisms, as demonstrated in Table 1. The direct mechanisms
include enhanced solubilization of potassium and phosphate,
biological nitrogen fixation and increasing the production of various
phytohormones. In contrast, the indirect mechanisms involve
increased allelochemical biosynthesis, induced resistance against
pathogens and antimicrobial production. These mechanisms vary
according to plant species, climate, soil pH, salinity, water and
nutrient availability and the different barriers present in the
immediate environment (24).

The application of chemical pesticides such as pyriproxyfen,
fipronil, thiamethoxam and imidacloprid severely affects the
phosphate-solubilizing activity of the strain, while thiamethoxam,
pyriproxyfen, fipronil and imidacloprid also affect its salicylic acid
production. Plant exudates contain a variety of organic and inorganic
compounds, including carbohydrates, carboxylic acids, phenolics,
amino acids, protons and other inorganic ions, which can alter the
chemical and biological nature of the root microenvironment
according to the specific requirements of the plant (25).

Some microbes are capable of colonizing both the aerial
parts and the roots/soil of plants and can induce the production of
antibiotics and organic volatile compounds that protect the plant
from the attack of pathogenic bacteria, as shown in Fig. 1. For
instance, B. amyloliquefaciens strain GB03 can enhance plant
tolerance to drought conditions (26). Pseudomonas fluorescens can
produce vitamins that support better plant growth and survival
under adverse conditions. Co-inoculation of P. fluorescence and
Rhizobium has been shown to improve symbiotic nitrogen fixation
in different plant species, particularly in clover. Chitinase, cellulase
and lyases are important enzymes that can lyse fungal cell walls and
protect plants from severe fungal attacks. The volatile antibiotic
compound hydrogen cyanide (HCN), produced by specific bacterial
strains under stress conditions, plays a pivotal role in disease
suppression (27). Multi-strain biological control agents (MSBCAs)
can be used to increase stability and disease resistance. These
MSBCAs stimulate the synthesis of antimicrobial substances, biofilm
formation, syntrophic microbial growth, migration process,
competition for resources and plant defence responses.
Differentiating between plant growth-promoting bacteria and
disease-suppressing bacteria is challenging, as they colonize the
plant rhizosphere in a similar manner and often coexist (28).

The microbes present in the soil and plant roots cross-talk
with each other through signals, which can be phytohormones,
volatile compounds produced by plants, or other small molecules.
Among plant-derived signals, phytohormones such as cytokinin

Direct mechanism

Indirect mechanism

Uplift the nitrogen fixation

Enhances the potassium and phosphate solubilization

Magnify the production of IAA, gibberellic acid, abscisic acid and
cytokinin

Produces extracellular polysaccharides and exopolysaccharides

Enhances the production of ACC deaminase, volatile compounds and
non-volatile compounds

Increases the systematic acquired resistance against different
pathogens

Protect the plant from fungi and nematode attack

Allelochemical biosynthesis is uplifted

Enhances the production of antimicrobials in the plant

Increases the production of PR proteins for the resistance mechanism
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Fig. 1. The plant-microbe interactions and steps of colonization.

and auxin play a major role, whereas microbial signals include N-
acyl-L-homoserine lactones (AHLs) and volatile compounds such as
acetoin and 2,3-butanediol. AHLs are composed of a homoserine
lactone residue linked to an acyl side chain and are involved in
siderophore production, swarming, plasmid conjugal transfer and
antibiotic biosynthesis (29).

The quorum-sensing mechanism is used within bacterial
populations for efficient signal transduction. Bacteria employ Type
Il'and Type IV secretion systems to deliver proteins or DNA-protein
complexes into target plant cells (30). The Type lll system transfers
Yop proteins from Yersinia, Inv proteins from Shigella and
Salmonella, Avr proteins from phytopathogenic Pseudomonas and
Xanthomonas and other virulence factors from Escherichia coli. The
induction of the hypersensitive response and the presence of
pathogenicity-associated genes are observed in pathogenic
variants of Ralstonia, Xanthomonas, Pseudomonas and Erwinia.
Chaperone-like proteins and a specialized secretory apparatus are
essential for Yersinia enterocolitica to secrete YopE and YopH
proteins into the host plant (31). However, the Streptomyces species
form filamentous outgrowths on the plant root, aerial parts and the
associated soil. They produce active antibiotics and lytic enzymes
that can solubilize insoluble organic polymers and volatile organic
compounds for the survival of the host. Rhizophagus irreqularis CD1
promotes plant growth and has been shown to make plants wilt-
resistant after Verticillium infection. Microbotryum lychnidis-dioicae
causes anther smut disease in the plants, while Methylobacterium
sp. Cp3 is known to infect seeds and transmit to later generations
(30, 32). The induced plant defense mechanism produces reactive
oxygen species, pathogenesis-related (PR) proteins, phytoalexins
and phenolic compounds. MSBCAs are capable of producing these
and various other potential microbe-associated molecular patterns
(MAMPs) such as EF-Tu, glucan, superoxide dismutase, a 23-amino-
acid peptide, Pepl3 trans-glutaminase, sterol-binding elicitins,
cellulose-binding elicitins, chitin and xylan which can act as defense

