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ABSTRACT: Rice (Oryza sativa L.) is central to global food security, yet its production systems remain highly
vulnerable to environmental pressures. Climate change is increasing the frequency and severity of abiotic stresses,
including drought, salinity, extreme temperatures, flooding, and heavy metal toxicity, which significantly reduce
global rice productivity. Conventional strategies, including breeding and genetic engineering, have improved stress
tolerance; however, their effectiveness is often constrained by long development timelines, complex genetic regulation,
and limited performance under multiple concurrent stresses. In this context, plant-associated microorganisms have
emerged as a sustainable and promising approach to enhancing rice plant resilience. This review synthesizes current
knowledge on beneficial microbes such as plant growth promoting rhizobacteria (PGPR), arbuscular mycorrhizal
fungi (AMF), endophytes, and cyanobacteria and their roles in mediating abiotic stress tolerance in rice. These
microorganisms enhance plant performance through diverse mechanisms, including modulation of phytohormone
balance, improved nutrient acquisition, maintenance of ion homeostasis, activation of antioxidant defense systems, and
induction of systemic tolerance. Furthermore, microbial interactions influence gene expression, signaling pathways,
and epigenetic regulation, thereby strengthening plant adaptive responses to environmental stress. This review also
highlights microbe-mediated mitigation of specific stresses and discusses key challenges, particularly inconsistent field
performance and the complexity of plant microbiome interactions. Emerging approaches such as omics technologies,
synthetic microbiome engineering, and artificial intelligence assisted microbial design offer new opportunities to
improve the reliability and scalability of microbe-based strategies for climate resilient rice production.

KEYWORDS: Abiotic stress tolerance; climate change adaptation; microbiome engineering; PGPR; plant–microbe
interactions; rice

1 Introduction

Rice (Oryza sativa L.) is one of the most important staple crops supporting global food security,
particularly in Asia [1,2]. Beyond its role as a major source of calories for billions of people, rice cultivation
sustains rural livelihoods, contributes significantly to the agricultural sector, and supports employment in
many developing countries [3]. Because rice is cultivated across diverse agroecosystems, its production
is highly sensitive to environmental fluctuations and climate-related stresses that directly affect yield
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stability and food availability [4,5]. At the same time, global warming has emerged as one of the most
critical environmental challenges facing human societies and ecosystems. Rising global temperatures and
associated climatic shifts are already influencing ecological balance, food systems, and socioeconomic
development worldwide [6–8]. Agricultural systems are particularly vulnerable to these changes because
crop productivity is strongly dependent on environmental factors such as temperature, precipitation patterns,
and atmospheric conditions [9–12]. Variability in these climatic drivers can disrupt crop phenology, increase
the frequency of extreme weather events, and alter the distribution of pests and diseases, ultimately reducing
crop productivity and quality [13]. Consequently, ensuring stable rice production under changing climatic
conditions has become a major priority for global food security.

Rice is highly sensitive to climatic fluctuations, particularly under abiotic stress conditions [14–16].
For instance, elevated temperatures during the flowering stage can induce spikelet sterility and reduce
grain formation, leading to substantial yield losses [17,18]. In addition, irregular precipitation patterns
associated with climate change increase the occurrence of both drought and flooding in major rice-growing
regions [19]. Long-term climate projections further suggest that each 1◦C rise in global temperature may
reduce rice yields by approximately 10% due to increased respiration rates and shortened grain-filling
periods [20–22]. These projections highlight the urgent need to develop climate-resilient rice production
systems capable of maintaining productivity under increasing environmental variability.

Abiotic stresses including drought, salinity, extreme temperature, and flooding represent major con-
straints to rice growth and productivity [14,23,24]. Drought stress affects approximately 23 million hectares
of rainfed rice annually and disrupts key physiological processes such as photosynthesis, stomatal reg-
ulation, and carbohydrate metabolism, ultimately leading to severe yield losses [25,26]. Salinity stress,
often intensified by sea-level rise and excessive irrigation, causes ionic toxicity and osmotic imbalance as
elevated sodium (Na+) concentrations interfere with potassium (K+) uptake, which is necessary for essen-
tial enzymatic functions [25,27]. These physiological disruptions collectively compromise plant growth,
development, and yield formation in rice.

Extreme temperature impairs rice metabolism and development [28]. Heat stress adversely affects pan-
icle development and pollination, whereas low temperatures delay germination and inhibit early seedling
growth [29]. Flooding and submergence reduce oxygen diffusion in the soil, forcing rice roots to rely on
anaerobic respiration, which significantly limits energy production [30]. In addition, heavymetal contamina-
tion resulting from industrial and agricultural activities introduces another layer of abiotic stress, inducing
oxidative damage and inhibiting nutrient uptake in rice plants [31,32]. Together, these abiotic stresses
represent major barriers to sustainable rice production under rapidly changing environmental conditions.

Conventional strategies for improving stress tolerance in rice have largely relied on traditional breeding
approaches [33,34]. While these programs have successfully produced several improved cultivars, they are
inherently time-consuming because they require multiple generations of selection and are often constrained
by complex genetic inheritance patterns and genotype–environment interactions [35,36]. Advances in
molecular breeding and marker-assisted selection have accelerated crop improvement; however, identifying
and stably integrating traits associated with abiotic stress tolerance remains challenging due to the polygenic
nature of stress responses [37,38]. Genetic engineering provides a more targeted approach by enabling the
introduction of stress-responsive genes and the manipulation of metabolic pathways involved in tolerance
mechanisms [39]. Nevertheless, the deployment of genetically modified crops is frequently limited by
regulatory constraints, biosafety concerns, and public acceptance challenges in many countries [40].
Moreover, most transgenic strategies focus on tolerance to individual stress factors, whereas crops in
natural environments typically experience multiple, interacting stresses simultaneously [41–43]. These
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limitations highlight the need for complementary and sustainable approaches to enhance crop resilience
under complex field conditions.

In this context, plant-associated microorganisms have emerged as promising biological resources for
improving crop tolerance to abiotic stress [44–46]. Beneficial microbes including plant growth–promoting
rhizobacteria (PGPR), endophytes, arbuscular mycorrhizal fungi (AMF), and cyanobacteria can enhance plant
performance throughmultiple mechanisms [47,48]. These include improving nutrient availability, producing
phytohormones, lowering stress-induced ethylene levels via 1-aminocyclopropane-1-carboxylate (ACC)
deaminase activity, and strengthening antioxidant defense systems [49,50]. Microbial-based strategies are
generally cost-effective, environmentally sustainable, and compatible with diverse rice genotypes, offering
significant advantages over conventional breeding and transgenic approaches [51–53].

Despite the growing body of literature on plant-associated microbes and their role in abiotic stress
tolerance, many existing reviews primarily focus on individual microbial groups or specific mechanisms
without providing an integrated perspective across multiple levels of plant–microbe interactions [51,54,55].
In addition, limited attention has been given to the comparative effectiveness of different microbial strategies
under varying environmental conditions and to the persistent gap between laboratory findings and field-
level performance [56,57]. Therefore, a more integrative and critically evaluative synthesis is needed to
better understand the complex interactions underlying microbe-mediated stress tolerance in rice.

In this context, the present review proposes an integrative framework linking microbial diversity,
functional mechanisms, and stress-specific plant responses within a unified conceptual perspective. Rather
than treating microbial taxa and mechanisms in isolation, this review synthesizes physiological, biochemical,
molecular, and ecological processes to provide a more holistic understanding of stress adaptation in rice.
Furthermore, the review critically evaluates field-level applicability and discusses emerging approaches,
including omics technologies, synthetic microbiomes, and artificial intelligence-assisted microbial design,
to support the development of climate-resilient rice production systems.

This review aims to synthesize current knowledge on the role of plant-associated microbes in enhancing
abiotic stress tolerance in rice. Specifically, it examines the structure and function of the rice microbiome,
key beneficial microbial groups involved in stress mitigation, and the underlying mechanisms governing
plant–microbe interactions. In addition, the review discusses microbial responses to specific abiotic stresses
and highlights emerging research directions, including the integration of omics technologies, synthetic
microbiome design, and gene-editing approaches to develop climate-resilient rice production systems.

2 Overview of Plant-Microbe Interactions in Rice

2.1 The Rice Microbiome: Rhizosphere, Endosphere, and Phyllosphere Communities

Rice plants harbor a complex and dynamic microbiome distributed across three primary ecological
niches: the rhizosphere, endosphere, and phyllosphere [58,59]. The rhizosphere microbiome, which develops
in the narrow zone of soil influenced by root exudates, contains diverse bacterial and fungal populations that
play essential roles in nutrient cycling, organic matter decomposition, and plant growth promotion [60,61].
Root exudates including sugars, amino acids, and secondary metabolites serve as chemical signals and
energy sources that selectively recruit beneficial microorganisms from the surrounding soil [62]. In contrast,
the endosphere microbiome comprises microorganisms that colonize internal plant tissues without causing
disease [63]. These endophytic microbes can directly influence plant metabolism, enhance tolerance to
environmental stress, and modulate host gene expression through complex biochemical interactions [64,65].
The phyllosphere, which encompasses the aerial surfaces of the plant, also supports diverse microbial
communities adapted to fluctuating environmental conditions such as temperature variability, ultraviolet
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radiation, and limited water availability [66]. Certain phyllosphere-associated bacteria contribute to plant
health by producing bioactive compounds and inducing systemic stress tolerance [67]. Collectively, these
microbial assemblages form an integrated plant–microbe system, often described as a holobiont, that
contributes to plant adaptation and resilience under stressful environmental conditions [68].

Beyond their spatial distribution, rice-associated microbial communities interact dynamically with
each other and with the host plant, forming interconnected networks that regulate plant health and
stress responses [59]. Communication among microbial populations across plant compartments can
occur through metabolite exchange, signaling molecules, and plant-mediated systemic responses [68].
For instance, root-associated beneficial microbes may influence aboveground microbial communities by
activating systemic signaling pathways that modify the composition of the leaf microbiome [69]. Beneficial
rhizobacteria are known to induce systemic resistance and reshape phyllosphere microbial assemblages,
thereby enhancing plant tolerance to both biotic and abiotic stresses, including drought and salinity [55].
These cross-compartment interactions emphasize that the rice microbiome functions as an integrated
ecological system rather than independent microbial niches [70].

2.2 Types of Beneficial Microbes

Beneficial microorganisms associated with rice plants play critical roles in enhancing plant growth,
nutrient acquisition, and tolerance to environmental stresses [64,71,72]. These microbes colonize different
plant-associated habitats including the rhizosphere, endosphere, and phyllosphere where they establish
complex interactions with plant tissues and influence multiple physiological processes [73]. Through
these interactions, microbial communities contribute to nutrient cycling, phytohormone production, and
improved plant resilience against abiotic stresses [72,74]. Consequently, plant-associated microbes are
increasingly recognized as sustainable biological resources for improving crop productivity while reducing
reliance on chemical fertilizers and other agricultural inputs [75].

Fungi represent an important component of the beneficial microbiome associated with rice plants,
particularly through symbiotic interactions with plant roots [76]. AMF form mutualistic associations with
plant roots that enhance nutrient uptake, especially phosphorus, by extending hyphal networks into the
surrounding soil beyond the root depletion zone [77]. These symbiotic fungi also contribute to improved
drought tolerance by increasing water uptake capacity and enhancing root system efficiency [78,79]. In
addition, fungal endophytes can produce diverse secondary metabolites that promote plant growth and
enhance tolerance to environmental stresses such as salinity, temperature extremes, and oxidative stress [80].

