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Abstract: The increasing global population and intensifying resource limitations present
a formidable challenge for sustainable crop production, especially in developing regions.
This review explores the pivotal role of microbial ecosystem services in alleviating environ-
mental stresses that impede agricultural productivity. Soil microbiota, particularly plant
growth-promoting microbes (PGPMs), are integral to soil health and fertility and plant
resilience against both abiotic (drought, salinity, temperature extremes, heavy metals) and
biotic (pathogen) stresses. These microorganisms employ a variety of direct and indirect
mechanisms, including the modulation of phytohormones, nutrient solubilization, the
production of stress-alleviating enzymes, and the synthesis of antimicrobial compounds, to
enhance plant growth and mitigate adverse environmental impacts. Advances in microbial
biotechnology have expanded the toolkit for harnessing beneficial microbes, enabling the
development of microbial inoculants and consortia tailored for specific stress conditions.
This review highlights the multifaceted contributions of soil microbes, such as improving
nutrient uptake, promoting root development, facilitating pollutant degradation, and sup-
porting carbon sequestration, all of which underpin ecosystem resilience and sustainable
agricultural practices. Furthermore, the synergistic interactions between plant roots and
rhizospheric microbes are emphasized as key drivers of soil structure enhancement and
long-term productivity. By synthesizing current research on the mechanisms of microbe-
mediated stress tolerance, this review underscores the potential of microbial interventions
to bridge the gap between food security and environmental conservation. The integration
of microbial solutions into agroecosystems offers a promising, eco-friendly strategy to revi-
talize soils, boost crop yields, and ensure agricultural sustainability in the face of mounting
environmental challenges.

Keywords: PGPR; abiotic stress management; environmental sustainability; recalcitrant
compounds; xenobiotics
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1. Introduction
Soil health is fundamentally shaped by its microbial biomass, which is essential for

sustaining life and ensuring crop productivity [1]. Sustainable agriculture aims to enhance
yields with minimal environmental impact, a goal challenged by various abiotic and bi-
otic stresses [2]. Soil microbes, as natural colonizers, play a vital role in maintaining soil
health and developing stress tolerance [3]. The diversity of soil microbiota directly influ-
ences soil fertility, as plant–microbe interactions and related processes improve the soil’s
physico-chemical properties and boost plant productivity [4]. The rhizosphere soil region
surrounding plant roots serves as a dynamic interface for root–microbe communication,
contributing to soil health and plant growth [5].

The rhizospheric microbes that contribute to plant productivity and soil health are
broadly known as plant growth-promoting microbes (PGPMs), helping plants by facilitating
improved nutrient bioavailability, nutrient uptake, and the production of plant growth-
promoting substances [6]. Tolerance against biotic stress, such as pathogens, and abiotic
stress, such as drought, salinity, extreme temperatures, and pollution, is a crucial attribute
that soil microbes contribute to plants [7]. Different mechanisms have been adopted by
various functionally and genetically diverse microbes that inhabit soil, including groups
such as bacteria, fungi, and actinomycetes [8].

Microbes, other than being a biological component of soil, influence various biogeo-
chemical cycles that help in the recycling of nutrients, therefore enhancing its mineral
composition. Several microbes have been known to have a role in plant growth promotion
either directly or indirectly, such as through biocontrol activity, i.e., the suppression of
plant pathogens and the production of certain substances that stimulate the growth of
plants; through their role in bioremediation, i.e., the removal of pollutants; or through their
stress tolerance abilities, which may help plants dodge various abiotic stresses [9,10]. Since
microbes respond quickly to environmental changes, they could also be an excellent means
for evaluating as well as improving plant growth through different pathways, which could
be direct or indirect. This includes modulating phytohormone signaling, preventing plant
pathogens, and enhancing the availability and uptake of nutrients by plants [11].

This review comprehensively examines the diverse mechanisms by which soil mi-
crobes contribute to the amelioration of environmental stresses in agroecosystems and
discusses the broader implications of microbial interventions for sustainable agriculture
and environmental health. Initially, this review provides an overview of the major abiotic
stresses affecting crop productivity and soil health, followed by an in-depth discussion
of the roles and mechanisms of plant growth-promoting microbes (PGPMs) in stress miti-
gation. The subsequent sections explore the biotechnological approaches for harnessing
microbial diversity, case studies demonstrating successful microbial applications, and the
challenges and prospects in integrating microbial solutions into mainstream agricultural
practices. By systematically addressing these aspects, this review aims to offer a holistic
perspective on the potential of microbial ecosystem services in supporting resilient and
sustainable food production systems.

2. Abiotic Stress and Its Impact on Plant Productivity and Soil Health
Plants require optimal conditions, including nutrients, water, light, and temperature,

for healthy growth, while extremes or deficiencies in these factors lead to stress and reduced
productivity [12–14]. Abiotic stresses such as drought, salinity, temperature extremes,
nutrient deficiency, and pollution disrupt plant metabolism and soil health, affecting soil
structure and plant biochemical responses [15–18]. Under water stress, plants show reduced
growth, smaller leaves and seeds, and delayed flowering; heat stress triggers protein repair
and antioxidant responses; and salt stress disrupts ion balance, suppresses germination,



Int. J. Mol. Sci. 2025, 26, 4515 3 of 17

and accelerates senescence [19–23]. Low temperatures slow metabolic reactions, while
heavy metals damage proteins and reduce nutrient uptake [24,25]. Moreover, adaptations
to abiotic stress can sometimes increase susceptibility to biotic stresses, as seen with reactive
oxygen species production, making plants more susceptible to certain pathogens [26–28].

3. Role of Microbes in Abiotic Stress Management
A diverse range of plant growth-promoting rhizobacteria (PGPRs), including genera

such as Bacillus, Pseudomonas, Ochromobactrum, Enterobacter, Alcaligenes, and Jeotgalicoccus,
have demonstrated their ability to enhance plant growth and productivity under various
abiotic stress conditions [22,29–32]. These bacteria facilitate plant resilience through mecha-
nisms like phosphate solubilization, indole-3-acetic acid (IAA) production, siderophore
synthesis, and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity, collec-
tively enhancing nutrient acquisition and reducing ethylene-induced stress in plants [33].
Mycorrhizal associations also significantly contribute to stress amelioration by improving
nutrient uptake. Vesicular Arbuscular Mycorrhizae (VAM), through their extensive hyphal
networks, enlarge the root surface area for nutrient absorption and enhance the bioavail-
ability of phosphorus and micronutrients, crucial under nutrient-deficient or stress-prone
soils [34]. Empirical studies have substantiated the role of PGPRs in heavy metal remedia-
tion and stress tolerance. Pseudomonas spp. have demonstrated potential in mitigating the
toxic effects of heavy metals like Nickel (Ni), Zinc (Zn), and Copper (Cu), with reported
increases in plant biomass and tolerance to water stress through multiple mechanisms,
including phosphate solubilization and IAA production [33]. In field experiments, arsenite-
and arsenate-tolerant bacterial consortia significantly improved rice growth and arsenic
detoxification, enhancing root and shoot biomass, and reducing arsenic accumulation in
the edible parts [10].