elicitors. Phytophthora megasperma and Trichoderma viride are
organisms known to produce specific MAMPs. Lipophilic MAMPs
include ergosterol and arachidonic acid, while oligosaccharide
MAMPs include several N-glycosylated yeast peptides (33).

Microbes and plant biotic stress

Biotic stress affects mitochondrial homeostasis and elevates the
formation of mitochondrial reactive oxygen species. This causes
dysfunction of mitochondrial genes and gradually leads to cell
death. Biotic stress results in necrosis, morphological modifications,
chlorosis and eventually death of the infected tissue (34, 35). Viruses,
nematodes, herbivorous insects, fungi and bacteria destroy plants
by causing irregularities in their metabolism. Pesticides and
fungicides can restrict the action of some biotic stresses to a certain
extent. Biotic stress also affects the phyllosphere microflora and is
countered by numerous physical and chemical barriers. The
chemical barriers consist of toxic secondary metabolites and
proteins that inhibit the enzymatic activity. Rotting bacteria are
necrotrophic; Phytophthora and many viruses are hemibiotrophic;
while fungal mildews and nematodes are biotrophic. The plant
defense mechanism leads to the thickening of the cell wall, defense
gene modulation by transcription and translation and to apoplast
acidification (36). However, the “zero-avoidance” phenomenon
helps plants become resistant to different biotic stresses. Pathogen-
induced genetic control functions as an additional defense
mechanism in plants. This includes the epigenetic markers that can
be transferred across several generations as transgenerational
memory. In response to pathogen attack, plants undergo genetic
and metabolic reprogramming. In jasmonic acid signaling, MYC2
and MYC3 act as key regulators. The cytosolic calcium
concentration varies under abiotic stresses and during pathogen
attacks on plants (37). In addition to experimental findings, several
microbial inoculants are commercially formulated to support
plants against various abiotic stresses. This has been highlighted
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Table 2. Microbial inoculants for enhanced plant defence and development (23)

Microorganisms Product name

Pathogens, plants or pathosystems

Producing company

Trichoderma harzianum T22 Planter box, PlantShield T22

Ampelomyces quisqualis M-10 AQ10 Biofungicide

Streptomyces griseoviridis K61 Mycostop

Azospirillum spp. Biopromoter

Serratia plymuthcia HRO-C48 RhizoStar

Bacillus subtilis FZB24 TB, WG RhizoPlus

Pseudomonas spp. Proradix
Bacillus subtilis strain GB03 Kodiak
Pseudomonas chlororaphis Cedomon
Bacillus pumilus GB34 YiedShield
Delftia acidovorans BioBoost

Coniothyrium minitans Contans WG, Intercept WG

Growth promotion, Fusarium spp.

Pythium spp., Rhizoctonia solani Bioworks

Powdery mildew on cucurbits,

Ecogen
ornamentals, apples g

Botrytis spp., Phytophthora spp. Kemira Agro Oy

sugarcane, millets, vegetables Manidharma Biotech

Prophyta Biologischer

Strawberries Pflanzenschutz

Vegetables, strawberry AbiTep

Rhizoctonia solani Sourcon Padena

Bayer CropScience
Net blotch, leaf spot on barley BioAgri AB
Soil-borne pathogens Bayer CropScience
Canola Brett-Young Seeds Limited

Prophyta Biologischer

Sclerotinia sclerotiorum
Pflanzenschutz

and depictedin Table 2.