Bacteria also constitute a major group of beneficial microbes associated with rice plants, particularly
those categorized as PGPR [49,61]. These bacteria enhance plant growth through multiple mechanisms,
including phytohormone production, nutrient solubilization, and biological nitrogen fixation in the rhizo-
sphere [61]. Some PGPR strains produce ACC deaminase, an enzyme that lowers stress-induced ethylene
levels in plants and thereby improves tolerance to abiotic stresses such as drought and salinity [50,81]. In
addition, many rhizobacteria synthesize siderophores that facilitate iron acquisition and suppress competing
microorganisms in the soil [82].

A summary of the major functional roles of beneficial bacteria and fungi associated with rice plants
is presented in Table 1. These microorganisms contribute to plant growth and stress tolerance through
complementary mechanisms, highlighting their potential for sustainable crop management and climate-
resilient agricultural systems.
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Table 1: Functional roles of beneficial bacteria and fungi associated with rice plants.

Microbial Species Stress Types Mechanisms Observed Effects References

Bacillus subtilis Salinity stress

Antioxidant enzyme
activation, ion homeostasis
regulation, osmotic
adjustment

Improved chlorophyll
content, reduced oxidative
damage, enhanced salt
tolerance in rice

[83]

B. aryabhattai Salinity stress
Regulation of antioxidant
defense and photosynthetic
parameters

Enhanced Reactive oxygen
species (ROS) detoxification
and photosynthetic
efficiency under salt stress

[83]

B. amyloliquefaciens
SN13

Salinity stress

Modulation of
stress-responsive gene
expression and osmolyte
accumulation

Increased biomass, proline
accumulation, and salt
tolerance in rice

[84]

Pseudomonas fluorescens Drought stress ACC deaminase activity and
phytohormone production

Improved stress adaptation
and plant growth under
drought conditions

[85]

Lysinibacillus fusiformis Salinity stress
Regulation of antioxidant
system and
stress-responsive genes

Increased chlorophyll
content and stress tolerance
in rice

[86]

Brevibacterium
pityocampae

Salinity stress
Modulation of endogenous
hormones and antioxidant
activity

Enhanced growth and
physiological stability under
salt stress

[86]

2.3 Mechanisms of Interaction between Rice and Beneficial Microbes

Interactions between rice plants and beneficial microorganisms involve complex biochemical signaling
processes that regulate plant growth, development, and adaptation to environmental conditions [87,88].
When beneficial microbes colonize the rhizosphere or internal plant tissues, they communicate with host
cells through chemical signals that trigger various physiological responses [89]. These microbial signals can
influence plant hormonal balance, particularly pathways involving auxin, cytokinin, abscisic acid (ABA),
and ethylene, which play central roles in regulating plant growth and stress responses [81,90]. In rice
cultivation systems, microbial colonization has been reported to stimulate root development and improve
nutrient acquisition efficiency, thereby enhancing overall plant vigor and productivity [91].

Beyond nutrient exchange and antioxidant regulation, another important mechanism of plant–microbe
interaction is the induction of systemic responses that prepare plants to cope with future stress [65,92,93].
Beneficial microorganisms can trigger a physiological phenomenon known as microbial priming, in which
plants develop an enhanced capacity to respond rapidly and efficiently to subsequent environmental
stresses [94–97]. This priming effect strengthens plant defense readiness without imposing substantial
metabolic costs, allowing plants to maintain growth while increasing stress tolerance [79]. Overall, these
interaction mechanisms demonstrate how beneficial microorganisms function as key biological partners that
enhance rice resilience and support sustainable crop production under changing environmental conditions.

3 Microbial Mechanisms for Enhancing Abiotic Stress Tolerance in Rice

3.1 Physiological and Biochemical Modulation

Beneficial microorganisms enhance the physiological performance of rice plants under abiotic stress
by modulating plant growth processes and metabolic activities [74]. One of the most prominent effects
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of plant-associated microbes is the improvement of root system architecture, including increased root
length, branching, and surface area [52,98]. These changes enable plants to explore a larger soil volume for
water and nutrients under adverse environmental conditions [89]. PGPR, such as Azospirillum and Bacillus,
stimulate root development through the production of phytohormones, particularly indole-3-acetic acid
(IAA), which regulates cell elongation and root differentiation [99–102]. In addition, symbiotic fungi such as
AMF enhance nutrient acquisition by extending hyphal networks beyond the root depletion zone, thereby
increasing the uptake of essential nutrients including phosphorus and micronutrients under nutrient-limited
conditions [77].

Beneficial microbes also contribute to plant stress adaptation by modulating hormonal balance within
plant tissues [76]. Microbial production of plant hormones including auxins, gibberellins, cytokinins, and
ABA can influence plant growth patterns, stomatal regulation, and water-use efficiency during drought
and salinity stress [61]. These hormonal adjustments enable plants to maintain physiological stability and
sustain growth under unfavorable environmental conditions [103]. Furthermore, microbial interactions can
stimulate the accumulation of osmoprotectants such as proline, glycine betaine, and soluble sugars, which
protect cellular proteins and membranes from osmotic damage during water deficit or salinity stress [39].

Another important physiological mechanism involves the enhancement of antioxidant defense
systems [92,104]. Abiotic stresses often cause excessive accumulation of ROS, which can damage cel-
lular structures, lipids, proteins, and nucleic acids [105]. Beneficial microbes can increase the activity of
antioxidant enzymes such as superoxide dismutase, catalase, and peroxidase, thereby reducing oxidative
damage and maintaining cellular homeostasis [106]. Through these physiological and biochemical modifi-
cations, plant-associated microbes significantly enhance the capacity of rice plants to maintain growth and
metabolic stability under abiotic stress conditions.

3.2 Molecular and Genetic Regulation

Beyond physiological modulation, beneficial microbes enhance plant stress tolerance at the molecular
and genetic levels by regulating the expression of stress-responsive genes and signaling pathways [79].
Microbial colonization of plant roots can activate complex signaling networks that regulate gene expression
and coordinate adaptive responses to environmental stress [107]. These signaling pathways frequently
involve interactions with plant hormone signaling systems, calcium-mediated signaling, and mitogen-
activated protein kinase (MAPK) cascades that transmit stress signals from the site of microbial perception to
the plant nucleus [108]. As a result, plants undergo transcriptional reprogramming that supports metabolic
adjustments and improves tolerance to adverse environmental conditions.

Beneficial microbes can also influence the activity of key transcription factors involved in plant stress
responses [109]. Transcription factor families such as DREB (Dehydration Responsive Element Binding),
NAC, and WRKY play central roles in regulating gene networks associated with drought, salinity, and
temperature stress [110]. Microbial interactions may stimulate the expression of these transcription factors,
thereby activating downstream protective genes involved in osmotic regulation, antioxidant defense, and
cellular protection mechanisms [111]. Through such transcriptional regulation, plant-associated microbes
contribute to improved physiological stability and enhanced stress resilience in rice plants.

In addition to transcriptional regulation, recent studies suggest that beneficial microbes may influence
plant adaptation through epigenetic mechanisms [112,113]. Microbial associations can induce modifications
in DNA methylation patterns and histone structures that alter gene expression without changing the
underlying DNA sequence [114]. These epigenetic adjustments may contribute to the development of stress
memory, enabling plants to respond more efficiently to recurring environmental stress events [115]. Such
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molecular and epigenetic regulation highlights the long-term influence of microbial associations on plant
adaptation to environmental stress.

Several rice-specific stress-responsive genes have been reported to participate in microbe-mediated
abiotic stress tolerance pathways. Beneficial microorganisms can regulate transcription factors such as
OsDREB, OsWRKY, and OsNAC, which are associated with drought and salinity stress responses [116,117].
In saline environments, microbial inoculation has also been associated with the regulation of ion transporter
genes, including OsHKT1;5 and OsSOS1, which contribute to sodium exclusion and ion homeostasis in rice
plants [25]. These molecular responses collectively enhance osmotic adjustment, antioxidant defense, stress
signaling pathways, and overall plant adaptation under adverse environmental conditions [55].

3.3 Microbe-Derived Metabolites and Enzymes

Microbial metabolites and enzymes represent another important mechanism by which beneficial
microorganisms enhance plant tolerance to abiotic stress [118]. Many plant-associated microbes produce
siderophores specialized molecules that bind and mobilize iron thereby increasing its availability to plants in
iron-limited soils [81]. Through improving iron acquisition, siderophores help maintain essential metabolic
processes and reduce oxidative stress associated with nutrient imbalance in the rhizosphere.

Another keymicrobial enzyme involved in stress mitigation is ACC deaminase. This enzyme degrades the
ethylene precursor ACC, thereby reducing ethylene accumulation in plant tissues under stress conditions [50].
Elevated ethylene levels typically inhibit root elongation and overall plant growth during stress [119]. Con-
sequently, the activity of ACC deaminase allows plants to maintain root growth and nutrient uptake even
under severe environmental conditions [120]. Plants inoculated with ACC-deaminase-producing bacteria
frequently exhibit improved growth under drought, salinity, and heavy metal stress [121].

Beneficial microbes also produce extracellular polymers and signaling compounds that influence plant
stress tolerance [122]. Exopolysaccharides secreted by certain rhizobacteria improve soil aggregation,
enhance soil moisture retention, and mitigate sodium toxicity in saline soils [123]. Additionally, microbial
volatile organic compounds (VOCs) such as acetoin and 2,3-butanediol act as signaling molecules that
stimulate plant growth and activate stress-response pathways [124]. Together, these microbial metabo-
lites create a protective biochemical environment that supports plant growth and enhances resilience to
environmental stress.

3.4 Induced Systemic Tolerance (IST)

Induced systemic tolerance (IST) is a plant-wide adaptive response triggered by beneficial microorgan-
isms that enhances the ability of plants to withstand subsequent abiotic stress conditions [125]. During
microbial colonization, plants undergo physiological and molecular adjustments that prime their stress-
response systems, enabling faster and more effective reactions when environmental stress occurs [126].
This priming process often involves the accumulation of signaling molecules, activation of antioxidant
systems, and pre-conditioning of stress-responsive genes [127].

A key feature of IST is that it enhances plant stress tolerance without imposing substantial metabolic
costs on plant growth [128]. Primed plants maintain a heightened readiness of protective pathways,
allowing rapid activation of defense mechanisms when stress conditions arise [129]. Consequently, plants
exhibiting IST often show improved tolerance to drought, salinity, temperature extremes, and oxidative
stress compared with non-primed plants [130].

IST is conceptually related to other systemic plant defense responses, including induced systemic
resistance (ISR) and systemic acquired resistance (SAR), which primarily function in protection against
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pathogens [93]. In contrast, IST focuses on enhancing tolerance to abiotic stresses that frequently limit crop
productivity [107]. Given the increasing frequency and intensity of climate-related stresses in agricultural
systems, the ability of beneficial microbes to induce systemic tolerance represents a promising strategy for
improving the resilience of rice cultivation.

3.5 Comparative and Critical Analysis

While diverse microbial groups contribute to abiotic stress tolerance in rice, their effectiveness varies
significantly depending on environmental conditions, plant genotype, and interactions with native soil
microbiota [52,55]. PGPR, for instance, often exhibit rapid responses through phytohormone modulation,
ACC deaminase activity, and osmolyte regulation, making them particularly effective under short-term
stress conditions such as early-stage drought [50,131]. In contrast, AMF generally provide more stable
and long-term benefits by enhancing water uptake, improving nutrient acquisition, and maintaining soil
structure, especially in nutrient-deficient or saline soils [132].

However, comparative observations indicate that microbial performance is not always consistent across
environments because introduced inoculants frequently compete with indigenous microbial communities
under field conditions [56]. In addition, AMF colonization efficiency and functional performance are strongly
influenced by soil physicochemical properties and host compatibility, which may limit their effectiveness in
certain agroecosystems [133].

