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Beneficial Role of soil microbiome in enhancing crop productivity, insight

from recent study

Abstract

Reducing the use of synthetic fertilizers and pesticides is the goal of current agricultural
practices, which calls for low-input technology to improve food production. sustainability and
restore ecosystem function. The geochemical cycles and plants function rely heavily on the
contributions of the soil biota to many ecosystem endeavours: /As a result of interactions between
host plants roots and microbes in the rhizosphere, these beneficial microorganisms perform a
variety of functions that promote plants growth, such as fixing, mineralizing, solubilizing, and
mobilizing nutrients; producing siderophores, antagonistic substances, and antibiotics; and
releasing hormones that promote plants growth, such as auxin and gibberellin. Microbes that are
vital for agriculture and possess properties that:may dissolve iron and zinc can be employed to
biofortify micronutrients in various cereal crops. Our capacity to manage soil fertility and create
a high-yield food production system will be sustained by our increased understanding of plants-
microbe interactions in both natural and agroecosystems. Utilising the microbiome effectively
contributes to a safe environment, which benefits human health. In an effort to increase soil
productivity and fertility for future generations, soil microbiologists are working to analyse the
diversity of soil.niches and.then try to characterise the roles of these soil residents at trophic

levels.
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1. Introduction

By 2050, there will likely be 9.7 billion people on the planet, which will raise demand for food
and water. According to this scenario, food production must rise by 70% by the year 2050 [1]. In
order to fulfil the world's food demand, intensive cropping and extensive use of water,
agrochemicals, and mineral fertilizers resulted in environmental contamination, soil degradation,

and the loss of natural resources [2]. The negative effects of numerous anthropogenic activities,



such as changing land uses and intensifying agricultural practices, are currently negatively
affecting soils despite their ecological significance [3]. This is causing a decline in soil
biodiversity worldwide [4-6]. Sustainable agriculture aims to produce food with as little of an
impact on the environment and the food chain as possible from leftover chemical effects. Soil
microbes are essential to agriculture since they enhance plants nutrition and health as well as soil
quality [7,8]. Given its abundance of macro- and microbes, soil is home to the most varied
biological population on the planet [9,10]. In order to maintain ecosystem services like food
production and climate control, soil biodiversity is essential to many ecological processes, or
ecosystem multifunctionality [11,12].

Soil-plants-microbial interactions have been a topic of study among scientists for a while given
its close relationship to microbiologists, agronomists, soil scientists, botanists, and pathologists.
Apart from its connection to fundamental scientific research, microbial interaction can have an
applied impact on agricultural productivity. It is crucial to. comprehend both the microbial
population and the root architecture in order.to have a comprehensive understanding of how
these interactome associates, given the microbial. diversification, speciation, structural
complexity, and interactions that surround the root systems [13]. Soil microbes and plantss
interact at high levels, leading-to:the.©bservation of these components as holobionts or
metaorganisms [14, 15]. Apart from.the microbe-plants and microbe-microbe relationships, there
are also the microbe—microbe and microbe—soil connections. The environment and other soil
elements, in addition to plantss, increase the complexity of the bacteria in the soil. The
microbiome is significantly influenced by the physical, chemical, and biological elements of the
soil [16].

Beneficial microorganisms plays a crucial role in sustainable agriculture and has many roles such
as can be added to soil or inoculated to enhance agricultural techniques. To improve crop health
and yield while reducing the harmful effects of agrochemicals, microbial inoculants are injected
into the soil or plantss. It may control diseases and pests, stabilize soil structure, and encourage
plants growth—all of which make it a viable substitute for chemical treatment. These inputs
might be used as biopesticides, biocontrol agents, bioherbicides, and biofertilizers. Considerable
progress has been achieved in the production, distribution, and application of vaccines in the past

several years [17]. Since there are now more high-quality, multipurpose strains on the market



that increase production at a cheaper cost than synthetic fertilizers, the use of inoculants is
becoming more prevalent. The most often used bacteria as inoculants are rhizobia [18]. The
biological nitrogen fixation (BNF) process, which meets the plant's nitrogen requirements, is
influenced by the legume-rhizobia symbiosis [17]. In a variety of settings, plants growth-
promoting bacteria (PGPB) can assist a plants either by themselves or in conjunction with other
elements. The creation of phytohormones and siderophores, the solubilization of phosphate, and
the induction of a plant’s defense mechanism against biotic and abiotic stresses are all ways that
PGPB affects plantss(Table 1) [19,20]. In agriculture, the use of different micreorganisms

forecological pest and disease management is growing [21]. Some of the factors are:

Biotic factor: Several factors, such as host genome, the developmental stage of the plants and its
root architecture, are known to modulate the community structure and diversity of rhizospheric
microbiome members. Plants when they are exposed to pathogens they activate a defense
mechanisms such as ISR (induced systemic response) and SAR (systemic acquired response)
which help them in alleviats the adverse effects of pathogens and viral attacks. Plants growth

stages have a major impact on microbe interactions [115].