Regarding Bacillus species, extensive experimental data reinforce their functional role
in abiotic stress mitigation. For instance, Bacillus pumilus has been observed to confer salt
and drought tolerance in potato crops through increased activity of stress-related enzymes
such as catalase and peroxidase, improved chlorophyll content, and enhanced root biomass
in both greenhouse and field trials [35]. Similarly, Bacillus amyloliquefaciens inoculation
has shown significant improvements in drought resistance and root morphology in rice,
supporting enhanced water uptake and growth under deficit irrigation regimes [36]. In
a separate study, Bacillus altitudinis NKA32, an endophytic strain with ACC deaminase
activity, ameliorated salt stress in rice through the modulation of osmolyte accumulation,
antioxidant enzyme activation, and the altered expression of stress-responsive genes [36].

Further studies have highlighted the metabolic versatility of PGPR strains. The ge-
nomic characterization of salt-tolerant Bacillus and Jeotgalicoccus strains revealed diverse
metabolic pathways associated with the osmotic stress response, compatible solute biosyn-
thesis, and heavy metal detoxification [22]. Jeotgalicoccus huakuii NBRI 13E, in particular,
showed enhanced growth promotion in saline soils, boosting maize root and shoot biomass
and improving the chlorophyll stability index under salt stress [31]. Additionally, mem-
bers of Nocardia, Hydrogenomonas, Xanthomonas, Microbacterium, Flavobacterium, and Pseu-
domonas have shown significant roles in the degradation of hydrocarbons and xenobiotic
compounds, alleviating stress caused by environmental pollutants [37]. These microbes
utilize co-metabolic degradation, bioleaching, and bioaccumulation strategies to reduce the
bioavailability and toxicity of recalcitrant compounds, ultimately promoting plant health.

In heavy-metal-contaminated soils, PGPRs such as Ochrobactrum sp. NBRISH6 have
been experimentally shown to improve maize yield, enhance soil enzyme activity (dehy-
drogenase and phosphatase), and stimulate host plant immune responses, demonstrating
a dual role in soil remediation and productivity enhancement [30]. Overall, microbial
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inoculants represent an effective strategy for mitigating multiple abiotic stresses, with
growing experimental support from field trials, metabolomic profiling, and enzyme activity
assays underscoring their promise in sustainable agriculture.

4. Mechanism Involved in Microbe-Mediated Abiotic Stress Mitigation
PGPMs follow direct or indirect mechanisms for conferring stress tolerance to plants.

Direct mechanisms include the facilitation of essential macro- and micro-nutrients along
with other different processes, such as (1) the modulation of phytohormone levels; (2) the
production of molecules such as siderophores in the rhizospheric zone or the induced
synthesis of aminocyclopropane-1-carboxylate deaminase, which is known to decrease
ethylene levels; (3) altering the osmotic state of cells; (4) an enhanced ability to solubi-
lize phosphorus, etc. [38,39]. The production of metabolites with antimicrobial potential
is included under the indirect stress tolerance mechanism. This includes the induced
biosynthesis of antimicrobial compounds such as hydrogen cyanate, 2,4-diacetyl phloroglu-
cinol, tensins, phenazine, pyoluteorin, pyrrolnitrin, viscosinamide, etc. Such molecules
are known to inhibit phytopathogens, thus acting as a means of biotic stress tolerance [40].
Different microbes may show their own set of strategies to develop stress tolerance, such
as rhizospheric microbe Pseudomonas spp.; the synthesis of carboxylates that can chelate
certain nutrients affects nutrient bioavailability [41]. Pseudomonas spp. also may induce
the production of substances that aid in dissolving mineral oxides, such as phenazines,
riboflavin, quinines, and humic substances [42].

An ideal PGPR has all the essential properties to enhance plant growth and soil
health through its high rhizosphere competence, high multiplicity, broad-spectrum anti-
pathogen action, and nutrient-providing abilities [43]. They play an important role in
the mineralization of many elements, which results in increased soil nutrient content and
improved soil enzymatic activity. As a result, increased nutrient availability assists in
plant growth. For example, the solubilization of phosphorus is facilitated by organic
acids produced by rhizospheric microbes. Enzymes such as phosphatases utilize organic
phosphorus as a substrate and convert it into inorganic form [44]. Similarly, phytases
release phosphorus from phytic acid, which is the organic form of phosphorus, mainly
present in soil. Developing these bacteria as inoculants could be an effective strategy for
developing greater nutrient mass in the soil, leading to improved crop yield [45]. Potassium,
an important element required for cell growth regulation, is found to be insufficient in
most natural settings. An insoluble form of potassium from the soil can be used by
potassium-solubilizing rhizobacteria to convert it into a soluble form. This is achieved
through the production of organic acids such as acetate, citrate, oxalate, etc. [46]. Zinc,
another important micronutrient, is present in insoluble form in the soil. Zinc-solubilizing
bacteria can convert insoluble zinc into its divalent cation (soluble form) either through the
production of acids such as carbonic acid and nitric acid [47], or by chelating compounds
known as siderophores. These bacteria, with the ability to mobilize zinc complexes in the
soil, are efficient mineralizers and can improve soil as well as plant health [48].

Many PGPRs can stimulate the synthesis of phytohormones, thus promoting their
growth and development. IAA producing bacteria such as Pseudomonas, Rhizobium, Agrobac-
terium, and Bacillus species promote cell growth and ameliorate metal stress through their
metal sorption ability [6]. Similarly, microbes that can produce 1-aminocyclopropane-1-
carboxylate deaminase (ACCD) can decrease ethylene levels, thus increasing tolerance to
stress (Figure 1). Moreover, ACC is catalyzed into α-ketobutyrate and ammonium and acts
as a source of carbon and nitrogen [49]. Similarly, PGPMs can produce Volatile Organic
Compounds (VOCs) that have direct and indirect roles in plant growth promotion as well as
soil health. For example, HCN-producing Bacillus and Pseudomonas species show biocontrol
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activity against many potential phytopathogens and also have an important role in the
geochemical processing of soil substrata through metal chelation and the solubilization of
elements such as phosphate [50].

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 5 of 18 
 

 

increasing tolerance to stress (Figure 1). Moreover, ACC is catalyzed into α-ketobutyrate 
and ammonium and acts as a source of carbon and nitrogen [49]. Similarly, PGPMs can 
produce Volatile Organic Compounds (VOCs) that have direct and indirect roles in plant 
growth promotion as well as soil health. For example, HCN-producing Bacillus and 
Pseudomonas species show biocontrol activity against many potential phytopathogens and 
also have an important role in the geochemical processing of soil substrata through metal 
chelation and the solubilization of elements such as phosphate [50]. 