In plants, enhanced production of melatonin is induced as a
stress-tolerance mechanism. The melatonin-receptor-mediated
mitogen-activated protein kinase cascade is activated in the
presence of melatonin leading to the initiation of defense responses
against pathogens (38). In response to viral attacks, virus-derived
sRNAs are produced and silence viral gene expression. Bacteria,
fungi and oomycetes trigger plant defence responses through two
different ways: pathogen-associated molecular pattern-triggered
immunity and effector-triggered immunity. The nat-SiRNAATGB?2 is
an antisense RNA specifically produced in response to
Pseudomonas syringae infection and leads to the synthesis of
ATGB2 (39). Stress-signaling responses are also specific to plant
families and species. In the Nictaba family, Nictaba (Vicotiana
tabacum agglutinin) forms in response to biotic stress to confer
resistance. Several plant families-including Solanaceae, Musaceae,
Poaceae, Arecaceae, Fabaceae and Rubiaceae-produce Nictaba-
like proteins in response to different biotic stresses. The Nictaba
gene family encompasses a wide variety of domains, including a
second Nictaba domain, Nictaba-like lectin genes, F-box domains,
TIR domains, protein kinase domains, methyltransferase domains,
C1 domains, zeta toxin domains, NB-ARC domains and LRRs (40).
Herbivore attack affects ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) and Rubisco activase. Under such conditions,
the photosynthetic light reaction pathway, starch and sucrose
metabolism, carbon fixation and flavonoid biosynthesis are
negatively altered and downregulated. These changes result in the
suppression of ferredoxin, the chloroplast-encoded D1 protein and
ferredoxin NADPH oxidoreductase in plants. In contrast, biotic stress
causes the opposite responses of ribulose-phosphate 3-epimerase,
fructose-bisphosphate aldolase and ribose-5-phosphate isomerase
(41).

The biotic agent and the host plant interact symbiotically
and synergistically (13). DNA methylation is a defense mechanism
against pathogens, which prevents the leaky expression of genes
that enhance salicylic acid-dependent AtPRI and influences callose
deposition. Mutations in the genomic DNA affect the efficiency of
nitrogen fixation, metabolism and the defense mechanism. The
Chromatin Assembly Factor-l makes the plant resistant to

pathogens by preventing the binding of nucleosomes at
transcription start sites. The defense response genes activated
include PRI, PR5, WRKY6 and WRKY53. Small RNAs act as both
inhibitors and activators (24). Physical barriers like cuticles, cell
walls, trichomes, needles and thorns can protect plants from biotic
stress. Upon infection, the strengthening of cell walls occurs through
callose deposition and lignification. The PR genes get activated and
alterations in primary carbon metabolism occur. Phytoalexins are
antimicrobial compounds produced during infection, which create
adverse conditions for the growth of pathogen. The pathogen
recognition receptors (PRRs) in the plant bind to several MAMPs,
including flagellin, chitin and lipopolysaccharides of the cell wall of
the pathogen (42).

Most pathogens attack plants stealthily, extracting nutrients
and gradually leading to host collapse, which results in severe crop
losses. However, plants are equipped with a two-tiered defense
mechanism (24). In the first layer, MAMPs are recognized and trigger
a cascade of responses, including reactive oxygen species (ROS)
production and calcium signaling, culminating in pathogen-
triggered immunity (PTI). To counteract PTI, pathogens secrete
effectors; in response, plants activate effector-triggered immunity
(ET1), which constitutes a second, stronger layer of defense against
microbial invasion (40).

Microbes and plant abiotic stress

Extreme drought, cold, heat and salinity affect plant health and
have a devastating effect on metabolism, growth, physiological
traits, reproduction, crop quality and yield. Plant responses are
specific to the kind of stress; for example, drought causes an
increase in the root biomass, reduces plant height and causes high
economic loss. Heat stress increases leaf area, decreases kernel
weight and increases the number of aborted inflorescences (23).
Another example is that germination, growth, development and
reproduction are extremely affected by various factors such as
salinity, heavy metals, carbon dioxide concentration in the
atmosphere and the concentration of poisonous gases like carbon
monoxide, hydrogen chloride, benzene, toluene, hydrogen cyanide
and oxides of nitrogen. For survival, plants have developed different
metabolic pathways, signaling mechanisms and stress-releasing
pathways, including components such as hydrodynamic waves,
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Table 3. Regulation of key metabolites and enhancement of plant tolerance to salinity and drought by plant growth-promoting

rhizobacteria

Plant growth-promoting strains Different stress

Affected plant species Metabolites produced in plants References

conditions

Pseudomonas fluorescens YX2, Klebsiella variicola . High accumulation of

F2 and Raoultella planticola YL2 Drought Zea mays (Maize) gibberellic acid and choline (48)
Combined consortia of Pseudomonas synxantha, P. . .