Abiotic factor: Soil pH, temperature, moisture and pesticide application also play important
roles. Soil is a reservoir of diverse microbial communities with a range of functions that cause a
significant impact on soil health. Continuous and non-judicious use of synthetic chemicals has
led to soil contamination and degradation. Owing to these problems, soil faces functionality
losses such as nutrient.imbalance, nutrient deficiencies and biodiversity losses. Thus this affects

the microbial diversity:[115].

Table 1:-Role of PGPM in alleviating biotic and abiotic stress
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2. Microbiome.interaction

The soil.is home“to.a wide range of phylogenetic groupings as well as important functional
groups as producer, consumer, and decomposer microorganisms. Interestingly, each gram of soil
has hundreds of genomes, which together make up genetic diversity [29]. Plantss and soil
microorganisms can have mutualistic or harmful interactions (Fig. 1)[30]. The majority of
terrestrial vegetation and the yearly nitrogen needs are ultimately the result of soil bacteria acting
as decomposers. According to this hierarchy, the primary source of carbon fixed by
photosynthesis in plantss is microorganisms [31]. In addition to competing for soil resources,

microorganisms and plantss develop a mutualistic and competitive interaction concurrently [32].



Through the provision of mineral resources and defense against other pests, mycorrhizal fungi
and PGPR improve the host plants's fitness [33,34]. Plantss are additionally protected from soil
pathogenss by a variety of different nonmycorrhizal fungi, rhizospheric bacteria, protozoa, and
nematodes [35,36]. These pathogenss include fungus, bacteria, actinobacteria, protozoa,

nematodes, and viruses.
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Fig. 1: Beneficial and harmful microbe’s attribution to plants

2.1 Interaction between Soil Microbes and Plants

Plants get their nutrients from the seil, which is a complex ecosystem that is home to a wide
range of protists, bacteria, fungus, and animals. According to Ratnadass et al. [37], plants exhibit
a wide variety of interactions with these soil-dwelling microbes that cover the whole spectrum of
environmental - potentials, including competitive, exploitative, neutral, commemensal, and
mutualistic. relationships. While the ecological interactions have long-standing interest in
characterization, a variety of interactions were observed that concentrated on enhancing the
effects of pathogenss like herbivory and infection or tempering abiotic stress conditions through
modern plants science [38]. When attacked by pathogens, plants activate a complex array of
biochemical responses to prevent disease establishment and spread [116]. Immune receptors,
antimicrobial proteins, and secondary metabolites have been widely investigated and
characterized as key components of the plant immune system [117]. To reiterate the beneficial



roles of microorganisms, research has shifted in the contemporary scenario towards assembling

fairly planned, unimaginative clusters that form the strains of the dominant rhizospheric species.

Interactions that are advantageous to the host or the residing microorganisms in one or more
ways are called beneficial interactions. Beneficial microbe interactions often aid in the
solubilization and mobilization of inaccessible soil nutrients, promote plants growth promotion,

defend against pests and diseases, and enable the partners tolerate abiotic stress.
2.1.1 Nitrogen-Fixing Microbes

Based on their interactions with their host plantss, nitrogen-fixing bacteria are classified as
endophytes, symbiotic, associative symbiotic, and symbiotic/free dwelling [39]. The main source
of nitrogen in the soil that is accessible to plantss is microbial symbiotic fixation of nitrogen. The
bacterial genera Rhizobium, Bradyrhizobium, Sinorhizobium, Mesorhizobium, Azorhizobium, and
Photorhizobium, which produce either root nodules or.stem nodules and represent rod-shaped
Proteobacteria, are included in the symbiotic nitrogen-fixing group [40]. Recent studies have
demonstrated that various a-Proteobacteria, such.as-Phyllobacterium, Methylobacterium, and
Ochrobactrum, and pg-Proteobacteria, such as Burkholderia, Cupriavidus, and Devosia, also
form nitrogen-fixing nodules in legume.roots in addition to rhizobia [41]. Another significant
source of nitrogen in certain agricultural plantss is actinobacterial symbiosis (Frankia) [42]. Na-
fixer genera that are both free-living and symbiotic include Burkholderia, Azotobacter,
Beijerinckia, Bacillus; Pantoea;-and Klebsiella. A small number of Cyanobacteria, such as
Nostoc, Anabaena, Calothrix, etc., are also involved in asymbiotic N, fixation in addition to
bacteria. According to Bashanand de-Bashan [43], the leading genus in associative symbiotic N,