Several rhizospheric microbes that exhibit plant growth-promoting (PGP) traits can 
be effectively utilized for the production of biofertilizers. The bioformulations can have 
attributes such as (1) nitrogen-fixing ability, (2) phosphate solubilization, (3) ACC 
deaminase activity, and (4) the accumulation of heavy metals and xenobiotics along with 
other PGP attributes [5,37]. The microbial formulations can lead to products such as 
biofertilizers for enhanced nutrient supply, biopesticides for preventing plant pathogens, 
biostimulants for improving nutrient availability and uptake, etc. Today, these products 
are the key contributors to sustainable agriculture and are an integral part of the 
agroecosystem [51]. A polymicrobial formulation developed from a consortium of 
microbes could also be developed with microbial combinations that have complementary 
plant growth-promoting attributes [52]. However, the efficacy of these formulations will 
depend upon how synergistic the interaction of microbes is, as well as upon the 
complementary functionality of the microbes. However, genes responsible for stress 
amelioration properties can be identified, and the information generated can be utilized 
for stress management for crops [53,54]. Native soil microbes can also be genetically 
engineered for picking specific stress amelioration conditions, including strategies such 
as gene silencing, and the upregulation of particular regulons can be carried out. For 
example, Pseudomonas korensis has shown heavy metal bioremediation ability in 
Miscanthus sinensis through ACC deaminase and IAA production [55]. 

 

Figure 1. A schematic representation of the role of plant growth-promoting rhizobacteria (PGPRs) 
in mitigating plant stress through ACC deaminase activity, which lowers ethylene levels in stressed 

Figure 1. A schematic representation of the role of plant growth-promoting rhizobacteria (PGPRs) in
mitigating plant stress through ACC deaminase activity, which lowers ethylene levels in stressed
plants and leads to enhanced growth, improved root and biochemical attributes, the modulation of
stress-responsive gene expression, and overall phyto-beneficial effects under adverse conditions.

Several rhizospheric microbes that exhibit plant growth-promoting (PGP) traits can
be effectively utilized for the production of biofertilizers. The bioformulations can have
attributes such as (1) nitrogen-fixing ability, (2) phosphate solubilization, (3) ACC deami-
nase activity, and (4) the accumulation of heavy metals and xenobiotics along with other
PGP attributes [5,37]. The microbial formulations can lead to products such as biofertilizers
for enhanced nutrient supply, biopesticides for preventing plant pathogens, biostimulants
for improving nutrient availability and uptake, etc. Today, these products are the key
contributors to sustainable agriculture and are an integral part of the agroecosystem [51].
A polymicrobial formulation developed from a consortium of microbes could also be de-
veloped with microbial combinations that have complementary plant growth-promoting
attributes [52]. However, the efficacy of these formulations will depend upon how syner-
gistic the interaction of microbes is, as well as upon the complementary functionality of the
microbes. However, genes responsible for stress amelioration properties can be identified,
and the information generated can be utilized for stress management for crops [53,54].
Native soil microbes can also be genetically engineered for picking specific stress ame-
lioration conditions, including strategies such as gene silencing, and the upregulation
of particular regulons can be carried out. For example, Pseudomonas korensis has shown
heavy metal bioremediation ability in Miscanthus sinensis through ACC deaminase and
IAA production [55].



Int. J. Mol. Sci. 2025, 26, 4515 6 of 17

5. Biodegradation of Recalcitrant Compounds
Recalcitrant compounds, often classified as persistent organic pollutants (POPs), are

notorious for their resistance to natural degradation due to their stable, complex molec-
ular structures [56]. These chemical substances do not easily break down in the envi-
ronment and can persist for decades or even centuries, posing significant ecological and
health risks. Common examples of refractory pollutants include polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), and various synthetic pesticides such as
dichlorodiphenyltrichloroethane (DDT) and chlordane [57]. These compounds were widely
used in industrial processes, agriculture, and pest control before their hazardous nature
was fully understood. Today, they are recognized as major environmental contaminants
due to their toxicity, persistence, and tendency to bioaccumulate in the food chain [58].

The persistence of recalcitrant compounds is primarily attributed to their molecular
stability, which makes them resistant to conventional chemical or physical breakdown pro-
cesses (Figure 2). For instance, PCBs have a biphenyl structure with chlorine atoms attached,
making them hydrophobic and resistant to hydrolysis, oxidation, or photodegradation [59].
Similarly, PAHs consist of multiple fused aromatic rings that provide exceptional stability
against microbial or chemical attacks. This stability enables these compounds to accumulate
in soils, sediments, and aquatic systems, leading to long-term contamination and serious
ecological disruptions [60]. Once introduced into the environment, these substances tend
to adhere to organic matter, making their removal even more challenging.
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The biodegradation process is often facilitated by microbial consortia—complex com-
munities of microorganisms that work in a coordinated manner to degrade recalcitrant
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pollutants [61]. These consortia include bacteria, fungi, and archaea with complementary
metabolic capabilities, allowing for the more efficient and complete breakdown of contami-
nants. For example, species of Pseudomonas and Bacillus are well documented regarding
their roles in degrading aromatic hydrocarbons, leveraging their versatile enzymatic sys-
tems to initiate and propagate the breakdown of these compounds [62,63]. Fungal species
like Saccharomyces and other yeast strains contribute significantly to the degradation
process by secreting extracellular enzymes that attack large and complex molecules. The
biodegradation process can vary significantly based on factors such as the nature of the pol-
lutant, the environmental conditions (pH, temperature, oxygen levels), and the composition
of the microbial community [64].

Enzymatic degradation involves several key reactions, including oxidation, reduc-
tion, hydrolysis, and dehalogenation, which collectively work to break down complex
organic molecules into simpler ones [65]. For example, enzymes like monooxygenases and
dioxygenases introduce oxygen atoms into PAH molecules, initiating the breakdown of
their aromatic rings. Similarly, dehalogenases are essential for removing halogen atoms
from PCBs and other chlorinated compounds, converting them into less harmful intermedi-
ates [66]. These enzyme-mediated reactions often result in the formation of intermediate
metabolites, which are simpler chemical entities that can be further degraded or assimilated
by microbial cells [67]. Advanced biotechnological techniques, including metagenomics
and synthetic biology, have revolutionized the field of microbial biodegradation. Metage-
nomics enables the study of microbial communities directly from environmental samples
without the need for culturing, revealing the genetic diversity and metabolic potential of
these microbes [68]. This approach allows researchers to identify novel genes and enzymes
involved in the degradation pathways of recalcitrant compounds, facilitating the develop-
ment of more targeted bioremediation strategies [69]. The data gathered from metagenomic
analyses provide insights into the microbial interactions and environmental factors that
enhance biodegradation efficiency.

Synthetic biology takes this knowledge a step further by engineering microorganisms
with enhanced capabilities to degrade specific pollutants. These genetically modified
organisms (GMOs) are designed to express optimized enzymes or metabolic pathways
that accelerate the breakdown of recalcitrant compounds [70]. The integration of these
engineered microbes into contaminated environments has shown promising results in
enhancing the rate and extent of pollutant degradation [71]. Additionally, the stability
and activity of these engineered microorganisms can be fine-tuned to withstand harsh
environmental conditions, thereby increasing their survival and functional efficiency in
field applications [72]. This approach also allows the manipulation of microbial consortia
by introducing engineered strains that complement the natural community’s capabilities,
thereby creating a more robust bioremediation system. The ability to manipulate and
enhance microbial pathways holds great promise in addressing the limitations of tradi-
tional biodegradation methods and providing sustainable solutions for the remediation of
contaminated environments.