jessenii (strains R62 and R81) and Arthrobacter Drought Oryza sativa (Rice) inﬁzcé’e'?gtl?;';;ig{a?gzlgnezapnde S (49)

nitroguajacolicus (strains YB5 and YB3) Y
Different Ba&'gg;p}%'lgczlgﬂggl(étlr;énS of KB142, Drought Sorghum bicolor Carbohydrates and proline (50)

Pseudomonas oryzihabitans Ep4, Variovorax
paradoxus 5C-2 and Achromobacter xylosoxidans Drought Solanum tuberosum ethylene (51)
Cm4

Increased phosphate

Bacillus sp. RhStr JH5, RhStr 223 and RhStr 71 Salinity Pisum sativum solubilization, siderophore (52)
production
. . . biofilm formation, minerals
Bacillus amy[ol/quefaucg%r;s and Pseudomonas Drought Cicer arietinum L. solubilization, hormone (53)
p production

Pseudomonas putida MTCC5279 Drought Cicer arietinum Jas moneatt;;/l[é;oeline and (54)
Phyllobacterium brassicacearum STM196 Drought Arabidopsis thaliana Isoprenoid (55)
Bacillus sp. (strains BST YS1 42 and CHR JH 203) Salinity Pisum sativum Production of ACC deaminase (56)
Pseudomonas putida Rs-198 Salinity Gossypium hirsutum Isoprenoid (57)
Bacillus megaterium BOFC15 Drought Arabidopsis thaliana Spermusj;)neer#]sicn)grenmd, (58)
Enterobacter lggbwul %Z(SEZL’ Enterobacter Drought Triticum aestivum Amino acid (59)

electrical signals, calcium and hormones like abscisic acid, jasmonic
acid and ethylene. The plant signaling system is activated and
develops systemic acquired resistance (SAR), which helps the plant
cope with stressful conditions (43).

During high salinity, the PGPR colonizing the roots
synthesize  extracellular ~ polysaccharides  (EPS)  and
exopolysaccharide (ESP) (Table 1), alter root morphology, produce
various osmolytes and maintain ion homeostasis and osmotic
balance. Excess stress conditions generate large amounts of
reactive oxygen species, leading to impaired ion balance and redox
homeostasis. Altered soil chemistry and diffusion rates negatively
affect the soil microbiome and reduce bacterial biomass (44). pH
and nutrient concentrations are influenced by changes in water
content and temperature (45). These changes affect microbial
communities in the rhizosphere as well as soil structure, texture and
type (46). Prompt inoculation with plant growth-promoting bacteria
increases the production of ascorbate peroxidase and glutathione
peroxidase, making the plant more tolerant to water stress and
enhancing its metabolic activity. Under abiotic stress, plants
develop several tolerance mechanisms, such as the upregulation of
stress-responsive genes, stabilization of the cellular membrane,
activation of ROS scavenging mechanism and production of
different metabolic products including proteins and amino acids
(47). However, various strains of PGPR produce multiple
metabolites, depending on the plant, as a defence mechanism
against salinity and drought, as depicted inTable 3.

Salinity and drought affect both the aerial and root systems
of plants. The reduction in photosynthesis leads to increased
production of reactive oxygen species, higher sodium ion
concentration, reduced growth rate, early senescence and
downregulated growth processesthese are some of the major
changes observed in the aerial parts of the plant (47, 60). In the root
system, changes include stunted root growth, deformation of
lateral roots, downregulation of branching, large variations in

branching patterns, impaired absorption of water and nutrients,
increased uptake of potassium ions, decreased sodium ion uptake,
upregulation of ROS and depletion of antioxidant levels (60). Abiotic
stress conditions cause a reduction in growth through the
regulation of ethylene. Some plant growth-promoting bacteria also
produce 1-aminocyclopropane-1-carboxylate deaminase,
which cleaves ACC into a-ketoglutarate and ammonia. This makes
the plant more resistant to different stress conditions (61).

Plants develop different tolerance mechanisms against
high salinity by changing metabolic pathways through the
synthesis of organic solutes and by ion extrusion via vacuolar
compartmentalization. This leads to the overexpression of salt-
tolerant genes and the production of various protective proteins.
The halotolerance genes include proB-74 in prokaryotes and HAL1
in eukaryotes (62). Salt stress exerts an osmotic pressure on
plants; ions such as Na, Mg, K, Ca and carbonates, which are
soluble in water, have a major impact on salinity. Saline soil
contains high levels of soluble salts, forming micro- and macro-
phases. The survival of microbes in saline environments is difficult.
Halophiles are a specific group of microbes capable of growing
under high-salinity conditions; they help maintain plant health
and keep the plant alive in stressful conditions (63). P5CS, mod,
SOS1, SOS2, SOS3, mtlD and S6PDH are the different genes
present in plants for salt tolerance (64-67).