fixation is-Azospirillum.
2.1.2 Mycorrhizae

The mutualistic relationship known as mycorrhizal symbiosis occurs between fungi and higher
plantss, and it has been observed in of several terrestrial plantss[39]. Ecto- and endomycorrhiza
are two different types of mycorrhiza based on their interactions and location in plants roots.
Endo or arbuscular mycorrhizal fungal (AMF) relationships have been documented from a
variety of crops, but ectomycorrhiza has primarily been researched in trees. The genera Glomus,
Gigaspora, Acaulospora, Scutellospora, andEntrophospora are the most often seen AM fungal



species. According to reports, nitrogen fixers, phosphate solubilizers, and other plants growth-
promoting rhizobacteria (PGPRS) interact synergistically with AM fungi in the soil [44].
According to reports, mycorrhizal association in crop plantss offers numerous benefits to crops,
including enhanced phosphorus mobilisation and uptake of macro- and micronutrients [45], as
well as resistance to heavy metals, drought, and increased potential for biocontrol and disease
suppression [46].

2.1.3 Plants Growth-Promoting Rhizobacteria (PGPRS)

Plants growth-promoting rhizobacteria (PGPRs) are microorganisms that have been the subject
of research in the rhizosphere of agricultural plantss during the past 10 years due to their
potential to enhance plants development and production [47].According to. Viveros et al. [48],
there are two general categories of PGPR: extracellular and intracellular. The rhizosphere and
rhizoplane are the primary locations for extracellular plants growth regulators (PGPRs) [49],
whilst the specialised nodular structures inside root cells—also known as endophytes—are the
home of internal PGPRs. According to Ahemad and Kibret[50], common extracellular PGPR are
associated with bacterial taxa that include Bacillus, Burkholderia, Agrobacterium, Erwinia,
Arthrobacter, Azotobacter, Azospirillum, Caulobacter, Chromobacterium, Flavobacterium,
Micrococcus, Pseudomonas, and‘Serratia. These rhizospheric microbes enhance plants growth in
two ways: either by secreting growth=promoting chemicals (IAA, GA, cytokinins, ethylene, etc.)
or by inhibiting specific plantspathogenss through their biocontrol activity. Major, secondary,
and micronutrients—nitrogen . fixation, phosphorus and potassium solubilization, iron
sequestration, etc.—are increased through increased nutrient uptake [51]. When inoculated alone
or with bacterial or fungal partners, a number of cyanobacteria are involved in promoting plants

growth, improving nutrient uptake, and enhancing soil fertility in crops [52].
2.1.4 Endophytes

Endophytes are microorganisms, such as bacteria or fungi, that reside inside plants cells or
tissues without negatively impacting them. Endophytes are beneficial to plantss in a variety of
ways and often rely on the host plants for sustenance and protection. Numerous endophytes have
been shown to improve nutrient cycling, hasten seedling emergence, encourage plants
development, increase yield, aid in bioremediation, and lessen disease proliferation. According
to Arnold [53], endophytes generate phytohormones and hence improve resistance to abiotic



stressors. Nearly all plants tissues, including the roots, stem, bark, leaves, floral parts, and seeds,
are susceptible to endophyte colonisation. The microbiome of plantss is home to a variety of
endophytes that exhibit significant levels of abundance [54]. These endophytes modulate gene
expression to benefit plants nutrition and elicit defense mechanisms. Actinomycetes such as
Streptomyces and Microbiospora, and genera such as Azospirillum, Gluconacetobacter,
Herbaspirillum, Azoarcus, Achromobacter, Acinetobacter, Pseudomonas, etc. are some of the
often reported bacterial endophytes [55]. It was discovered that the Basidiomycetes group of
fungi was the most prevalent endophyte. Unknown taxa Exophyla, “Cladophialophora,
Harpophora, Periconiamacrospinosa, and Ceratobasidium/Rhizoctonia.complex are examples
of other fungal endophytes that have been linked to improved plants development and nutrient
uptake [56].