Furthermore, synergistic effects between microbial groups frequently reported under controlled condi-
tions are often inconsistent in field environments, reflecting the complexity of plant–microbe–environment
interactions [134]. These inconsistencies highlight the importance of adopting a context-dependent ap-
proach to microbial application rather than relying solely on single-strain inoculants [135–137].

Recent studies suggest that functionally complementary microbial consortia may provide more stable
and reliable performance across diverse environmental conditions [138,139]. Therefore, future studies
should prioritize comparative evaluation under realistic agricultural conditions and integrate ecological,
physiological, and molecular perspectives to better understand the determinants of microbial effectiveness
in rice agroecosystems.

4 Comparative Effectiveness under Different Abiotic Stresses

4.1 Drought Stress

Drought is one of themost severe environmental constraints limiting rice growth and productivity [79]. Wa-
ter deficit reduces photosynthetic activity, restricts nutrient transport, and disrupts cellular metabolism [140].
Under prolonged drought conditions, plants exhibit reduced stomatal conductance, oxidative stress, and
metabolic imbalance that ultimately lead to significant yield losses [140]. Beneficial microorganisms can mit-
igate these adverse effects by improving root architecture, enhancing osmotic adjustment, and stimulating
antioxidant defense systems [79,140]. PGPR stimulate the development of longer and more branched root
systems, enabling plants to explore deeper soil layers for water and nutrients [111]. In addition, microbial
inoculation often increases the accumulation of osmoprotectants such as proline and soluble sugars, which
stabilize cellular structures and maintain turgor pressure during water deficit [141]. These physiological
and biochemical adjustments allow rice plants to sustain growth even under limited water availability.

Several microbial species have been identified as key contributors to drought tolerance in rice. A.
brasilense is widely recognized for its ability to produce IAA, which stimulates root elongation and increases
root surface area for water absorption [102]. Similarly, B. subtilis enhances drought tolerance by producing
extracellular polymers that improve soil water retention around the root zone [142]. Endophytic bacteria
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such as Enterobacter cloacae also contribute to drought resilience by promoting proline accumulation and
activating antioxidant enzymes in plant tissues [29]. In addition to bacteria, AMF such as Rhizophagus
irregularis extend hyphal networks into surrounding soil, effectively increasing the plant’s absorptive
surface area and improving water-use efficiency during drought stress [78].

4.2 Salinity Stress

Salinity stress represents a major abiotic constraint affecting rice cultivation, particularly in coastal
and irrigated agricultural systems [143]. High concentrations of sodium ions disrupt cellular ion homeosta-
sis, inhibit enzyme activity, and induce osmotic stress that restricts plant growth and productivity [143].
Beneficial microorganisms can alleviate salinity stress through multiple mechanisms, including maintaining
ion balance, enhancing osmolyte production, and activating antioxidant defense pathways [143]. Microbial
inoculation can increase the expression of plant transporters responsible for maintaining Na+/K+ balance
in plant tissues, which is essential for sustaining cellular metabolism under saline conditions [144]. Fur-
thermore, microbes may produce compatible solutes such as trehalose and glycine betaine that stabilize
proteins and cellular membranes during osmotic stress [123].

Various salt-tolerant microbes have been reported to enhance salinity tolerance in rice. P. fluorescens
improves plant tolerance by producing exopolysaccharides that bind sodium ions in the rhizosphere,
thereby reducing their uptake by plant roots [145]. Likewise, B. amyloliquefaciens can regulate plant ion
transport and increase potassium accumulation, helping maintain ionic balance under salt stress [146].
Endophytic bacteria such asHalomonas spp. also contribute to salt tolerance by synthesizing osmoprotective
compounds and stimulating antioxidant enzyme systems [147]. In addition, arbuscular mycorrhizal fungi
such as Funneliformis mosseae improve phosphorus uptake and membrane stability, thereby supporting
plant growth under saline conditions [148]. Collectively, these microbial interactions help maintain ionic
homeostasis and physiological stability in rice plants exposed to saline environments.

4.3 Temperature Stress

Extreme temperature, including both heat and cold stress, can severely disrupt rice growth by affecting
enzyme activity, membrane stability, and reproductive development [18]. Heat stress often leads to protein
denaturation and oxidative damage, whereas cold stress interferes with membrane fluidity and metabolic
processes [18]. Beneficial microorganisms can mitigate these effects by activating stress-responsive signal-
ing pathways and strengthening antioxidant defense systems [149]. Microbial interactions may stimulate
the production of heat shock proteins and protective metabolites that help plants maintain cellular home-
ostasis under temperature stress [46]. Additionally, microbial metabolites can regulate hormonal signaling
pathways that facilitate plant acclimation to fluctuating temperature [150].

Several microbial species have been identified as contributors to temperature stress tolerance [151].
B. cereus has been reported to enhance heat tolerance in rice by increasing antioxidant enzyme activity
and stabilizing cellular membranes under elevated temperatures [152]. Similarly, P. putida produces
volatile organic compounds that activate systemic stress responses and protect plants from heat-induced
oxidative damage [153]. In cold environments, fungal endophytes such as T. harzianum promote the
expression of cold-responsive genes and stimulate the accumulation of protective metabolites within plant
tissues [154]. Another example is the endophytic fungus Piriformospora indica, which enhances cold
tolerance by regulating antioxidant pathways and improving nutrient uptake efficiency [155,156].
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4.4 Flooding and Submergence Stress

Flooding and submergence frequently occur in rice-growing regions, particularly in lowland paddy
ecosystems [157]. These conditions drastically reduce oxygen availability in the soil, forcing plants to rely
on anaerobic metabolism that limits energy production and root growth [158]. Prolonged flooding can also
result in the accumulation of toxic compounds such as reduced iron and sulfide in the rhizosphere [159].
Beneficial microbes present in flooded soils can help alleviate these stresses by facilitating nutrient cycling,
improving redox balance, and supporting plant metabolic adaptation [159]. Microbial communities also
contribute to nitrogen fixation and organic matter decomposition, which help maintain soil fertility under
anaerobic conditions [72,160].

Several microbial groups play important roles in supporting rice growth under submerged conditions [29].
Cyanobacteria such as Anabaena and Nostoc are capable of fixing atmospheric nitrogen and supplying
bioavailable nitrogen to rice plants in flooded environments [161]. Nitrogen-fixing bacteria including
Azotobacter and Azospirillum also contribute to nutrient availability and stimulate root growth even under
low-oxygen conditions [49]. Some rhizobacteria, such as Enterobacter spp., produce ACC deaminase that
reduces ethylene accumulation in plant tissues, thereby preventing the inhibition of root growth under hy-
poxic stress [162]. Additionally, certain anaerobic bacteria assist in maintaining soil redox balance, reducing
the accumulation of toxic compounds that could otherwise damage plant roots during prolonged flooding.

4.5 Heavy Metal and Oxidative Stress

Heavy metal contamination in agricultural soils poses a significant threat to rice production and food
safety [163]. Toxic metals such as cadmium (Cd), arsenic (As), and lead (Pb) can accumulate in plant tissues,
disrupt enzymatic processes, and induce severe oxidative stress [163]. Beneficial microorganisms can
reduce heavy metal toxicity through several mechanisms, including immobilizing metals in the rhizosphere,
enhancing antioxidant defenses, and modifying plant metal uptake pathways [163]. Many microbes produce
metal-chelating compounds that bind toxic ions and prevent their entry into plant tissues [164]. In addition,
microbial inoculation often enhances the activity of antioxidant enzymes that detoxify reactive oxygen
species generated during metal stress [165].

Several microbial species have demonstrated strong potential for mitigating heavy metal toxicity
in rice systems [166,167]. B. megaterium has been reported to reduce cadmium accumulation in rice by
producing extracellular polymers that immobilize metal ions in the soil [168]. Similarly, P. aeruginosa
produces siderophores that bind heavy metals and decrease their bioavailability to plants [169]. Fungal
species such as Aspergillus niger can adsorb heavy metals on their cell surfaces, thereby reducing metal
uptake by plant roots [170]. Another beneficial fungus, Trichoderma asperellum, enhances antioxidant
enzyme activity and improves plant tolerance to metal-induced oxidative stress [71,171]. Through these
mechanisms, microbial partners play a crucial role in protecting rice plants from heavy metal toxicity and
maintaining productivity in contaminated soils.

5 Field-Level Challenges and Ecological Constraints

Although plant-associated microorganisms offer promising strategies for enhancing abiotic stress
resilience in rice, several scientific and practical challenges must be addressed before microbial technologies
can be widely integrated into climate-smart agricultural systems [172]. One of the primary challenges is the
inconsistency between laboratory results and field performance, which often limits the large-scale adoption
of microbial bioinoculants [173,174]. Microbial efficacy observed under controlled conditions may not
always translate into similar outcomes under natural field environments due to environmental variability
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and the complexity of soil ecosystems [175]. Another major challenge is the intricate nature of microbial
interactions within natural soil microbiomes [176]. Introduced microbial inoculants frequently compete
with indigenous microorganisms, struggle to establish stable populations, or lose functional efficiency
under fluctuating environmental conditions [55].

The complexity of these interactions is illustrated in Fig. 1, which summarizes the major compartments
of the rice microbiome and highlights the multiple signaling and functional relationships between plants
and beneficial microorganisms [177]. These interactions include nutrient exchange, hormone regulation,
stress signaling, and activation of plant defense pathways that collectively enhance plant adaptation to
environmental stresses [178].

In addition, the development and commercialization of microbial technologies require comprehensive
regulatory frameworks, standardized quality control systems, and scalable production methods to ensure
product stability and reliability [54,179]. Addressing these challenges will require integrated research
efforts combining microbiology, plant science, agronomy, ecology, and computational biology [180]. Future
strategies are expected to incorporate advanced omics technologies, genome editing tools, ecological
engineering, and artificial intelligence to design next-generation microbial consortia tailored for diverse
rice-growing environments [181]. Such multidisciplinary approaches will be essential for unlocking the
full potential of plant-associated microbes as tools for improving climate resilience and sustainable rice
production [172].

Figure 1: Overview of plant–microbe interactions in rice and their role in abiotic stress tolerance (Adapted from
Muhammad et al. [182], the journal does not require permission to use the materials).
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5.1 Challenges in Translating Laboratory Success to Field Performance

One of the most persistent challenges in microbe-based agricultural technologies is the considerable
gap between laboratory findings and field performance [174]. Under controlled laboratory or greenhouse
conditions, microbial inoculants often demonstrate strong plant growth–promoting and stress-mitigating
effects due to stable temperature regimes, adequate nutrient availability, and the absence of competing
microbial populations [55]. However, natural field environments present a far more complex and dynamic
system characterized by soil heterogeneity, fluctuating temperature and moisture conditions, nutrient
variability, pathogen pressure, and intense competition from native microbial communities [183].

One of the most persistent challenges in microbe-based agricultural technologies is the considerable
gap between laboratory findings and field performance [184]. Under controlled laboratory or greenhouse
conditions, microbial inoculants often demonstrate strong plant growth–promoting and stress-mitigating
effects due to stable temperature regimes, adequate nutrient availability, and the absence of competing
microbial populations [55]. However, natural field environments present a far more complex and dynamic
system characterized by soil heterogeneity, fluctuating temperature and moisture conditions, nutrient
variability, pathogen pressure, and intense competition from native microbial communities [183].

Although many microbial inoculants demonstrate promising results under laboratory and greenhouse
conditions, their performance often becomes less predictable when applied under field environments [54,56].
Environmental heterogeneity, including variations in soil physicochemical properties, climatic conditions,
agricultural management practices, and interactions with indigenous microbial communities, can substan-
tially influence microbial establishment and functionality [55,103]. As a result, translating experimental
success into consistent field performance remains one of the major challenges in the development of
microbial-based technologies for sustainable rice production [61,83].