Microbes such as Funneliformis mosseae, Panicum turgidum
and Rhizophagus intraradices have been shown to enhance the
defence of P. turgidum against salinity by increasing the activities of
GR, POD, CAT and SOD (antioxidant enzymes), carotenoids,
chlorophyll a and b and by improving the absorption of essential
elements such as P, K and Ca. Similarly, species such as Glomus
versiforme, R. intraradices and Funneliformis geosporum have been
shown to enhance defense against drought (68). In another case,
Trichoderma harzianum improved nutrient absorption, antioxidant
activity and oil yield in salinity-stressed Brassica juncea, thereby

Plant Science Today, ISSN 2348-1900 (online)



DELNAET AL 6
Table 4. Plant growth-promoting microbial strains and their roles
Sl. No. Microbial strains Roles References
- . Promote plant growth by upregulating the production of IAA, zeatin (Z),
1 Azospirillum brasilense GAs, ABA and ethylene (11)
2 Bacillus spp. Biocontrol of plant pathogens (12)
. e Solubilize the soil phosphate, enhance nitrogen fixation and have
3 Bacillus subtilis antioxidant properties (13)
Produces different organic acids which can produce indole compounds,
4 PS19 strain of Klebsiella sp. solubilize phosphate in the soil, enhance the production of siderophore (14)
and ACC deaminase and nitrogen fixation
5 IG3 strain Has a high salt tolerance (18)
6 Bacillus amyltzallgg:}(’afaciens strain Make the plant tolerant to drought conditions (26)
Produce vitamins that can help the plant in better growth and survivalin
7 Pseudomonas fluorescens YX2 drastic conditions (48)
. . . Promotes plant growth and is shown to make them wilt- resistant after
8 Rhizophagus irregularis CD1 Verticillium infection. (30,32)
9 Nictaba or Nicotiana tabacum Agglutin forms to resist biotic stress (40)

reducing sodium accumulation. Mutant Trichoderma strains further
alleviated salinity stress through ACC deaminase production.
Likewise, Streptomyces spp. enhanced salt tolerance and growth in
Micro-Tom tomato and Burkholderia phytofirmans strain PsJN
alleviated drought stress in wheat and maize (69). These effects are
highlighted and summarized inTable 4.

Conclusion

Plant growth-promoting microbes can be efficiently applied to
improve growth, metabolic upregulation, disease resistance and
yield in crops. These microbes have multifaceted roles as
biopesticides, phytostimulators, plant strengtheners, biofertilizers
and stress-tolerance-inducing agents that help plants withstand
various stresses such as pathogen attack, salinity, drought,
waterlogging, heavy metals and environmental or climatic
variations. These stresses negatively affect the quality and quantity of
the crop, thereby impacting the economy. The effects on plant
growth and development vary depending on the bacterial genera
used. Several plant growth-promoting and stress-tolerant strains-
such as Pseudomonas fluorescens YX2, Klebsiella variicola F2,
Raoultella planticola YL2, Bacillus spp. (BST YS1 42 and CHR JH 203),
Enterobacter ludwigii CL2 and Enterobacter asburiae BL-are widely
employed in agricultural fields today (Table 4). They provide an eco-
friendly and economical approach that is particularly advantageous
in integrated pest and nutrient management systems, supporting
sustainable agriculture. Their application leads to a reduction in
chemical use, thus improving the prominence of the soil microbial
diversity and eventually leads to long-term soil health restoration.
Furthermore, advances in microbial ecology, genomics and
biotechnology have enabled the development of tailored microbial
consortia and formulations that target specific crop needs and stress
conditions.

Future perspectives and research gaps

While plant growth-promoting microbes have demonstrated
significant potential as microbial biofertilizers, there are certain
research gaps that needs to be addressed. Future research should
emphasize largescale field validation under multiple climatic

conditions and the optimization of microbial consortia for different
crops. Consideration of economic feasibility, ease of formulation,
farmer awareness and scalability for real-world applications is also
equally important. Addressing these challenges will determine the
extent to which microbial biofertilizers can contribute to sustainable
agriculture.
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