6. Biodegradation of Xenobiotics
Xenobiotics refer to synthetic compounds introduced into the environment that do not

naturally occur in nature. These substances encompass a wide range of industrial chemicals,
pharmaceuticals, pesticides, herbicides, and by-products resulting from human activities
like manufacturing and agricultural processes. Due to their synthetic origin and complex
chemical structures, xenobiotics are often resistant to natural degradation processes and
can persist in soil, water, and air, posing substantial risks to both environmental and human
health [36,73,74]. Examples of these substances include industrial solvents, plasticizers,
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flame retardants, dyes, and several pharmaceutical residues. Their resistance to breakdown
means that once released into the environment, they can accumulate and exert toxic effects
on ecosystems and organisms, impacting biodiversity and ecological balance [75].

One of the primary concerns with xenobiotics is their potential to cause long-term
ecological disruptions. Their presence in water bodies can lead to the contamination of
aquatic systems, while their persistence in soils can affect soil fertility and plant growth [76].
Over time, these compounds can bioaccumulate in living organisms, move up the food
chain, and ultimately enter human diets, raising concerns about chronic health issues like
endocrine disruption, carcinogenicity, and mutagenicity. The accumulation of xenobiotics
in the environment highlights the need for effective remediation strategies to reduce their
adverse impacts.

Microbial biodegradation represents a natural and promising approach to mitigating
the harmful effects of xenobiotics in the environment. Microbes possess the remarkable
ability to utilize xenobiotics as sources of carbon and energy, transforming them into
less toxic or non-toxic compounds [77]. This transformation occurs through metabolic
processes that involve a series of enzymatic reactions capable of breaking down the complex
molecular structures of xenobiotics into simpler substances [78]. The metabolic diversity of
these microorganisms allows them to target different types of xenobiotics, enhancing their
adaptability to various environmental conditions [79,80].

Among the most effective microorganisms in xenobiotic degradation are species
like Pseudomonas, Rhodococcus, and Mycobacterium, known for their extensive enzymatic
repertoire that includes oxygenases, dehalogenases, hydrolases, and reductases [79]. These
enzymes play a crucial role in initiating the breakdown of stable chemical bonds within
xenobiotics, facilitating their conversion into intermediates that can be further degraded
into harmless end products [81]. For example, oxygenases introduce oxygen molecules into
xenobiotic compounds, leading to ring cleavage in aromatic compounds and promoting
their further breakdown into simpler organic acids [63].

The degradation of polychlorinated biphenyls, a form of xenobiotics notorious for
their environmental persistence and toxic effects, has been extensively studied in microbial
systems. PCB degradation can occur through both aerobic and anaerobic pathways, with
bacteria such as Pseudomonas putida playing a significant role. In aerobic environments,
microorganisms utilize oxygen-dependent enzymes like biphenyl dioxygenases to initiate
the oxidation of PCB molecules, transforming them into chlorobenzoic acids, which are
less toxic and more easily biodegradable (Table 1). This process is further supported
by subsequent enzymatic steps that break down the intermediate products into benign
substances like carbon dioxide and water. The anaerobic degradation of PCBs, on the other
hand, relies on the process of reductive dechlorination, wherein certain bacteria utilize
PCBs as electron acceptors, stripping off chlorine atoms in the absence of oxygen (Table 1).
This stepwise dechlorination significantly reduces the toxicity of PCBs, creating compounds
that are more amenable to complete mineralization under aerobic conditions. The synergy
between anaerobic and aerobic microbial communities enables a more comprehensive
degradation process, effectively reducing the concentration of these persistent pollutants in
contaminated environments [82,83].
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Table 1. Microbial degradation of xenobiotic compounds.

S. No. Xenobiotics Microbes Mechanism Influencing
Factors

Degradation
Pathways References

1 Polychlorinated
Biphenyls (PCBs)

Pseodomonas
putida

Reductive dichlorination
and oxidation pH, temperature Anaerobic [84,85]

2 Atrazine Anthrobacter sp. Hydrolysis followed by
ring cleavage

Soil moisture,
nitrogen content,
organic matter

Aerobic [86]

3 Polycyclic aromatic
hydrocarbons (PAHs) Mycobacterium sp. Oxidation via

deoxygenases enzymes

Oxygen levels,
nutrient

availability

Aerobic and
anaerobic [87]

4 Trichloroethylene
(TCE)

Burkholderia
cepacia

Reductive dichlorination
through cometabolism

Microbial
community

structure
Anaerobic [88]

5 Phenol Candida tropicalis Oxidative ring cleavage pH, temperature,
dissolved oxygen Aerobic [89]

The efficiency of xenobiotic degradation by microorganisms is influenced by several
factors, including the physicochemical properties of the pollutant, the presence of specific
enzymes, environmental conditions such as temperature, pH, and nutrient availability,
and the metabolic versatility of the microbial community involved [78]. Recent advances
in molecular biology and environmental biotechnology have opened new avenues for
enhancing the microbial degradation of xenobiotics. A detailed understanding of these
parameters and their interaction with microbial metabolism enables the design of effective
bioremediation protocols tailored to specific contaminants and site conditions.

Techniques like metagenomics have allowed scientists to uncover novel genes and
microbial species with previously unknown biodegradation capabilities, expanding the
toolkit available for bioremediation efforts. Furthermore, synthetic biology approaches
have enabled the engineering of microorganisms with tailored metabolic pathways that
can degrade specific xenobiotics more efficiently, even under adverse environmental con-
ditions [90]. These genetically engineered strains can be designed to possess heightened
tolerance to toxic compounds, increased enzyme expression, and the ability to survive
in diverse ecological niches, thereby boosting the overall effectiveness of bioremediation
practices [91].

Understanding the degradation pathways of different xenobiotics is crucial for devel-
oping targeted bioremediation strategies. For instance, the breakdown of organophosphate
pesticides involves hydrolysis by microbial enzymes like phosphotriesterases, leading to
the release of harmless inorganic phosphate and simpler carbon compounds [92]. Similarly,
polycyclic aromatic hydrocarbons (PAHs) are subjected to ring-cleaving dioxygenases that
transform them into less complex aromatic acids, which are then further metabolized into
non-toxic compounds [93]. These pathways highlight the microbial capacity to detox-
ify and mineralize xenobiotics, converting them into basic elements like carbon dioxide
(CO2), methane (CH4), water (H2O), and biomass that integrate seamlessly into natural
biogeochemical cycles.

7. Biodegradation of Environmental Pollutants
Environmental pollution has become a pressing global issue, significantly impacting

both ecosystems and human health. Various pollutants, including heavy metals like lead,
cadmium, arsenic, and mercury, as well as hydrocarbons and pesticides, pose severe threats
to environmental integrity [94]. Heavy metals are particularly concerning because, unlike
many organic pollutants, they are elemental and do not degrade into simpler, less toxic
forms [95,96]. Their persistence in the environment can lead to bioaccumulation in living
organisms, causing detrimental health effects and ecological imbalance.
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Microbial processes play a pivotal role in mitigating the risks associated with heavy
metal contamination through mechanisms such as biosorption, bioaccumulation, and
biomineralization [72]. Microorganisms have evolved specialized strategies to interact
with heavy metals, transforming these toxic elements into less harmful or immobilized
forms. For instance, bacteria from the genera Pseudomonas and Bacillus, as well as fungal
strains like Saccharomyces, demonstrate a remarkable ability to bind heavy metals to their
cell walls. This binding process effectively sequesters the metals, converting them into
stable forms that limit their mobility and bioavailability in the environment [72]. By
reducing the concentration of free heavy metals in contaminated soil and water, these
microorganisms help minimize the risks to plant and animal life and contribute to overall
ecosystem health [95].