5.2 Comparative Effectiveness of Different Microbial Groups

Different groups of beneficial microorganisms contribute to abiotic stress tolerance through distinct yet
complementary mechanisms [54,55]. PGPR enhance plant performance through phytohormone production,
ACC deaminase activity, nutrient solubilization, and modulation of plant stress-responsive pathways [52,55].
AMF improve nutrient acquisition, water-use efficiency, and soil aggregation, thereby enhancing plant
resilience under adverse environmental conditions [185]. Endophytic microorganisms colonize internal
plant tissues and regulate physiological and molecular processes associated with stress adaptation [186,187].
Cyanobacteria contribute to biological nitrogen fixation and long-term improvements in soil fertility, which
can indirectly strengthen crop tolerance to environmental stressors [188,189].

Despite their demonstrated benefits, no single microbial group consistently outperforms others across
all abiotic stress conditions and agroecosystems [190,191]. The efficacy of microbial inoculants is highly
dependent on environmental conditions, host genotype, soil characteristics, and stress intensity [192]. For
example, PGPR often provide rapid physiological benefits through phytohormone production and ACC
deaminase activity, but their effectiveness may decline under field conditions due to limited persistence
and competition with indigenous microbial communities [56]. In contrast, AMF generally exhibit greater
stability in improving nutrient and water acquisition, although their performance can be constrained by
soil properties and host compatibility [63]. Similarly, endophytes can directly modulate stress-responsive
pathways within plant tissues, yet the mechanisms underlying their long-term establishment and functional
stability remain insufficiently understood [193].

Although numerous studies have reported positive effects of microbial inoculants on rice toler-
ance to abiotic stress, considerable variability persists among experimental systems and environmental
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settings [194,195]. Benefits observed under controlled greenhouse conditions are often reduced under
field conditions because of environmental fluctuations, soil heterogeneity, and interactions with native
microbial populations [196,197]. Furthermore, microbial strains that are highly effective against a specific
stress factor may exhibit limited performance under different stress scenarios, highlighting the context-
dependent nature of microbial-mediated stress tolerance [198]. These limitations underscore the need to
better understand ecological compatibility, microbial persistence, and functional stability under realistic
agricultural conditions.

Collectively, current evidence suggests that microbial-mediated stress tolerance is governed by com-
plex interactions among plant genotype, microbial traits, and environmental factors. Consequently, the
development of functionally complementary microbial consortia may offer greater resilience, stability, and
adaptability than single-strain inoculants under field conditions [199–201]. Future research should there-
fore focus on mechanistic investigations, long-term field validation, and the optimization of multi-species
inoculants to improve the reliability, scalability, and practical application of microbial-based technologies
for sustainable rice production.

5.3 Ecological and Technical Constraints in Field Application

One of the major limitations in the application of beneficial microbes for rice production is the incon-
sistency between laboratory efficacy and field-level performance [56]. Under field conditions, introduced
microbial inoculants must compete with indigenous microbial communities that are already well adapted
to local environmental, often limiting microbial establishment and persistence in the rhizosphere [103].

Environmental variability, including differences in soil type, pH, temperature, moisture availability,
and agricultural management practices, can also influence microbial survival, colonization efficiency, and
functional activity [52]. In addition, the effectiveness of microbial inoculants is strongly influenced by
formulation quality and delivery methods because poor carrier materials, limited shelf life, and inadequate
application techniques may reduce microbial viability before reaching the target plant environment [202].

Host genotype dependency further complicates microbial application, as different rice cultivars may
exhibit variable compatibility with specific microbial strains, leading to inconsistent physiological responses
under stress conditions [55]. Moreover, microbial interactions that appear synergistic under controlled
greenhouse conditions may become unstable in open-field ecosystems due to fluctuating environmental
pressures and complex ecological interactions [133].

These challenges indicate that successful field application of beneficial microorganisms requires not
only effective microbial strains but also a deeper understanding of ecological adaptability, formulation
technology, and host–microbe compatibility under realistic agricultural environments. Therefore, future
research should prioritize long-term multi-location field trials and the development of robust microbial
consortia capable of maintaining functional stability across diverse agroecosystems [20,139].

5.4 Microbiome-Host Genotype Interactions and Commercialization Challenges

Microbiome–host genotype interactions represent another important challenge in microbial-based rice
agriculture because different rice cultivars may respond differently to the same microbial inoculants [203,204].
Variations in root exudate composition, root architecture, nutrient acquisition strategies, and plant immune
signaling pathways can influence microbial colonization and functionality [205,206]. Consequently, micro-
bial strains that improve stress tolerance in one rice genotype may not necessarily produce similar benefits
in other cultivars [207].
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In addition to genotype dependency, biosafety assessment and regulatory approval remain important
considerations for the large-scale deployment of microbial products [208,209]. Introduced microorganisms
may alter indigenous microbial communities or interact with non-target organisms, necessitating long-term
ecological evaluations before commercialization [210,211]. Furthermore, formulation stability, production
costs, storage requirements, and quality control challenges continue to constrain commercial develop-
ment and adoption [212]. Addressing these limitations will require genotype-specific microbial selection,
standardized biosafety frameworks, and improved formulation technologies to enhance the reliability and
scalability of microbial-based solutions for sustainable rice production systems.

5.5 Future Directions

Future advances in microbe-assisted rice stress management are expected to rely on emerging technolo-
gies that optimize microbial communities and enhance their functional performance [212]. One promising
approach is the development of synthetic microbiomes, in which carefully selected microbial strains are
combined to form stable and synergistic consortia capable of providing multiple beneficial functions si-
multaneously [213–215]. Unlike single-strain inoculants, synthetic microbial communities can perform
complementary roles such as nutrient mobilization, hormone regulation, stress signal modulation, and
detoxification of harmful compounds [216]. This functional diversity may improve the stability and consis-
tency of microbial performance under field conditions [217]. Recent progress in microbiome engineering
has further demonstrated that rationally assembled microbial consortia can be designed based on functional
traits rather than taxonomic identity, enabling more predictable plant growth–promoting outcomes and
improved stress resilience in rice systems [218–221]. Another transformative approach involves the applica-
tion of CRISPR-based genome editing technologies to engineer microbial strains with enhanced beneficial
traits [222]. Genome editing can enable precise modifications that improve stress-related metabolite produc-
tion, colonization efficiency, or compatibility with specific rice cultivars [200]. Such engineered microbes
may provide more targeted and efficient plant growth–promoting functions under stressful conditions [223].
In addition to microbial engineering, CRISPR technologies have increasingly been explored to manipulate
plant–microbe interactions through targeted modification of signaling pathways, root exudate composition,
and microbial recognition mechanisms that influence rhizosphere assembly and stress adaptation [224–227].
These approaches may improve the establishment and persistence of beneficial microbial communities
under fluctuating environmental conditions while enhancing rice tolerance to drought, salinity, flooding,
and temperature stress [215,221,228].

Artificial intelligence (AI) and machine learning technologies are also emerging as powerful tools for
microbial discovery and optimization [229]. By analyzing large omics datasets and environmental variables,
AI algorithms can predict microbial functional traits, identify promising microbial candidates, and design
optimized microbial consortia for specific soil types or climatic conditions [171]. When integrated with
ecological engineering and climate modeling approaches, these technologies may enable the development of
next-generation microbial solutions capable of sustaining rice productivity under increasingly challenging
environmental conditions [230–232]. Nevertheless, despite promising laboratory and greenhouse results,
large-scale field application of microbial inoculants often faces substantial ecological and environmental
constraints, including microbial competition with native microbiota, inconsistent colonization efficiency,
environmental variability, soil physicochemical heterogeneity, and limited persistence under field condi-
tions [51,56]. These limitations contribute to inconsistent inoculation performance across locations and
seasons, highlighting the need for long-term field validation and region-specific microbial formulation
strategies [233,234]. Furthermore, emerging evidence suggests that microbiome-mediated epigenetic regu-
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lation may play an important role in enhancing plant stress memory and adaptive responses through DNA
methylation, histone modification, and small RNA-mediated pathways [235–238]. Understanding these
microbiome-driven epigenetic mechanisms could provide new opportunities for developing durable and
climate-resilient rice production systems in the future.

6 Conclusion

Beneficial microorganisms play important roles in enhancing rice tolerance to abiotic stresses through
diverse physiological, biochemical, and molecular mechanisms. PGPR, AMF, endophytes, and other ben-
eficial microbial groups contribute to stress adaptation by regulating phytohormone balance, nutrient
acquisition, antioxidant defense systems, osmotic adjustment, and stress-responsive gene expression.

Recent advances in microbiome research, multi-omics technologies, and microbiome engineering
have significantly improved our understanding of plant–microbe interactions and their potential applica-
tions in climate-resilient rice production systems. However, despite promising laboratory and greenhouse
results, the large-scale agricultural application of microbial inoculants remains constrained by incon-
sistent field performance, ecological variability, host genotype dependency, formulation instability, and
regulatory challenges.

Future research should therefore prioritize long-term field validation, development of functionally
stable microbial consortia, integration of multi-omics approaches, and genotype-specific microbial appli-
cation strategies under diverse agroecosystems. In addition, greater attention should be directed toward
biosafety assessment, formulation technology, and ecological sustainability to improve the reliability and
commercialization potential of microbial-based agricultural products. Overall, integrating beneficial mi-
croorganisms into sustainable rice cultivation systems represents a promising strategy to improve crop
resilience, reduce dependence on chemical inputs, and support global food security under increasingly
challenging climate conditions.

Acknowledgement: The authors express their gratitude to Universitas Padjadjaran for the generous financial
support for this review project.

Funding Statement: This research was funded by Universitas Padjadjaran through the Indonesian Endowment
Fund for Education (LPDP) on behalf of the Indonesian Ministry of Higher Education, Science and Technology and
managed under the EQUITY Program (Contract No. 4303/B3/DT.03.08/2025 and 3927/UN6. RKT/HK.07.00/2025).

Author Contributions: Conceptualization, Syadza Ghaidha Ramadhan, Febri Doni; Project management, Febri
Doni; Writing—original draft, Syadza Ghaidha Ramadhan; Writing—review & editing, Syadza Ghaidha Ramadhan,
Nia Rossiana, Dedat Prismantoro, Thomas Argyarich Jefferson, Malvin Albert, Irvan Satria, Mia Miranti, Mehrdad
Alizadeh, Kumudini Belur Satyan, Febri Doni. All authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: Not applicable.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Muthayya S, Sugimoto JD, Montgomery S, Maberly GF. An overview of global rice production, supply, trade,
and consumption. Ann N Y Acad Sci. 2014;1324:7–14. [CrossRef].

2. Asma J, Subrahmanyam D, Krishnaveni D. The global lifeline: a staple crop sustaining two-thirds of the world’s
population. Agric Arch. 2023;2(3):15–8. [CrossRef].

https://doi.org/10.1111/nyas.12540
https://doi.org/10.51470/agri.2023.2.3.15


16 Phyton-Int J Exp Bot. 2026;95(7):2

3. Bandumula N. Rice production in Asia: key to global food security. Proc Natl Acad Sci Ind Sect B Biol Sci.
2018;88(4):1323–8. [CrossRef].

4. Khush GS. Strategies for increasing the yield potential of cereals: case of rice as an example. Plant Breed.
2013;132(5):433–6. [CrossRef].

5. Rizwanullah M, Yang A, Nasrullah M, Zhou X, Rahim A. Resilience in maize production for food security:
evaluating the role of climate-related abiotic stress in Pakistan. Heliyon. 2023;9(11):e22140. [CrossRef].