3. Microbe (Plants Growth Promoting Microorganisms) as a bioinoculants/biofertilizers

The rhizosphere's bacterial and fungal communities may be. home to PGPMs, or helpful
microbes. In more environmentally friendly and sustainable agricultural systems, the application
of PGPM as microbial inoculants, or biofertilizers 15 a potentially beneficial strategy for
increasing crop yield, food quality, ‘and security [57]. PGPM functions as a biofertilizer by
solubilizing soil minerals like phosphorus and potassium and bio-fixing atmospheric nitrogen,
boosting the availability of nutrients./According to Bhat et al. [58], some rhizobacteria can aid in
the synthesis of siderophores that improve iron updating. Additionally, they act as a direct
phytostimulator, increasing. the.synthesis of auxin, cytokinins, abscisic acid, gibberellins, and
ethylene reduction while also impacting the metabolism of phytohormones [58,59]. Indirect
effects of PGPM .as hiopesticides or biocontrol agents include boosting resistance to
phytopathogenss. through antagonistic interactions, competition for nutrients, and the induction
of systemic resistance [58,59].

Beneficial bacteria's ability to thrive in roots is demonstrated by their ability to colonise seeds
[60]. The direct distribution of microorganisms in the rhizosphere, where they may form
associations with plantss, is a benefit of this microbial consortium seed-inoculation approach
[61]. Microorganisms can be injected into plantss to increase their nutrient availability and aid in
efficient carbon sequestration below ground [62]. Leguminous plantss that have had their seeds



inoculated have a high incidence of rhizobia in the rhizosphere. These microorganisms then
proceed to colonize, form nodules, and fix nitrogen [63] to maximise yield and production.

Formulation type and method often dictate the mode of application of the inoculant. As to
Khandelwal et al. [64], solid formulations are primarily delivered by broadcasting across the
field or seed dressing, whereas liquid formulations can be supplied through several methods. The
most widely employed liquid carriers are water and/or organic solvents (such as glycerol and
carboxymethyl cellulose, excluding microbiological media); these chemicals are used to enhance
properties like stickiness and dispersion capacities [65]. According to Babalola and Glick [66],
there are many different types of solid carriers, such as clay, vermiculite, peat, and charcoal. It's
important to choose microbiological carriers carefully to _ensure they won't damage the
environment or the microbe [67]. Further, the microbe with its carrier base can be applied to the
plants for improving growth and productivity.

3.1 Microbes for enhancing crop growth and productivity
3.1.2 Microbes for crop growth

Plants growth-promoting microorganisms (PGPMs) have long been known to enhance plants
health and increase yield [68]. Itis possible to supplement soil, seeds, leaves, seedling roots, or a
combination of these using microbial inoculants. PGPM directly stimulates plants development
via enhancing nutrient availability [69], controlling phytohormones, and indirectly inducing
systemic resistance [59]. Pseudomonas, Bacillus, and Mycobacterium inoculation is often more
effective in encouraging plants development in nutrient-poor soils [70]. Beneficial
microorganisms improve the availability of nutrients, control phytohormones, and boost a
plants's resistance to hiotic and abiotic stresses. Each of these procedures helps to enhance the
development of plantss [71]. The actions previously mentioned indicate that PGPM increases the
levels wof auxin, gibberellin, cytokinin, and ACC-deaminase. Furthermore, advantageous
microbes can produce volatile metabolites (VOC), which can increase resistance to illness and
abiotic stress. Additionally, by increasing exopolysaccharides, osmo-regulants, and antioxidants
while decreasing oxidative stress, PGPM can reduce stress [72]. Studies have been conducted on
PGPM as a possible biofertilizer that might increase the availability of macro- and
micronutrients, promote plants growth, and reduce the need for chemical fertilization [73].



Plants height, biomass production, seed germination, seedling vigour, chlorophyll content, and
photosynthetic rates are all enhanced by PGPM. Using microbial compounds could also be a
better choice because seed inoculation of PGPM (PSB and Aspergillus awamori) has been
demonstrated to significantly increase the growth characteristics, yield, and yield attributes of
mungbean [74]. To help with plants growth and development, a range of phytohormones are
secreted into the soil by plants growth promoters. Lipochitooligosaccharides (L.COs) are one
example; they may be employed in both stressed and non-stressed contexts [75] to encourage the

growth of non-leguminous crops and legumes [76].
3.1.3 Microbes for crop productivity