In addition to heavy metals, the biodegradation of hydrocarbons is a crucial aspect
of environmental remediation efforts. Hydrocarbons are primarily released into the en-
vironment through oil spills and various industrial processes, leading to widespread
contamination [97]. Certain bacteria, notably Alcanivorax and Pseudomonas, have developed
the ability to utilize hydrocarbons as energy sources, effectively breaking down these
compounds into less toxic substances like carbon dioxide and water [98]. This bioreme-
diation process is essential for detoxifying environments impacted by oil spills, as it not
only aids in the degradation of harmful pollutants, but also facilitates the restoration of
affected ecosystems.

Similarly, the environmental persistence of pesticides, commonly used in agricultural
practices, has raised concerns regarding soil and water pollution. Many pesticides are
resistant to degradation, leading to their accumulation in the environment and potential
entry into the food chain [99]. However, certain microorganisms, such as Trichoderma and
Bacillus, possess specialized enzymatic pathways that effectively degrade these chemi-
cals. By transforming pesticides into non-toxic byproducts, these microorganisms prevent
their accumulation in the ecosystem and mitigate the risks posed to human health and
wildlife [63].

The integration of microbial-based technologies with bioremediation strategies
presents a holistic solution to combat various pollutants [79]. By harnessing the natu-
ral capabilities of microorganisms, it is possible to develop innovative remediation ap-
proaches that restore ecological balance and ensure cleaner soil and water resources. This
multifaceted approach not only targets pollution, but also promotes the sustainability of
ecosystems, paving the way to a healthier planet. Implementing such strategies can signif-
icantly enhance the resilience of ecosystems, allowing them to recover from the adverse
effects of pollution while supporting biodiversity and human well-being [94]. Through
the application of these natural processes, a reduction in environmental toxicity becomes
feasible, contributing to the overarching goal of sustainable environmental management.

8. Microbial Management of Environmental Wastes
The microbial management of environmental waste is a fundamental component of

ecological sustainability, leveraging the inherent capabilities of microorganisms to treat and
recycle both organic and inorganic waste materials [100]. Naturally occurring microbes,
including bacteria, fungi, and archaea, play a crucial role in the degradation of organic
wastes such as food residues, agricultural by-products, and sewage sludge. These processes
include fermentation, composting, and anaerobic digestion, which are essential for the
effective breakdown of complex organic matter into simpler compounds [100,101].

The microbial breakdown of organic waste not only reduces its volume significantly,
but also transforms it into valuable by-products [102]. For instance, anaerobic digestion
leads to the production of biogas, a renewable energy source that can be utilized for heating
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or electricity generation, or as a vehicle fuel. Similarly, composting processes result in
nutrient-rich compost that enhances soil fertility and structure, supporting sustainable
agricultural practices [103]. By converting waste into beneficial resources, as illustrated
in Figure 3, microbial management plays a vital role in diminishing the dependence
on chemical fertilizers, which can degrade soil quality over time. This shift towards
organic amendments also fosters a more environmentally friendly agricultural framework,
contributing to soil health and crop productivity.
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Recent advancements in biotechnology have further amplified the potential of micro-
bial waste management. The development of genetically engineered strains with enhanced
degradative capabilities represents a significant leap forward. For example, researchers have
developed genetically modified bacteria that can break down plastic polymers, addressing
one of the most pressing environmental issues: plastic pollution [104]. These engineered
microorganisms can effectively metabolize plastic waste, converting it into harmless byprod-
ucts and reducing the accumulation of plastics in landfills and natural habitats.

In wastewater treatment facilities, diverse microbial consortia also play a pivotal role in
the removal of organic and inorganic pollutants. These microbial communities are capable
of metabolizing a wide range of contaminants, transforming them into non-toxic end
products that can be safely reintroduced into the environment [105]. This bioremediation
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process not only purifies wastewater, but also minimizes the ecological impact of industrial
discharges and urban runoff.

The integration of microbial solutions into waste management strategies promotes
a circular economy, wherein waste materials are continually repurposed into valuable
products rather than discarded. This innovative approach not only mitigates environ-
mental pollution, but also fosters resource recovery, thereby contributing to a sustainable
future [106]. Microbial management supports the principles of sustainability and resource
efficiency by facilitating the reuse of materials and reducing waste generation. In addition
to transforming waste into useful products, microbial management contributes to carbon
sequestration and nutrient cycling within ecosystems [107]. Carrier engineering and micro-
bial community regulation offer modern and easier approaches to enhancing the microbial
degradation of various pollutants. Carrier engineering involves the application of biochar
to immobilize and support microbial growth, improving pollutant mitigation [108]. On
the other hand, the specific pollutant degradation goal can be achieved through microbial
community regulation, along with optimization, interactions, and microbial activities [108].
By enhancing the organic matter content of soils through composting and by applying
biogas digestate, microbial practices can improve soil structure and health, promoting
biodiversity and resilience against climate change. Furthermore, this approach aligns with
global sustainability goals by reducing greenhouse gas emissions associated with waste
disposal and fostering environmentally responsible practices.

9. Conclusions
The identification of microbes with stress tolerance abilities, followed by their charac-

terization, a compatibility interaction analysis, and the establishment of an efficient delivery
system for utilization in crop plants, could be an interesting idea for sustainable agriculture.
Various parameters, such as physiological, biochemical, ultrastructural, and molecular, can
be assessed to understand plant–microbe interactions and the associated plant response
mechanisms towards biotic and abiotic stresses. This study involves approaches such as
genomics, proteomics, and metabolomics to develop an enhanced understanding of the
metabolic pathways of microbial interactions with plants, including the production of
enzymes, secondary metabolites, antioxidative compounds, and proteins for plant growth
promotion through stress amelioration. The utilization of biological tools for stress amelio-
ration would be a great asset for improving plant productivity. Presently, there is a great
need for an in-depth study of such rhizospheric microbes and their mechanisms in stress
amelioration so that crop productivity can be increased to meet the present food demand.

Author Contributions: P.S.: Writing—Original Draft, Investigation; A.D.: Writing—Review and
Editing, Formal Analysis; J.I. and S.M.: Writing—Review and Editing; D.P.: Conceptualization,
Supervision; M.K.: Writing—Review and Editing. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors declare that no funds were received during the preparation of this manuscript.

Data Availability Statement: No datasets were generated or analyzed during the current study.

Acknowledgments: The authors (Juveriya Israr and Sankalp Misra) acknowledge the Institute
of Biosciences and Technology, Shri Ramswaroop Memorial University, Barabanki, for providing
facilities and support during this study. Pradeep Semwal acknowledges CSIR-NBRI for conducting a
continuous proper investigation, and Manish Kumar acknowledges Amity University, Gwalior, for
their continuous support in the compilation and review of the manuscript. They also acknowledge
the assistance from the Council of Science and Technology, Uttar Pradesh (UPCST) (Project ID 2707).
Diby Paul acknowledges Truett McConnel University for their support.



Int. J. Mol. Sci. 2025, 26, 4515 13 of 17

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this review article.