6. Vermeulen SJ, Campbell BM, Ingram JSI. Climate change and food systems. Annu Rev Environ Resour.
2012;37:195–222. [CrossRef].

7. Boakes EH, Dalin C, Etard A, Newbold T. Impacts of the global food system on terrestrial biodiversity from land
use and climate change. Nat Commun. 2024;15(1):5750. [CrossRef].

8. Tovar-Ortiz SA, Rodriguez-Gonzalez PT, Tovar-Gómez R. Modeling the impact of global warming on ecosystem
dynamics: a compartmental approach to sustainability. World. 2024;5(4):1077–100. [CrossRef].

9. Wang SL, Olver R, Bonin D. Sustainable crop farm productivity: weather effects, technology adoption, and farm
management. Sustainability. 2025;17(15):6778. [CrossRef].

10. Yang X, Jia P, Hou Q, Zhu M. Quantitative sensitivity of crop productivity and water productivity to precipitation
during growth periods in the Agro-Pastoral Ecotone of Shanxi Province, China, based on APSIM. Agric Water
Manag. 2023;283:108309. [CrossRef].

11. Li C, Camac J, Robinson A, Kompas T. Predicting changes in agricultural yields under climate change scenarios
and their implications for global food security. Sci Rep. 2025;15:2858. [CrossRef].

12. Asseng S, Ewert F, Martre P, Rötter RP, Lobell DB, Cammarano D, et al. Rising temperatures reduce global wheat
production. Nat Clim Change. 2015;5(2):143–7. [CrossRef].

13. Wheeler T, von Braun J. Climate change impacts on global food security. Science. 2013;341(6145):508–13.
[CrossRef].

14. Rasheed R, Ashraf MA, Iqbal M, Hussain I, Akbar A, Farooq U, et al. Major constraints for global rice production:
changing climate, abiotic and biotic stresses. In: Rice research for quality improvement: genomics and genetic
engineering. Singapore: Springer; 2020. p. 15–45. [CrossRef].

15. Jagadish SVK, Septiningsih EM, Kohli A, Thomson MJ, Ye C, Redoña E, et al. Genetic advances in adapting rice
to a rapidly changing climate. J Agron Crop Sci. 2012;198(5):360–73. [CrossRef].

16. Jagadish SVK, Muthurajan R, Oane R, Wheeler TR, Heuer S, Bennett J, et al. Physiological and proteomic
approaches to address heat tolerance during anthesis in rice (Oryza sativa L.). J Exp Bot. 2010;61(1):143–56.
[CrossRef].

17. Jagadish SVK, Craufurd PQ, Wheeler TR. High temperature stress and spikelet fertility in rice (Oryza sativa L.).
J Exp Bot. 2007;58(7):1627–35. [CrossRef].

18. Arshad MS, Farooq M, Asch F, Krishna JSV, Vara Prasad PV, Siddique KHM. Thermal stress impacts reproductive
development and grain yield in rice. Plant Physiol Biochem. 2017;115:57–72. [CrossRef].

19. Lesk C, Rowhani P, Ramankutty N. Influence of extreme weather disasters on global crop production. Nature.
2016;529(7584):84–7. [CrossRef].

20. Saud S, Wang D, Fahad S, Alharby HF, Bamagoos AA, Mjrashi A, et al. Comprehensive impacts of climate change
on rice production and adaptive strategies in China. Front Microbiol. 2022;13:926059. [CrossRef].

21. Hussain S, Huang J, Huang J, Ahmad S, Nanda S, Anwar S, et al. Rice production under climate change:
adaptations and mitigating strategies. In: Environment, climate, plant and vegetation growth. Cham, Switzerland:
Springer International Publishing; 2020. p. 659–86. [CrossRef].

22. Korres NE, Norsworthy JK, Burgos NR, Oosterhuis DM. Temperature and drought impacts on rice production:
an agronomic perspective regarding short- and long-term adaptation measures. Water Resour Rural Dev.
2017;9:12–27. [CrossRef].

23. Kumar A, Bernier J, Verulkar S, Lafitte HR, Atlin GN. Breeding for drought tolerance: direct selection for yield,
response to selection and use of drought-tolerant donors in upland and lowland-adapted populations. Field
Crops Res. 2008;107(3):221–31. [CrossRef].

24. Fahad S, Bajwa AA, Nazir U, Anjum SA, Farooq A, Zohaib A, et al. Crop production under drought and heat
stress: plant responses and management options. Front Plant Sci. 2017;8:1147. [CrossRef].

25. Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol. 2008;59:651–81. [CrossRef].

https://doi.org/10.1007/s40011-017-0867-7
https://doi.org/10.1111/pbr.1991
https://doi.org/10.1016/j.heliyon.2023.e22140
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1038/s41467-024-49999-z
https://doi.org/10.3390/world5040054
https://doi.org/10.3390/su17156778
https://doi.org/10.1016/j.agwat.2023.108309
https://doi.org/10.1038/s41598-025-87047-y
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1126/science.1239402
https://doi.org/10.1007/978-981-15-4120-9_2
https://doi.org/10.1111/j.1439-037x.2012.00525.x
https://doi.org/10.1093/jxb/erp289
https://doi.org/10.1093/jxb/erm003
https://doi.org/10.1016/j.plaphy.2017.03.011
https://doi.org/10.1038/nature16467
https://doi.org/10.3389/fmicb.2022.926059
https://doi.org/10.1007/978-3-030-49732-3_26
https://doi.org/10.1016/j.wrr.2016.10.001
https://doi.org/10.1016/j.fcr.2008.02.007
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.1146/annurev.arplant.59.032607.092911


Phyton-Int J Exp Bot. 2026;95(7):2 17

26. Fahad S, Adnan M, Noor M, Arif M, Alam M, Ali Khan I, et al. Major constraints for global rice production. In:
Advances in rice research for abiotic stress tolerance. Amsterdam, The Netherlands: Elsevier; 2019. p. 1–22.
[CrossRef].

27. Wakeel A. Potassium–sodium interactions in soil and plant under saline-sodic conditions. Z Pflanzenernähr
Bodenk. 2013;176(3):344–54. [CrossRef].

28. Hussain S, Khaliq A, Ali B, Hussain HA, Qadir T, Hussain S. Temperature extremes: impact on rice growth and
development. In: Plant abiotic stress tolerance. Cham, Switzerland: Springer International Publishing; 2019.
p. 153–71. [CrossRef].

29. NaveedM,HussainMB, Zahir ZA,Mitter B, Sessitsch A. Drought stress amelioration inwheat through inoculation
with Burkholderia phytofirmans strain PsJN. Plant Growth Regul. 2014;73(2):121–31. [CrossRef].

30. Miro B, Ismail AM. Tolerance of anaerobic conditions caused by flooding during germination and early growth
in rice (Oryza sativa L.). Front Plant Sci. 2013;4:269. [CrossRef].

31. Rajkumar M, Ae N, Freitas H. Endophytic bacteria and their potential to enhance heavy metal phytoextraction.
Chemosphere. 2009;77(2):153–60. [CrossRef].

32. Mansoor S, Ali A, Kour N, Bornhorst J, AlHarbi K, Rinklebe J, et al. Heavy metal induced oxidative stress
mitigation and ROS scavenging in plants. Plants. 2023;12(16):3003. [CrossRef].

33. Sabar M, Mustafa SE, Ijaz M, Khan RAR, Shahzadi F, Saher H, et al. Rice breeding for yield improvement through
traditional and modern genetic tools. Ejeba. 2024;1(1):14–9. [CrossRef].

34. Haque MA, Rafii MY, Yusoff MM, Ali NS, Yusuff O, Datta DR, et al. Advanced breeding strategies and future
perspectives of salinity tolerance in rice. Agronomy. 2021;11(8):1631. [CrossRef].

35. Tester M, Langridge P. Breeding technologies to increase crop production in a changing world. Science.
2010;327(5967):818–22. [CrossRef].

36. Cobb JN, DeClerck G, Greenberg A, Clark R, McCouch S. Next-generation phenotyping: requirements and
strategies for enhancing our understanding of genotype–phenotype relationships and its relevance to crop
improvement. Theor Appl Genet. 2013;126(4):867–87. [CrossRef].

37. Collard BCY, MacKill DJ. Marker-assisted selection: an approach for precision plant breeding in the twenty-first
century. Philos Trans Biol Sci. 2008;363(1491):557–72. [CrossRef].

38. Mapari AR, Mehandi S. Enhancing crop resilience: advances and challenges in marker-assisted selection for
disease resistance. J Adv Biol Biotechnol. 2024;27(7):569–80. [CrossRef].

39. Ashraf M, Foolad MR. Roles of Glycine betaine and proline in improving plant abiotic stress resistance. Environ
Exp Bot. 2007;59(2):206–16. [CrossRef].

40. Qaim M. Role of new plant breeding technologies for food security and sustainable agricultural development.
Appl Eco Perspect Pol. 2020;42(2):129–50. [CrossRef].

41. Mittler R. Abiotic stress, the field environment and stress combination. Trends Plant Sci. 2006;11(1):15–9.
[CrossRef].

42. Malenica N, Dunić JA, Vukadinović L, Cesar V, Šimić D. Genetic approaches to enhance multiple stress tolerance
in maize. Genes. 2021;12(11):1760. [CrossRef].

43. Anwar A, Kim JK. Transgenic breeding approaches for improving abiotic stress tolerance: recent progress and
future perspectives. Int J Mol Sci. 2020;21(8):2695. [CrossRef].

44. Ullah F, Ali S, Siraj M, Akhtar MS, Zaman W. Plant microbiomes alleviate abiotic stress-associated damage in
crops and enhance climate-resilient agriculture. Plants. 2025;14(12):1890. [CrossRef].

45. Anand U, Pal T, Yadav N, Singh VK, Tripathi V, Choudhary KK, et al. Current scenario and future prospects
of endophytic microbes: promising candidates for abiotic and biotic stress management for agricultural and
environmental sustainability. Microb Ecol. 2023;86(3):1455–86. [CrossRef].

46. Grover M, Ali SZ, Sandhya V, Rasul A, Venkateswarlu B. Role of microorganisms in adaptation of agriculture
crops to abiotic stresses. World J Microbiol Biotechnol. 2011;27(5):1231–40. [CrossRef].

47. BegumN,Wang L, Ahmad H, Akhtar K, Roy R, KhanMI, et al. Co-inoculation of arbuscular mycorrhizal fungi and
the plant growth-promoting rhizobacteria improve growth and photosynthesis in tobacco under drought stress
by up-regulating antioxidant and mineral nutrition metabolism. Microb Ecol. 2022;83(4):971–88. [CrossRef].

48. Savastano N, Bais H. Synergism or antagonism: do arbuscular mycorrhizal fungi and plant growth-promoting
rhizobacteria work together to benefit plants? Int J Plant Biol. 2024;15(4):944–58. [CrossRef].

https://doi.org/10.1016/b978-0-12-814332-2.00001-0
https://doi.org/10.1002/jpln.201200417
https://doi.org/10.1007/978-3-030-06118-0_6
https://doi.org/10.1007/s10725-013-9874-8
https://doi.org/10.3389/fpls.2013.00269
https://doi.org/10.1016/j.chemosphere.2009.06.047
https://doi.org/10.3390/plants12163003
https://doi.org/10.59324/ejeba.2024.1(1).02
https://doi.org/10.3390/agronomy11081631
https://doi.org/10.1126/science.1183700
https://doi.org/10.1007/s00122-013-2066-0
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.9734/jabb/2024/v27i71018
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1002/aepp.13044
https://doi.org/10.1016/j.tplants.2005.11.002
https://doi.org/10.3390/genes12111760
https://doi.org/10.3390/ijms21082695
https://doi.org/10.3390/plants14121890
https://doi.org/10.1007/s00248-023-02190-1
https://doi.org/10.1007/s11274-010-0572-7
https://doi.org/10.1007/s00248-021-01815-7
https://doi.org/10.3390/ijpb15040067


18 Phyton-Int J Exp Bot. 2026;95(7):2

49. Bhattacharyya PN, Jha DK. Plant growth-promoting rhizobacteria (PGPR): emergence in agriculture. World J
Microbiol Biotechnol. 2012;28(4):1327–50. [CrossRef].