Plantss associated with microbial diversity are the result of ecological and evolutionary processes
[77]. The fact that PGPMs are a specialist group of microorganisms.that support and protect
plantss—which in turn provide bacteria with food—is one of their shared traits. Using PGPM
increases fertiliser usage efficiency by solubilizing insoluble phosphates in the soil and fixing
biological nitrogen. Consortia of Bacillus sp. (BPR7), Pseudomonas sp. (PPR8), and Rhizobium
leguminosarum (RPN5) have been shown to considerably:increase P. vulgaris production in an
experiment carried out by Kumar et al. [78]. This might result from using B. subtilis and
Pseudomonas species, which along with other phosphate-solubilizers have significant phosphate-
solubilizing activity and increase yield. Ojuederie and Babalola [79] found that the biomass and
nutrient intake of Sorghum plantss increased after PGPM inoculation in a soil-based medium,
either by itself or in combination with mycorrhiza. PGPM (Trichoderma viride) bio-inoculation
significantly increases.rice yield and yield-related traits [80]. The results demonstrate how
Trichoderma colonises roots and communicates with plantss to produce growth regulators,
develop systemic resistance to infections, and solubilize P to increase the amount of nutrients

available to the plantss—all actions that support plants development and productivity.
4. Soil-beneficial microorganisms for sustainable agriculture

The symbiotic relationships between nitrogen-fixing bacteria, primarily rhizobia, arbuscular
mycorrhizal fungi, and phosphate-solubilizing bacteria, among other benefits of the microbiome
for plantss, also aid in stress and heavy metal tolerance internally, improve soil microbial and
enzymatic activity, and helps in enhancing the soil ecosystem services. Additionally, the

microbiome is crucial for a plants's ability to withstand harsh environmental factors such as salt,



drought, and heavy metal exposure [81]. Salinity in the soil has slowed plants development and
decreased productivity. However, the generation of phytohormones by the microbiome can
reduce the detrimental effects of high salt levels in the soil, increasing plants tolerance to these
harsh conditions [81]. According to a Miller et al.[82], the rhizosphere microbiota can encourage
Hibiscus hamabo germination and development in salinity-prone environments. In the
rhizosphere of contaminated soil plantss, a model was recently suggested by Kumar et al. [83] to
explain the formation and maintenance of the degrading and beneficial microbiome. To maintain
the microbial population under control in contaminated environments, four technigues were
identified: feeding of supply lines, root exudate interference, disturbance, and plants selection
depending on the microbiome. The microbiome is essential to the survival, development, and
biomass production of plantss in oil-contaminated soils [84].

The most recent developments in PGPM applications-in.various agroecosystems have made it
clear that further understanding of how these systems work is.needed. While rhizospheric
bacteria for horticulture and agriculture are still being commercially exploited, reports suggest
that there is a global market with potential development of 10% annually [85]. Numerous
microorganisms, such as fungi and bacteria, ‘have already been made commercially available.
Consequently, studies have demonstrated that low-input technology for managing microbial
interactions in the rhizosphere can.enhance sustainable farming methods [86]. All potential
interactions in the rhizosphere mediated by plantss, either directly or indirectly. Gaining fresh
insight into the relationship between microbiomes and plantss is essential to reducing the effects
of climate change and ensuring food security and agricultural sustainability. A thorough
comprehension of the functional ecological processes of soil microorganisms in the rhizosphere
is essential for their successful use. Furthermore, significant advancements in yield with fewer
chemical inputs will .come from the introduction of crop types aimed at augmenting certain
phyto-beneficial “activities in soil microbial communities. Our understanding of sensing,
signalling, and secretion in soil microbial populations linked with plants has to be expanded in

order to improve plants health and nutrient absorption.
5. Future Challenges and Way Forward

Research on the functional profile of the rhizosphere, which is important for activities like
nutrient mobilization and plants disease control, will be facilitated by future advancements in



functional genomics. One of the main goals of practical research in the future should be the
precise regulation of soil microbial associations through the creation of appropriate
mycorrhizospheres. In this way, the optimization and acclimatization of the soil microbiome may
also lead to additional improvements in its efficiency. They are expected to replace artificial
growth regulators, herbicides, and chemical fertilizersshortly. Improved competent isolates that
are effective in a variety of agroecological settings would be made possible by more studies on
microbe-mediated phytostimulation. The field of ecological engineering, which.will investigate
the practical significance of microbial ecology, could help from advancements in metagenomics

and metaproteomics.