References
1. Dubey, R.; Misra, S. Biostimulants: An eco-friendly regulator of plant stress tolerance and sustainable solution to future agriculture.

Proc. Indian Natl. Sci. Acad. 2024, 1–8. [CrossRef]
2. Dixit, R.; Bisht, N.; Misra, S.; Gupta, S.C.; Chauhan, P.S. Bacillus Consortia Modulate Transcriptional and Metabolic Machinery of

Arabidopsis Plants for Salt Tolerance. Curr. Microbiol. 2023, 80, 77. [CrossRef] [PubMed]
3. Bhaduri, D.; Sihi, D.; Bhowmik, A.; Verma, B.C.; Munda, S.; Dari, B. A review on effective soil health bio-indicators for ecosystem

restoration and sustainability. Front. Microbiol. 2022, 13, 938481. [CrossRef] [PubMed]
4. Aqeel, M.; Ran, J.; Hu, W.; Irshad, M.K.; Dong, L.; Akram, M.A.; Eldesoky, G.E.; Aljuwayid, A.M.; Chuah, L.F.; Deng, J. Plant-soil-

microbe interactions in maintaining ecosystem stability and coordinated turnover under changing environmental conditions.
Chemosphere 2023, 318, 137924. [CrossRef]

5. Majhi, B.; Semwal, P.; Mishra, S.K.; Chauhan, P.S. Strategies for microbes-mediated arsenic bioremediation: Impact of quorum
sensing in the rhizosphere. Sci. Total Environ. 2024, 956, 177321. [CrossRef] [PubMed]

6. De Andrade, L.A.; Santos, C.H.B.; Frezarin, E.T.; Sales, L.R.; Rigobelo, E.C. Plant growth-promoting rhizobacteria for sustainable
agricultural production. Microorganisms 2023, 11, 1088. [CrossRef]

7. Bhagat, N.; Raghav, M.; Dubey, S.; Bedi, N. Bacterial exopolysaccharides: Insight into their role in plant abiotic stress tolerance. J.
Microbiol. Biotechnol. 2021, 31, 1045. [CrossRef]

8. Gupta, A.; Singh, U.B.; Sahu, P.K.; Paul, S.; Kumar, A.; Malviya, D.; Singh, S.; Kuppusamy, P.; Singh, P.; Paul, D.; et al. Linking soil
microbial diversity to modern agriculture practices: A review. Int. J. Environ. Res. Public Health 2022, 19, 3141. [CrossRef]

9. Semwal, P.; Mishra, S.K.; Majhi, B.; Mishra, A.; Joshi, H.; Misra, S.; Misra, A.; Srivastava, S.; Chauhan, P.S. Bacillus australimaris
protect Gloriosa superba L. against Alternaria alternata infestation. World J. Microbiol. Biotechnol. 2024, 40, 354. [CrossRef]

10. Majhi, B.; Semwal, P.; Mishra, S.K.; Misra, S.; Chauhan, P.S. Arsenic stress management through arsenite and arsenate-tolerant
growth-promoting bacteria in rice. Int. Microbiol. 2023, 1–15. [CrossRef]

11. Ali, J.; Mukarram, M.; Ojo, J.; Dawam, N.; Riyazuddin, R.; Ghramh, H.A.; Khan, K.A.; Chen, R.; Kurjak, D.; Bayram, A. Harnessing
phytohormones: Advancing plant growth and defense strategies for sustainable agriculture. Physiol. Plant. 2024, 176, 14307.
[CrossRef]

12. Ansari, M.M.; Singh, T.; Majhi, B.; Misra, S.; Chauhan, P.S. Biosurfactant producing plant growth promoting bacteria: Eco-friendly
approaches for charcoal rot management. In Macrophomina Phaseolina; Academic Press: Cambridge, MA, USA, 2023; pp. 313–321.

13. Umrao, V.; Yadav, S.; Semwal, P.; Misra, S.; Mishra, S.K.; Chauhan, P.S.; Shirke, P.A. Endophytic bacilli from Cyamopsis tetragonoloba
(L.) Taub. induces plant growth and drought tolerance. Int. Microbiol. 2024, 27, 1541–1556. [CrossRef] [PubMed]

14. Babangida, A.A.; Uddin, A.; Stephen, K.T.; Yusuf, B.A.; Zhang, L.; Ge, D. A Roadmap from Functional Materials to Plant Health
Monitoring (PHM). Macromol. Biosci. 2024, 24, 2300283. [CrossRef] [PubMed]

15. Rashid, A.; Schutte, B.J.; Ulery, A.; Deyholos, M.K.; Sanogo, S.; Lehnhoff, E.A.; Beck, L. Heavy metal contamination in agricultural
soil: Environmental pollutants affecting crop health. Agronomy 2023, 13, 1521. [CrossRef]

16. Gupta, S.; Misra, S.; Kumar, M.; Mishra, S.K.; Tiwari, S.; Narayan, S.; Agrawal, L.; Chauhan, P.S. Enhancement of Drought
Tolerance in Transgenic Arabidopsis thaliana Plants Overexpressing Chickpea Ca14-3-3 Gene. J. Plant Growth Regul. 2023, 42,
1544–1557. [CrossRef]

17. Patanè, C.; Cosentino, S.L.; Romano, D.; Toscano, S. Relative water content, proline, and antioxidant enzymes in leaves of long
shelf-life tomatoes under drought stress and rewatering. Plants 2022, 11, 3045. [CrossRef]

18. Mondal, S.; Karmakar, S.; Panda, D.; Pramanik, K.; Bose, B.; Singhal, R.K. Crucial plant processes under heat stress and tolerance
through heat shock proteins. Plant Stress 2023, 10, 100227. [CrossRef]

19. El Haddad, N.; Choukri, H.; Ghanem, M.E.; Smouni, A.; Mentag, R.; Rajendran, K.; Hejjaoui, K.; Maalouf, F.; Kumar, S. High-
temperature and drought stress effects on growth, yield and nutritional quality with transpiration response to vapor pressure
deficit in lentil. Plants 2021, 11, 95. [CrossRef]

20. Shabbir, R.; Javed, T.; Hussain, S.; Ahmar, S.; Naz, M.; Zafar, H.; Pandey, S.; Chauhan, J.; Siddiqui, M.H.; Pinghua, C. Calcium
homeostasis and potential roles in combatting environmental stresses in plants. S. Afr. J. Bot. 2022, 148, 683–693. [CrossRef]

21. Nie, Z.; Xiao, C.; Wang, Y.; Li, R.; Zhao, F. Heat shock proteins (HSPs) in non-alcoholic fatty liver disease (NAFLD): From
molecular mechanisms to therapeutic avenues. Biomark. Res. 2024, 12, 120. [CrossRef]