50. Glick BR. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol Res.
2014;169(1):30–9. [CrossRef].

51. Compant S, Samad A, Faist H, Sessitsch A. A review on the plant microbiome: ecology, functions, and emerging
trends in microbial application. J Adv Res. 2019;19:29–37. [CrossRef].

52. Backer R, Rokem JS, Ilangumaran G, Lamont J, Praslickova D, Ricci E, et al. Plant growth-promoting rhizobacteria:
context, mechanisms of action, and roadmap to commercialization of biostimulants for sustainable agriculture.
Front Plant Sci. 2018;9:1473. [CrossRef].

53. Vejan P, Abdullah R, Khadiran T, Ismail S, Nasrulhaq Boyce A. Role of plant growth promoting rhizobacteria in
agricultural sustainability—a review. Molecules. 2016;21(5):573. [CrossRef].

54. Berg G, Rybakova D, Fischer D, Cernava T, Vergès MC, Charles T, et al. Microbiome definition re-visited: old
concepts and new challenges. Microbiome. 2020;8(1):103. [CrossRef].

55. Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant–microbiome interactions: from community assembly to
plant health. Nat Rev Microbiol. 2020;18(11):607–21. [CrossRef].

56. Kaminsky LM, Trexler RV, Malik RJ, Hockett KL, Bell TH. The inherent conflicts in developing soil microbial
inoculants. Trends Biotechnol. 2019;37(2):140–51. [CrossRef].

57. Sessitsch A, Brader G, Pfaffenbichler N, Gusenbauer D, Mitter B. The contribution of plant microbiota to economy
growth. Microb Biotechnol. 2018;11(5):801–5. [CrossRef].

58. Ding LJ, Cui HL, Nie SA, Long XE, Duan GL, Zhu YG. Microbiomes inhabiting rice roots and rhizosphere. FEMS
Microbiol Ecol. 2019;95(5):fiz040. [CrossRef].

59. Varghese EM, George J, Hareendran A, Anilkumar A, Narayanan AAY, James J, et al. Dynamics of rice microbiome:
insights into functional diversity, environmental influences, response to stress, and applications.World JMicrobiol
Biotechnol. 2025;41(8):296. [CrossRef].

60. Edwards J, Johnson C, Santos-Medellín C, Lurie E, Podishetty NK, Bhatnagar S, et al. Structure, variation, and
assembly of the root-associated microbiomes of rice. Proc Natl Acad Sci U S A. 2015;112(8):E911–20. [CrossRef].

61. Kayla N, Prismantoro D, Awal MA, Jefferson TA, Syaputri Y, Azzahra RSN, et al. Plant growth-promoting
rhizobacteria for controlling rice diseases: what is known and what is next? J Agric Food Res. 2026;27:102834.
[CrossRef].

62. Chen L, Liu Y. The function of root exudates in the root colonization by beneficial soil rhizobacteria. Biology.
2024;13(2):95. [CrossRef].

63. Compant S, Cambon MC, Vacher C, Mitter B, Samad A, Sessitsch A. The plant endosphere world—bacterial life
within plants. Environ Microbiol. 2021;23(4):1812–29. [CrossRef].

64. Compant S, Clément C, Sessitsch A. Plant growth-promoting bacteria in the rhizo- and endosphere of plants:
their role, colonization, mechanisms involved and prospects for utilization. Soil Biol Biochem. 2010;42(5):669–78.
[CrossRef].

65. Prismantoro D, Awal MA, Jefferson TA, Oktavia D, Permadi N, Mispan MS, et al. Elucidating the biocontrol
potential of Trichoderma yunnanense TM10 for managing sheath blight disease (Rhizoctonia solani Kühn) in rice
(Oryza sativa Kühn). J Plant Interact. 2026;21(1):2651842. [CrossRef].

66. Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol. 2012;10(12):828–40. [CrossRef].
67. Hacquard S, Garrido-Oter R, González A, Spaepen S, Ackermann G, Lebeis S, et al. Microbiota and host nutrition

across plant and animal Kingdoms. Cell Host Microbe. 2015;17(5):603–16. [CrossRef].
68. Ma X, Ling L, Wang B, Nian H, Ma Q, Zhao S, et al. Chemical communication between plant and microbe in the

phyllosphere. Plant Cell Environ. 2026;49(3):1458–73. [CrossRef].
69. Bai B, Liu W, Qiu X, Zhang J, Zhang J, Bai Y. The root microbiome: community assembly and its contributions

to plant fitness. J Integr Plant Biol. 2022;64(2):230–43. [CrossRef].
70. Chang Y, Wang J, Xu C, Qu F, Sun X, Quan Z, et al. Niche-specific maize microbiomes enhance productivity and

nitrogen uptake under intercropping. Front Microbiol. 2026;16:1711988. [CrossRef].
71. Aprilya SAS, Prismantoro D, Satria I, Jefferson TA, Rossiana N, Al Qadr Imad Wan-Mohtar WA, et al. Bioremedi-

ation of lead (Pb)-contaminated soil using Trichoderma: current insights and future perspectives. Environ Pollut
Bioavailab. 2026;38(1):2670093. [CrossRef].

https://doi.org/10.1007/s11274-011-0979-9
https://doi.org/10.1016/j.micres.2013.09.009
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.3389/fpls.2018.01473
https://doi.org/10.3390/molecules21050573
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1016/j.tibtech.2018.11.011
https://doi.org/10.1111/1751-7915.13290
https://doi.org/10.1093/femsec/fiz040
https://doi.org/10.1007/s11274-025-04515-3
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/j.jafr.2026.102834
https://doi.org/10.3390/biology13020095
https://doi.org/10.1111/1462-2920.15240
https://doi.org/10.1016/j.soilbio.2009.11.024
https://doi.org/10.1080/17429145.2026.2651842
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1016/j.chom.2015.04.009
https://doi.org/10.1111/pce.70314
https://doi.org/10.1111/jipb.13226
https://doi.org/10.3389/fmicb.2025.1711988
https://doi.org/10.1080/26395940.2026.2670093


Phyton-Int J Exp Bot. 2026;95(7):2 19

72. Syamsuri RRP, Al Qadr Imad Wan-Mohtar WA, Oktavia D, Akbari SI, Prismantoro D, Miranti M, et al. Building
soil biological ecosystem to restore soil microbial population through regenerative crop management practices. In:
Regenerative agriculture for sustainable food systems. Singapore: Springer Nature; 2024. p. 341–85. [CrossRef].

73. Bulgarelli D, Schlaeppi K, Spaepen S, van Themaat EVL, Schulze-Lefert P. Structure and functions of the bacterial
microbiota of plants. Annu Rev Plant Biol. 2013;64:807–38. [CrossRef].

74. Alizadeh M, Abbod M, Graily Moradi F, Hassanpour R, Prismantoro D, Doni F, et al. Enhancing plant productivity
and sustainability under diverse plant-environment interactions. Not Sci Biol. 2025;17(3):12468. [CrossRef].

75. Vessey JK. Plant growth promoting rhizobacteria as biofertilizers. Plant Soil. 2003;255(2):571–86. [CrossRef].
76. Jefferson TA, Miranti M, Awal MA, Hafsari AR, Prismantoro D, Joshi RC, et al. Plant growth-promoting fungi

(PGPF) for controlling rice diseases: a sustainable approach. Cogent Food Agric. 2026;12(1):2610015. [CrossRef].
77. Smith SE, Smith FA. Roles of arbuscular mycorrhizas in plant nutrition and growth: new paradigms from cellular

to ecosystem scales. Annu Rev Plant Biol. 2011;62:227–50. [CrossRef].
78. Augé RM. Water relations, drought and vesicular-arbuscular mycorrhizal symbiosis. Mycorrhiza. 2001;11(1):3–42.

[CrossRef].
79. Akbari SI, Prismantoro D, Permadi N, Rossiana N, Miranti M, Mispan MS, et al. Bioprospecting the roles of

Trichoderma in alleviating plants’ drought tolerance: principles, mechanisms of action, and prospects. Microbiol
Res. 2024;283:127665. [CrossRef].

80. Rodriguez RJ, White JF Jr, Arnold AE, Redman RS. Fungal endophytes: diversity and functional roles. New
Phytol. 2009;182(2):314–30. [CrossRef].

81. Glick BR. Plant growth-promoting bacteria: mechanisms and applications. Scientifica. 2012;2012:963401. [Cross-
Ref].

82. Ahmed E, Holmström SJM. Siderophores in environmental research: roles and applications. Microb Biotechnol.
2014;7(3):196–208. [CrossRef].

83. Siddika A, Rashid AA, Khan SN, Khatun A, Karim MM, Vara Prasad PV, et al. Harnessing plant growth-
promoting rhizobacteria, Bacillus subtilis and B. aryabhattai to combat salt stress in rice: a study on the regulation
of antioxidant defense, ion homeostasis, and photosynthetic parameters. Front Plant Sci. 2024;15:1419764.
[CrossRef].

84. Chauhan PS, Lata C, Tiwari S, Chauhan AS, Mishra SK, Agrawal L, et al. Transcriptional alterations reveal
Bacillus amyloliquefaciens-rice cooperation under salt stress. Sci Rep. 2019;9(1):11912. [CrossRef].

85. Karnwal A. Screening and identification of abiotic stress-responsive efficient antifungal Pseudomonas spp. from
rice rhizospheric soil. BioTechnologia. 2021;102(1):5–19. [CrossRef].

86. Asif S, Jan R, Kim N, Asaf S, Lubna, Khan MA, et al. Halotolerant endophytic bacteria alleviate salinity stress
in rice (Oryza sativa L.) by modulating ion content, endogenous hormones, the antioxidant system and gene
expression. BMC Plant Biol. 2023;23(1):494. [CrossRef].

87. Rosier A, Medeiros FHV, Bais HP. Defining plant growth promoting rhizobacteria molecular and biochemical
networks in beneficial plant-microbe interactions. Plant Soil. 2018;428(1):35–55. [CrossRef].

88. Kaya C. Microbial modulation of hormone signaling, proteomic dynamics, and metabolomics in plant drought
adaptation. Food Energy Secur. 2024;13:e513. [CrossRef].

89. Lugtenberg B, Kamilova F. Plant-growth-promoting rhizobacteria. Annu Rev Microbiol. 2009;63:541–56. [Cross-
Ref].

90. Timofeeva AM, Galyamova MR, Sedykh SE. How do plant growth-promoting bacteria use plant hormones to
regulate stress reactions? Plants. 2024;13(17):2371. [CrossRef].

91. Doni F, Suhaimi NSM, Mispan MS, Fathurrahman F, Marzuki BM, Kusmoro J, et al. Microbial contributions
for rice production: from conventional crop management to the use of ‘omics’ technologies. Int J Mol Sci.
2022;23(2):737. [CrossRef].

92. Awal MA, Prismantoro D, Dwisandi RF, Chua KO, Mispan MS, Suhaimi NSM, et al. Deciphering the biocontrol
strategies of Trichoderma yunnanense TM10 against Fusarium oxysporum f. sp. cepae, the causal agent of wilt
disease in shallots (Allium cepa var. aggregatum). Curr Res Microb Sci. 2025;9:100484. [CrossRef].