Diverse research methodologies are now being employed to investigate the possibility of
engineering the rhizosphere to promote beneficial organisms while inhibiting the presence of
diseases. Numerous difficulties with research methods are presented by the associated study
subjects. Gaining a biased rhizosphere unquestionably creates new possibilities for agricultural
advancements in the future that rely on the utilization of advantageous microbial services to
lower pesticide inputs and achieve sustainable economic and environmental objectives.
Moreover, developing plans to create innovative biotechnological interventions that combine
sustainable technology with restoring.of microbial diversity in local and regional agroecosystems
may provide major advantages. Communities that have managed to hold onto their regional
knowledge bases will be«in a good position to start new business initiatives that entail teaching
nearby farmers how to grow food with less pesticide input. A new generation of customers who
are more interested in organic and locally farmed foods is demanding such items. Lastly, in
addition to the scientific methods, the administrative role in formulating policies and practices
that support.the integration of environmental sciences, nutrition, agroecology, crop development,
socioeconomics, and extension with microbial ecology will support the development of robust,
adaptive, and sustainable agroecosystems that have enhanced potential to mitigate the effects of

globalisation‘and climate change.
6. Scientific relevance

The scientific relevance of the review lies in its detailed exploration of how soil
microbiomes can be leveraged to improve agricultural productivity and sustainability. This
review underscores the critical functions that soil biota perform, particularly in the rhizosphere,



where they engage in nutrient cycling, disease suppression, and growth promotion. The paper
highlights how these relationships can be harnessed to reduce dependency on synthetic fertilizers
and pesticides by focusing on the beneficial interactions between plant roots and microbes. Such
insights are particularly pertinent as they offer viable low-input technological solutions to
enhance food production while restoring ecosystem functions, a key goal in modern sustainable

agriculture.

In the context of soil quality and crop productivity studies, this review presents a
significant comparison to current scientific production in developing countries such as Colombia
[87, 88], Panama [89, 90], and Venezuela [91, 92, 93]. These nations face unique agricultural
challenges, including soil degradation [94, 95], limited access.to synthetic inputs, and the need
for sustainable practices to support food security. The review's findings align well with the
ongoing research in these countries that aims to optimize the use of native soil microbiomes to
enhance soil fertility and crop yields [96, 97]. Moreover, the.emphasis on the biofortification of
crops through microbial interventions resonates with regional priorities to improve nutritional
outcomes and support smallholder farmers. This approach offers a path to not only boost
agricultural productivity but also to maintain ecological balance and improve human health [98,
99, 100].

Artificial intelligence (Al) techniques are increasingly being integrated into agricultural
research and practices.in developing countries, and this review complements such efforts by
providing a biological foundation that Al can build upon. In Colombia, Panama, and Venezuela,
Al is being employed. to analyze soil health [101, 102], predict crop yields [103, 104], and
optimize resource use [105, 106]. The detailed understanding of soil microbiome functions
provided by this review can enhance these Al applications by offering precise biological data
that can be integrated into predictive models and decision-support systems [107, 108]. This
interdisciplinary synergy between soil microbiome research and Al can drive innovative
solutions tailored to the specific agro-ecologicalagroecological conditions of these countries
[109, 110], thereby advancing sustainable agricultural practices and improving food security in
the region [111, 112, 113].

7. Conclusion



The intricacy of the soil system facilitates the development of a varied microbial community
because of stratification and a variety of microhabitats. Understanding the functional categories
of bacterial taxa and the dynamics of the bacterial community structure is crucial for
comprehending the functioning of soil ecosystems, even beyond taxonomy. PGPM plays an
important role in enhancing plants nutrition, productivity as well as ecological stability. Soil
microbes improve the physical, chemical and biological properties of soil and have immense
potential as biocontrol agents. Various interacting microbes also protect plants‘against biotic and
abiotic stress and improve plants health. Good quality organic inputs with lower. doses of
chemical fertilizers have the potential to augment sustaining crop productivity.and soil fertility. It
can be concluded that the interacting microbes strive to optimize diverse biological processes in
the soil to create a healthy, fertile environment that ensures adequate nutrition for the crop.
Hence, it was evident that the application of PGPM is absolutely indispensable not only to
sustain productivity but also to maintain soil health and the ecosystem. However, it is necessary
to educate the public about the use of PGPM in-agriculture and-more widespread utilization of
PGPM.

Disclaimer (Artificial intelligence)
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Author(s) hereby declare that NO generative Al technologies such as Large Language Models (ChatGPT,
COPILOT, etc) and text-to-image generators have been used during writing or editing of manuscripts.
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