22. Misra, S.; Prasad, P.; Semwal, P.; Mishra, S.K.; Asif, M.H.; Chauhan, P.S. Genomic characterization of the salt-tolerant Bacillus and
Jeotgalicoccus strains reveals a diverse metabolism relevant to plant growth promotion and salt stress tolerance. 3 Biotech 2024, 14,
316. [CrossRef] [PubMed]

https://doi.org/10.1007/s43538-024-00328-4
https://doi.org/10.1007/s00284-023-03187-2
https://www.ncbi.nlm.nih.gov/pubmed/36652029
https://doi.org/10.3389/fmicb.2022.938481
https://www.ncbi.nlm.nih.gov/pubmed/36060788
https://doi.org/10.1016/j.chemosphere.2023.137924
https://doi.org/10.1016/j.scitotenv.2024.177321
https://www.ncbi.nlm.nih.gov/pubmed/39489442
https://doi.org/10.3390/microorganisms11041088
https://doi.org/10.4014/jmb.2105.05009
https://doi.org/10.3390/ijerph19053141
https://doi.org/10.1007/s11274-024-04156-y
https://doi.org/10.1007/s10123-023-00447-w
https://doi.org/10.1111/ppl.14307
https://doi.org/10.1007/s10123-024-00499-6
https://www.ncbi.nlm.nih.gov/pubmed/38472714
https://doi.org/10.1002/mabi.202300283
https://www.ncbi.nlm.nih.gov/pubmed/37815087
https://doi.org/10.3390/agronomy13061521
https://doi.org/10.1007/s00344-022-10639-9
https://doi.org/10.3390/plants11223045
https://doi.org/10.1016/j.stress.2023.100227
https://doi.org/10.3390/plants11010095
https://doi.org/10.1016/j.sajb.2022.05.038
https://doi.org/10.1186/s40364-024-00664-z
https://doi.org/10.1007/s13205-024-04164-7
https://www.ncbi.nlm.nih.gov/pubmed/39619818


Int. J. Mol. Sci. 2025, 26, 4515 14 of 17

23. Thiruvengadam, R.; Venkidasamy, B.; Easwaran, M.; Chi, H.Y.; Thiruvengadam, M.; Kim, S.H. Dynamic interplay of reactive
oxygen and nitrogen species (ROS and RNS) in plant resilience: Unveiling the signaling pathways and metabolic responses to
biotic and abiotic stresses. Plant Cell Rep. 2024, 43, 198. [CrossRef] [PubMed]

24. Maitra, S.; Bhadra, P.; Yadav, A.N.; Palai, J.B.; Jena, J.; Shankar, T. The omics strategies for abiotic stress responses and microbe-
mediated mitigation in plants. In Soil Microbiomes for Sustainable Agriculture; Springer: Cham, Switzerland, 2021; pp. 315–377.
[CrossRef]

25. Bhattacharya, A. Effect of low temperature stress on photosynthesis and allied traits: A review. In Physiological Processes in Plants
Under Low Temperature Stress; Springer: Singapore, 2022; pp. 199–297.

26. Majhi, B.; Semwal, P.; Mishra, S.K.; Srivastava, V.; Singh, R.P.; Chauhan, P.S. Metalliferous Soil Remediation Through Heavy
Metal-Resistant Plant Growth-Promoting Bacteria: Prospects and Paradigms. In Heavy Metal Toxicity: Environmental Concerns,
Remediation and Opportunities; Springer Nature: Singapore, 2023; pp. 225–243.

27. Shahid, M.; Javed, M.T.; Mushtaq, A.; Akram, M.S.; Mahmood, F.; Ahmed, T.; Azeem, M. Microbe-mediated mitigation of
cadmium toxicity in plants. In Cadmium Toxicity and Tolerance in Plants; Academic Press: Cambridge, MA, USA, 2019; pp. 427–449.

28. Jaiswal, P.; Kar, S.; Misra, S.; Dixit, V.; Mishra, S.K.; Chauhan, P.S. Novel trends in endophytic applications for plant disease
management. In Biocontrol Mechanisms of Endophytic Microorganisms; Academic Press: Cambridge, MA, USA, 2022; pp. 167–180.

29. Kar, S.; Mishra, S.K.; Misra, S.; Agarwal, R.; Kumar, S.; Chauhan, P.S. Endophytic Alkalotolerant Plant Growth-Promoting Bacteria
Render Maize (Zea mays L.) Growth Under Alkaline Stress. Curr. Microbiol. 2024, 81, 43. [CrossRef]

30. Mishra, S.K.; Misra, S.; Dixit, V.K.; Kar, S.; Chauhan, P.S. Ochrobactrum sp. NBRISH6 Inoculation Enhances Zea mays Productivity,
Mitigating Soil Alkalinity and Plant Immune Response. Curr. Microbiol. 2023, 80, 328. [CrossRef]

31. Misra, S.; Dixit, V.K.; Mishra, S.K.; Chauhan, P.S. Demonstrating the potential of abiotic stress-tolerant Jeotgalicoccus huakuii NBRI
13E for plant growth promotion and salt stress amelioration. Ann. Microbiol. 2019, 69, 419–434. [CrossRef]

32. Dixit, V.K.; Misra, S.; Mishra, S.K.; Joshi, N.; Chauhan, P.S. Rhizobacteria-Mediated Bioremediation: Insights and Future
Perspectives. In Soil Bioremediation: An Approach Towards Sustainable Technology; Parray, J.A., Mahmoud, A.H.A.E., Sayyed, R.,
Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2021; pp. 193–211.

33. Uzma, M.; Iqbal, A.; Hasnain, S. Drought tolerance induction and growth promotion by indole acetic acid producing Pseudomonas
aeruginosa in Vigna radiata. PLoS ONE 2022, 17, e0262932. [CrossRef] [PubMed]

34. Ebbisa, A. Arbuscular mycorrhizal fungi (AMF) in optimizing nutrient bioavailability and reducing agrochemicals for maintaining
sustainable agroecosystems. In Arbuscular Mycorrhizal Fungi in Agriculture-New Insights; IntechOpen: London, UK, 2022.

35. Lahlali, R.; Ezrari, S.; Radouane, N.; Belabess, Z.; Jiang, Y.; Mokrini, F.; Tahiri, A.; Peng, G. Bacillus spp.-Mediated drought
stress tolerance in plants: Current and future prospects. In Bacilli in Agrobiotechnology: Plant Stress Tolerance, Bioremediation, and
Bioprospecting; Springer International Publishing: Cham, Switzerland, 2022; pp. 487–518.

36. Bharti, C.; Fatima, T.; Mishra, P.; Verma, P.; Bhattacharya, A.; Alaylar, B.; Arora, N.K. Salt-tolerant endophytic Bacillus altitudinis
NKA32 with ACC deaminase activity modulates physiochemical mechanisms in rice for adaptation in saline ecosystem. Environ.
Sustain. 2024, 7, 231–249. [CrossRef]

37. Devi, P.; Kumar, P.; Dey, S.R.; Banik, D.; Kumar, G.; Mehta, C.M. Integrated omics approaches for nutrient stress management in
plants. In Current Omics Advancement in Plant Abiotic Stress Biology; Academic Press: Cambridge, MA, USA, 2024; pp. 93–117.

38. Misra, S.; Semwal, P.; Pandey, D.D.; Mishra, S.K.; Chauhan, P.S. Siderophore-producing Spinacia oleracea bacterial endophytes
enhance nutrient status and vegetative growth under iron-deficit conditions. J. Plant Growth Regul. 2024, 43, 1317–1330. [CrossRef]

39. Semwal, P.; Misra, S.; Misra, A.; Kar, S.; Majhi, B.; Mishra, S.K.; Srivastava, S.; Chauhan, P.S. Endophytic Bacillus strains enhance
biomass and bioactive metabolites of Gloriosa superba. Ind. Crops Prod. 2023, 204, 117296. [CrossRef]

40. Meena, M.; Mehta, T.; Nagda, A.; Yadav, G.; Sonigra, P. PGPR-mediated synthesis and alteration of different secondary metabolites
during plant-microbe interactions. In Plant-Microbe Interaction-Recent Advances in Molecular and Biochemical Approaches; Academic
Press: Cambridge, MA, USA, 2023; pp. 229–255.