93. Prismantoro D, Akbari SI, Permadi N, Dey U, Anhar A, Miranti M, et al. The multifaceted roles of Trichoderma in
managing rice diseases for enhanced productivity and sustainability. J Agric Food Res. 2024;18:101324. [CrossRef].

https://doi.org/10.1007/978-981-97-6691-8_11
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.55779/nsb17312468
https://doi.org/10.1023/A:1026037216893
https://doi.org/10.1080/23311932.2025.2610015
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1007/s005720100097
https://doi.org/10.1016/j.micres.2024.127665
https://doi.org/10.1111/j.1469-8137.2009.02773.x
https://doi.org/10.6064/2012/963401
https://doi.org/10.6064/2012/963401
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.3389/fpls.2024.1419764
https://doi.org/10.1038/s41598-019-48309-8
https://doi.org/10.5114/bta.2021.103758
https://doi.org/10.1186/s12870-023-04517-z
https://doi.org/10.1007/s11104-018-3679-5
https://doi.org/10.1002/fes3.513
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.3390/plants13172371
https://doi.org/10.3390/ijms23020737
https://doi.org/10.1016/j.crmicr.2025.100484
https://doi.org/10.1016/j.jafr.2024.101324


20 Phyton-Int J Exp Bot. 2026;95(7):2

94. Ahmad Ganie S, McMulkin N, Devoto A. The role of priming and memory in rice environmental stress adaptation:
current knowledge and perspectives. Plant Cell Environ. 2024;47(5):1895–915. [CrossRef].

95. Kaushal P, Ali N, Saini S, Pati PK, Pati AM. Physiological and molecular insight of microbial biostimulants for
sustainable agriculture. Front Plant Sci. 2023;14:1041413. [CrossRef].

96. Singh A, Mazahar S, Chapadgaonkar SS, Giri P, Shourie A. Phyto-microbiome to mitigate abiotic stress in crop
plants. Front Microbiol. 2023;14:1210890. [CrossRef].

97. Jatana BS, Grover S, Ram H, Baath GS. Seed priming: molecular and physiological mechanisms underlying biotic
and abiotic stress tolerance. Agronomy. 2024;14(12):2901. [CrossRef].

98. Santoyo G, Guzmán-Guzmán P, Parra-Cota FI, de los Santos-Villalobos S, del Carmen Orozco-Mosqueda M,
Glick BR. Plant growth stimulation by microbial consortia. Agronomy. 2021;11(2):219. [CrossRef].

99. Olanrewaju OS, Glick BR, Babalola OO. Mechanisms of action of plant growth promoting bacteria. World J
Microbiol Biotechnol. 2017;33(11):197. [CrossRef].

100. Spaepen S, Vanderleyden J, Remans R. Indole-3-acetic acid in microbial and microorganism-plant signaling.
FEMS Microbiol Rev. 2007;31(4):425–48. [CrossRef].

101. Singh RP, Jha PN. A halotolerant bacterium Bacillus licheniformis HSW-16 augments induced systemic tolerance
to salt stress in wheat plant (Triticum aestivum). Front Plant Sci. 2016;7:1890. [CrossRef].

102. Fukami J, Cerezini P, Hungria M. Azospirillum: benefits that go far beyond biological nitrogen fixation. AMB
Express. 2018;8(1):73. [CrossRef].

103. Jefferson TA, Alizadeh M, Prismantoro D, Albert M, Wulandari I, Miranti M, et al. The microbiome as the
second genome: engineering the phytobiome for climate-resilient agriculture. J Plant Interact. 2026;21(1):2649126.
[CrossRef].

104. Doni F, Riani FM, Permadi N, Prismantoro D, Awal MA, Miranti M, et al. Effects of UV-B irradiation on the
induction of physiological traits and defense enzyme activities in shallots (Allium cepa L.) against Fusarium
acutatum infection. Cogent Food Agric. 2025;11(1):2590788. [CrossRef].

105. Gill SS, Tuteja N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants.
Plant Physiol Biochem. 2010;48(12):909–30. [CrossRef].

106. Kumar A, Singh S, Gaurav AK, Srivastava S, Verma JP. Plant growth-promoting bacteria: biological tools for the
mitigation of salinity stress in plants. Front Microbiol. 2020;11:1216. [CrossRef].

107. Pieterse CMJ, Zamioudis C, Berendsen RL, Weller DM, Van Wees SCM, Bakker PAHM. Induced systemic
resistance by beneficial microbes. Annu Rev Phytopathol. 2014;52:347–75. [CrossRef].

108. Nguyen D, Rieu I, Mariani C, van Dam NM. How plants handle multiple stresses: hormonal interactions
underlying responses to abiotic stress and insect herbivory. Plant Mol Biol. 2016;91(6):727–40. [CrossRef].

109. Javed T, Shabbir R, Ali A, Afzal I, Zaheer U, Gao SJ. Transcription factors in plant stress responses: challenges
and potential for sugarcane improvement. Plants. 2020;9(4):491. [CrossRef].

110. Agarwal PK, Agarwal P, Reddy MK, Sopory SK. Role of DREB transcription factors in abiotic and biotic stress
tolerance in plants. Plant Cell Rep. 2006;25(12):1263–74. [CrossRef].

111. Vurukonda SSKP, Vardharajula S, Shrivastava M, SkZ A. Enhancement of drought stress tolerance in crops by
plant growth promoting rhizobacteria. Microbiol Res. 2016;184:13–24. [CrossRef].

112. Bashir S, Zargar SM, Husaini AM. Epigenetic-modifications induced by plant-microbial interactions modulate
plant immunity, Defense-response and mutualistic associations. Mol Biol Rep. 2025;53(1):86. [CrossRef].

113. Ashapkin VV, Kutueva LI, Aleksandrushkina NI, Vanyushin BF. Epigenetic mechanisms of plant adaptation to
biotic and abiotic stresses. Int J Mol Sci. 2020;21(20):7457. [CrossRef].

114. Lämke J, Bäurle I. Epigenetic and chromatin-based mechanisms in environmental stress adaptation and stress
memory in plants. Genome Biol. 2017;18(1):124. [CrossRef].

115. Chinnusamy V, Zhu JK. Epigenetic regulation of stress responses in plants. Curr Opin Plant Biol. 2009;12(2):133–9.
[CrossRef].

116. Gupta A, Mishra R, Rai S, Bano A, Pathak N, Fujita M, et al. Mechanistic insights of plant growth promoting bac-
teria mediated drought and salt stress tolerance in plants for sustainable agriculture. Int J Mol Sci. 2022;23(7):3741.
[CrossRef].

https://doi.org/10.1111/pce.14855
https://doi.org/10.3389/fpls.2023.1041413
https://doi.org/10.3389/fmicb.2023.1210890
https://doi.org/10.3390/agronomy14122901
https://doi.org/10.3390/agronomy11020219
https://doi.org/10.1007/s11274-017-2364-9
https://doi.org/10.1111/j.1574-6976.2007.00072.x
https://doi.org/10.3389/fpls.2016.01890
https://doi.org/10.1186/s13568-018-0608-1
https://doi.org/10.1080/17429145.2026.2649126
https://doi.org/10.1080/23311932.2025.2590788
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.3389/fmicb.2020.01216
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1007/s11103-016-0481-8
https://doi.org/10.3390/plants9040491
https://doi.org/10.1007/s00299-006-0204-8
https://doi.org/10.1016/j.micres.2015.12.003
https://doi.org/10.1007/s11033-025-11253-0
https://doi.org/10.3390/ijms21207457
https://doi.org/10.1186/s13059-017-1263-6
https://doi.org/10.1016/j.pbi.2008.12.006
https://doi.org/10.3390/ijms23073741


Phyton-Int J Exp Bot. 2026;95(7):2 21

117. Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K. The transcriptional regulatory network in the drought
response and its crosstalk in abiotic stress responses including drought, cold, and heat. Front Plant Sci. 2014;5:170.
[CrossRef].

118. AlgifariMH, PrismantoroD, Hafsari AR,MirantiM, Al Qadr ImadWan-MohtarWA, OzturkAB, et al. Performance
of hydrolytic enzymes produced by Trichoderma in sustainable crop production: current insights and future
perspectives. Sustain Environ. 2025;11(1):2593746. [CrossRef].

119. Gamalero E, Lingua G, Glick BR. Ethylene, ACC, and the plant growth-promoting enzyme ACC deaminase.
Biology. 2023;12(8):1043. [CrossRef].

120. Shahid M, Singh UB, Khan MS, Singh P, Kumar R, Singh RN, et al. Bacterial ACC deaminase: insights into
enzymology, biochemistry, genetics, and potential role in amelioration of environmental stress in crop plants.
Front Microbiol. 2023;14:1132770. [CrossRef].

121. Naing AH, Maung TT, Kim CK. The ACC deaminase-producing plant growth-promoting bacteria: influences of
bacterial strains and ACC deaminase activities in plant tolerance to abiotic stress. Physiol Plant. 2021;173(4):1992–
2012. [CrossRef].

122. Bhagat N, Raghav M, Dubey S, Bedi N. Bacterial exopolysaccharides: insight into their role in plant abiotic stress
tolerance. J Microbiol Biotechnol. 2021;31(8):1045–59. [CrossRef].

123. Upadhyay SK, Singh JS, Saxena AK, Singh DP. Impact of PGPR inoculation on growth and antioxidant status of
wheat under saline conditions. Plant Biol. 2012;14(4):605–11. [CrossRef].

124. Bailly A, Weisskopf L. The modulating effect of bacterial volatiles on plant growth. Plant Signal Behav.
2012;7(1):79–85. [CrossRef].

125. Kamran M, Imran QM, Ahmed MB, Falak N, Khatoon A, Yun BW. Endophyte-mediated stress tolerance in plants:
a sustainable strategy to enhance resilience and assist crop improvement. Cells. 2022;11(20):3292. [CrossRef].

126. Conrath U, Beckers GJM, Langenbach CJG, Jaskiewicz MR. Priming for enhanced defense. Annu Rev Phytopathol.
2015;53:97–119. [CrossRef].

127. Subašić M, Selović A, Dahija S, Demir A, Samardžić J, Bonomo A, et al. Biopriming-induced transcriptomic
memory enhances cadmium tolerance in the Cd hyperaccumulator Silene sendtneri. Plants. 2026;15(2):257.
[CrossRef].

128. Morales F, Ancín M, Fakhet D, González-Torralba J, Gámez AL, Seminario A, et al. Photosynthetic metabolism
under stressful growth conditions as a bases for crop breeding and yield improvement. Plants. 2020;9(1):88.
[CrossRef].

129. Pastor V, Luna E, Mauch-Mani B, Ton J, Flors V. Primed plants do not forget. Environ Exp Bot. 2013;94:46–56.
[CrossRef].

130. Nair AU, Bhukya DPN, Sunkar R, Chavali S, Allu AD. Molecular basis of priming-induced acquired tolerance to
multiple abiotic stresses in plants. J Exp Bot. 2022;73(11):3355–71. [CrossRef].

131. Egamberdieva D, Wirth SJ, Alqarawi AA, Abd Allah EF, Hashem A. Phytohormones and beneficial microbes:
essential components for plants to balance stress and fitness. Front Microbiol. 2017;8:2104. [CrossRef].

132. Begum N, Qin C, Ahanger MA, Raza S, Khan MI, Ashraf M, et al. Role of arbuscular mycorrhizal fungi in plant
growth regulation: implications in abiotic stress tolerance. Front Plant Sci. 2019;10:1068. [CrossRef].

133. Hart MM, Antunes PM, Chaudhary VB, Abbott LK. Fungal inoculants in the field: is the reward greater than the
risk? Funct Ecol. 2018;32(1):126–35. [CrossRef].