41. Thakur, M.; Khushboo; Shah, S.; Kumari, P.; Kumar, M.; Vibhuti, R.K.; Pramanik, A.; Yadav, V.; Raina, M.; Negi, N.P.; et al.
Unlocking the Secrets of Rhizosphere Microbes: A New Dimension for Agriculture. Symbiosis 2024, 92, 305–322. [CrossRef]

42. Zhao, J.; Li, F.; Cao, Y.; Zhang, X.; Chen, T.; Song, H.; Wang, Z. Microbial extracellular electron transfer and strategies for
engineering electroactive microorganisms. Biotechnol. Adv. 2021, 53, 107682. [CrossRef] [PubMed]

43. Semwal, P.; Majhi, B.; Pandey, D.D.; Misra, S.; Mishra, S.K.; Chauhan, P.S. Agriwaste burning management through microbial
intervention. In Recent Trends in Solid Waste Management; Elsevier: Amsterdam, The Netherlands, 2023; pp. 333–347.

44. Janes-Bassett, V.; Blackwell, M.S.; Blair, G.; Davies, J.; Haygarth, P.M.; Mezeli, M.M.; Stewart, G. A meta-analysis of phosphatase
activity in agricultural settings in response to phosphorus deficiency. Soil Biol. Biochem. 2022, 165, 108537. [CrossRef]

45. Timofeeva, A.M.; Galyamova, M.R.; Sedykh, S.E. Plant growth-promoting bacteria of soil: Designing of consortia beneficial for
crop production. Microorganisms 2023, 11, 2864. [CrossRef]

https://doi.org/10.1007/s00299-024-03281-0
https://www.ncbi.nlm.nih.gov/pubmed/39023775
https://doi.org/10.1007/978-3-030-73507-4_12
https://doi.org/10.1007/s00284-023-03557-w
https://doi.org/10.1007/s00284-023-03441-7
https://doi.org/10.1007/s13213-018-1428-x
https://doi.org/10.1371/journal.pone.0262932
https://www.ncbi.nlm.nih.gov/pubmed/35120147
https://doi.org/10.1007/s42398-024-00316-w
https://doi.org/10.1007/s00344-023-11185-8
https://doi.org/10.1016/j.indcrop.2023.117296
https://doi.org/10.1007/s13199-024-00980-w
https://doi.org/10.1016/j.biotechadv.2020.107682
https://www.ncbi.nlm.nih.gov/pubmed/33326817
https://doi.org/10.1016/j.soilbio.2021.108537
https://doi.org/10.3390/microorganisms11122864


Int. J. Mol. Sci. 2025, 26, 4515 15 of 17

46. Ajinde, A.O.; Dayo-Olagbende, O.G.; Akpor, O.B. Direct and indirect mechanisms of growth promotion by plant growth
promoting rhizobacteria. In Proceedings of the 2024 International Conference on Science, Engineering, and Business for Driving
Sustainable Development Goals (SEB4SDG), Omu-Aran, Nigeria, 2–4 April 2024; pp. 1–16.

47. Fu, S.F.; Balasubramanian, V.K.; Chen, C.L.; Tran, T.T.; Muthuramalingam, J.B.; Chou, J.Y. The phosphate-solubilising fungi in
sustainable agriculture: Unleashing the potential of fungal biofertilisers for plant growth. Folia. Microbiol. 2024, 69, 697–712.
[CrossRef]

48. Yaghoubi, K.M.; Strafella, S.; Filannino, P.; Minervini, F.; Crecchio, C. Importance of Lactic Acid Bacteria as an Emerging Group of
Plant Growth-Promoting Rhizobacteria in Sustainable Agroecosystems. Appl. Sci. 2024, 14, 1798. [CrossRef]

49. Misra, S.; Chauhan, P.S. ACC deaminase-producing rhizosphere competent Bacillus spp. mitigate salt stress and promote Zea
mays growth by modulating ethylene metabolism. 3 Biotech 2020, 10, 119. [CrossRef]

50. Singh, P.; Singh, R.K.; Zhou, Y.; Wang, J.; Jiang, Y.; Shen, N.; Wang, Y.; Yang, L.; Jiang, M. Unlocking the strength of plant growth
promoting Pseudomonas in improving crop productivity in normal and challenging environments: A review. J. Plant Interact. 2022,
17, 220–238. [CrossRef]

51. Hamid, B.; Zaman, M.; Farooq, S.; Fatima, S.; Sayyed, R.Z.; Baba, Z.A.; Sheikh, T.A.; Reddy, M.S.; El Enshasy, H.; Gafur, A.; et al.
Bacterial plant biostimulants: A sustainable way towards improving growth, productivity, and health of crops. Sustainability 2021,
13, 2856. [CrossRef]

52. Yang, S.; Imran Ortas, I. Impact of mycorrhiza on plant nutrition and food security. J. Plant Nutr. 2023, 46, 3247–3272. [CrossRef]
53. Misra, S. Exploration of soil operative resistance factors: Modulators of plant Eco physiological responses. Proc. Indian Natl. Sci.

Acad. 2024, 1–4. [CrossRef]
54. Raza, A.; Tabassum, J.; Fakhar, A.Z.; Sharif, R.; Chen, H.; Zhang, C.; Ju, L.; Fotopoulos, V.; Siddique, K.H.; Singh, R.K.; et al. Smart

reprograming of plants against salinity stress using modern biotechnological tools. Crit. Rev. Biotechnol. 2023, 43, 1035–1062.
[CrossRef] [PubMed]

55. Muratova, A.; Golubev, S.; Romanova, V.; Sungurtseva, I.; Nurzhanova, A. Effect of heavy-metal-resistant PGPR inoculants on
growth, rhizosphere microbiome and remediation potential of miscanthus× giganteus in Zinc-contaminated Soil. Microorganisms
2023, 11, 1516. [CrossRef]

56. Gaur, N.; Dutta, D.; Singh, A.; Dubey, R.; Kamboj, D.V. Recent advances in the elimination of persistent organic pollutants by
photocatalysis. Front. Environ. Sci. 2022, 10, 872514. [CrossRef]

57. Akhtar, A.B.T.; Naseem, S.; Yasar, A.; Naseem, Z. Persistent organic pollutants (POPs): Sources, types, impacts, and their
remediation. In Environmental Pollution and Remediation; Springer: Singapore, 2021; pp. 213–246.

58. Anand, U.; Adelodun, B.; Cabreros, C.; Kumar, P.; Suresh, S.; Dey, A.; Ballesteros, F.; Bontempi, E. Occurrence, transformation,
bioaccumulation, risk and analysis of pharmaceutical and personal care products from wastewater: A review. Environ. Chem. Lett.
2022, 20, 3883–3904. [CrossRef]
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