134. Frey-Klett P, Burlinson P, Deveau A, Barret M, Tarkka M, Sarniguet A. Bacterial-fungal interactions: hyphens be-
tween agricultural, clinical, environmental, and food microbiologists. Microbiol Mol Biol Rev. 2011;75(4):583–609.
[CrossRef].

135. Thomloudi EE, Tsalgatidou PC, Douka D, Spantidos TN, Dimou M, Venieraki A, et al. Multistrain versus
single-strain plant growth promoting microbial inoculants—The compatibility issue. Hellenic Plant Prot J.
2019;12(2):61–77. [CrossRef].

136. Liu X, Mei S, Salles JF. Inoculated microbial consortia perform better than single strains in living soil: a meta-
analysis. Appl Soil Ecol. 2023;190:105011. [CrossRef].

137. Bradáčová K, Florea AS, Bar-Tal A, Minz D, Yermiyahu U, Shawahna R, et al. Microbial consortia versus single-
strain inoculants: an advantage in PGPM-assisted tomato production? Agronomy. 2019;9(2):105. [CrossRef].

https://doi.org/10.3389/fpls.2014.00170
https://doi.org/10.1080/27658511.2025.2593746
https://doi.org/10.3390/biology12081043
https://doi.org/10.3389/fmicb.2023.1132770
https://doi.org/10.1111/ppl.13545
https://doi.org/10.4014/jmb.2105.05009
https://doi.org/10.1111/j.1438-8677.2011.00533.x
https://doi.org/10.4161/psb.7.1.18418
https://doi.org/10.3390/cells11203292
https://doi.org/10.1146/annurev-phyto-080614-120132
https://doi.org/10.3390/plants15020257
https://doi.org/10.3390/plants9010088
https://doi.org/10.1016/j.envexpbot.2012.02.013
https://doi.org/10.1093/jxb/erac089
https://doi.org/10.3389/fmicb.2017.02104
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.1111/1365-2435.12976
https://doi.org/10.1128/MMBR.00020-11
https://doi.org/10.2478/hppj-2019-0007
https://doi.org/10.1016/j.apsoil.2023.105011
https://doi.org/10.3390/agronomy9020105


22 Phyton-Int J Exp Bot. 2026;95(7):2

138. Kaul S, Choudhary M, Gupta S, Dhar MK. Engineering host microbiome for crop improvement and sustainable
agriculture. Front Microbiol. 2021;12:635917. [CrossRef].

139. Niu B, Paulson JN, Zheng X, Kolter R. Simplified and representative bacterial community of maize roots. Proc
Natl Acad Sci U S A. 2017;114(12):E2450–9. [CrossRef].

140. Khanna SM. Plant metabolism during water deficit stress: a review. Agric Rev. 2024;45(3):448–55. [CrossRef].
141. Ngumbi E, Kloepper J. Bacterial-mediated drought tolerance: current and future prospects. Appl Soil Ecol.

2016;105:109–25. [CrossRef].
142. Sandhya V, Ali SZ, Grover M, Reddy G, Venkateswarlu B. Effect of plant growth promoting Pseudomonas spp.

on compatible solutes, antioxidant status and plant growth of maize under drought stress. Plant Growth Regul.
2010;62(1):21–30. [CrossRef].

143. Ghosh B, Ali Md N. Response of rice under salinity stress: a review update. J Rice Res. 2016;4(2):167–74.
[CrossRef].

144. Etesami H, Beattie GA. Mining halophytes for plant growth-promoting halotolerant bacteria to enhance the
salinity tolerance of non-halophytic crops. Front Microbiol. 2018;9:148. [CrossRef].

145. Ashraf M, Hasnain S, Berge O, Mahmood T. Inoculating wheat seedlings with exopolysaccharide-producing
bacteria restricts sodium uptake and stimulates plant growth under salt stress. Biol Fertil Soils. 2004;40(3):157–62.
[CrossRef].

146. Chen L, Liu Y, Wu G, Zhang N, Shen Q, Zhang R. Beneficial rhizobacterium Bacillus amyloliquefaciens SQR9
induces plant salt tolerance through spermidine production. Mol Plant Microbe Interact. 2017;30(5):423–32.
[CrossRef].

147. Mapelli F, Marasco R, Rolli E, Barbato M, Cherif H, Guesmi A, et al. Potential for plant growth promotion of
rhizobacteria associated with Salicornia Growing in Tunisian hypersaline soils. Biomed Res Int. 2013;2013:248078.
[CrossRef].

148. Evelin H, Kapoor R, Giri B. Arbuscular mycorrhizal fungi in alleviation of salt stress: a review. Ann Bot.
2009;104(7):1263–80. [CrossRef].

149. Zandi P, Schnug E. Reactive oxygen species, antioxidant responses and implications from a microbial modulation
perspective. Biology. 2022;11(2):155. [CrossRef].

150. Lata R, Chowdhury S, Gond SK, White JF. Induction of abiotic stress tolerance in plants by endophytic microbes.
Lett Appl Microbiol. 2018;66(4):268–76. [CrossRef].

151. Tan YS, Zhang RK, Liu ZH, Li BZ, Yuan YJ. Microbial adaptation to enhance stress tolerance. Front Microbiol.
2022;13:888746. [CrossRef].

152. Bruno LB, Karthik C, Ma Y, Kadirvelu K, Freitas H, Rajkumar M. Amelioration of chromium and heat
stresses in Sorghum bicolor by Cr6+ reducing-thermotolerant plant growth promoting bacteria. Chemosphere.
2020;244:125521. [CrossRef].

153. Ryu CM, Farag MA, Hu CH, Reddy MS, Kloepper JW, Paré PW. Bacterial volatiles induce systemic resistance in
Arabidopsis. Plant Physiol. 2004;134(3):1017–26. [CrossRef].

154. Harman GE, Howell CR, Viterbo A, Chet I, Lorito M. Trichoderma species—opportunistic, avirulent plant
symbionts. Nat Rev Microbiol. 2004;2(1):43–56. [CrossRef].

155. Varma A, Savita V, Sudha, Sahay N, Butehorn B, Franken P. Piriformospora indica, a cultivable plant-growth-
promoting root endophyte. Appl Environ Microbiol. 1999;65(6):2741–4. [CrossRef].

156. Waller F, Achatz B, Baltruschat H, Fodor J, Becker K, Fischer M, et al. The endophytic fungus Piriformospora
indica reprograms barley to salt-stress tolerance, disease resistance, and higher yield. Proc Natl Acad Sci U S A.
2005;102(38):13386–91. [CrossRef].

157. Ito O, Ella E, Kawano N. Physiological basis of submergence tolerance in rainfed lowland rice ecosystem. Field
Crops Res. 1999;64(1–2):75–90. [CrossRef].

158. Armstrong W, Drew MC. Root growth and metabolism under oxygen deficiency. In: Waisel Y, Eshel A, Beeckman
T, Kafkafi U, editors. Plant roots. 3rd ed. Boca Raton, FL, USA: CRC Press; 2002. p. 1139–87.

159. Das AK, Lee DS, Woo YJ, Sultana S, Mahmud A, Yun BW. The impact of flooding on soil microbial communities
and their functions: a review. Stresses. 2025;5(2):30. [CrossRef].

160. Kuypers MMM, Marchant HK, Kartal B. The microbial nitrogen-cycling network. Nat Rev Microbiol.
2018;16(5):263–76. [CrossRef].

https://doi.org/10.3389/fmicb.2021.635917
https://doi.org/10.1073/pnas.1616148114
https://doi.org/10.18805/ag.r-2381
https://doi.org/10.1016/j.apsoil.2016.04.009
https://doi.org/10.1007/s10725-010-9479-4
https://doi.org/10.4172/2375-4338.1000167
https://doi.org/10.3389/fmicb.2018.00148
https://doi.org/10.1007/s00374-004-0766-y
https://doi.org/10.1094/MPMI-02-17-0027-R
https://doi.org/10.1155/2013/248078
https://doi.org/10.1093/aob/mcp251
https://doi.org/10.3390/biology11020155
https://doi.org/10.1111/lam.12855
https://doi.org/10.3389/fmicb.2022.888746
https://doi.org/10.1016/j.chemosphere.2019.125521
https://doi.org/10.1104/pp.103.026583
https://doi.org/10.1038/nrmicro797
https://doi.org/10.1128/AEM.65.6.2741-2744.1999
https://doi.org/10.1073/pnas.0504423102
https://doi.org/10.1016/S0378-4290(99)00052-0
https://doi.org/10.3390/stresses5020030
https://doi.org/10.1038/nrmicro.2018.9


Phyton-Int J Exp Bot. 2026;95(7):2 23

161. Singh JS, Kumar A, Rai AN, Singh DP. Cyanobacteria: a precious bio-resource in agriculture, ecosystem, and
environmental sustainability. Front Microbiol. 2016;7:529. [CrossRef].

162. Nascimento FX, Rossi MJ, Soares CRFS, McConkey BJ, Glick BR. New insights into 1-aminocyclopropane-1-
carboxylate (ACC) deaminase phylogeny, evolution and ecological significance. PLoS One. 2014;9(6):e99168.
[CrossRef].

163. He M, Shen H, Li Z, Wang L, Wang F, Zhao K, et al. Ten-year regional monitoring of soil-rice grain contamination
by heavy metals with implications for target remediation and food safety. Environ Pollut. 2019;244:431–9.
[CrossRef].

164. Ma Y, Oliveira RS, Freitas H, Zhang C. Biochemical and molecular mechanisms of plant-microbe-metal interac-
tions: relevance for phytoremediation. Front Plant Sci. 2016;7:918. [CrossRef].

165. Gadd GM. Metals, minerals and microbes: geomicrobiology and bioremediation. Microbiology. 2010;156(Pt 3):609–43.
[CrossRef].

166. Liu C, Jiang M, Yuan MM, Wang E, Bai Y, Crowther TW, et al. Root microbiota confers rice resistance to
aluminium toxicity and phosphorus deficiency in acidic soils. Nat Food. 2023;4(10):912–24. [CrossRef].

167. Al-Imran, Islam MA, Biswas S, Shorna MNA, Islam S, Biswas J, et al. Enhancing cadmium stress resilience in
rice seedlings via Bacillus pseudomycoides: modulation of heavy metal transporters and physiological responses
for sustainable agriculture. Environ Sci Pollut Res Int. 2025;32(26):15896–914. [CrossRef].

168. He J, Li H, Luo J, Ma C, Li S, Qu L, et al. A transcriptomic network underlies microstructural and physiological
responses to cadmium in Populus x canescens. Plant Physiol. 2013;162(1):424–39. [CrossRef].

169. Kong Z, Wu Z, Glick BR, He S, Huang C, Wu L. Co-occurrence patterns of microbial communities affected by
inoculants of plant growth-promoting bacteria during phytoremediation of heavy metal-contaminated soils.
Ecotoxicol Environ Saf. 2019;183:109504. [CrossRef].

170. Volesky B. Biosorption and me. Water Res. 2007;41(18):4017–29. [CrossRef].
171. Patrício DI, Rieder R. Computer vision and artificial intelligence in precision agriculture for grain crops: a

systematic review. Comput Electron Agric. 2018;153:69–81. [CrossRef].
172. Misu IJ, Kayess MO, Siddiqui MN, Gupta DR, Islam MN, Islam T. Microbiome engineering for sustainable rice

production: strategies for biofertilization, stress tolerance, and climate resilience. Microorganisms. 2025;13(2):233.
[CrossRef].

173. Kamilova F, Okon Y, deWeert S, Hora K. Commercialization ofmicrobes: manufacturing, inoculation, best practice
for objective field testing, and registration. In: Principles of plant-microbe interactions. Cham, Switzerland:
Springer International Publishing; 2014. p. 319–27. [CrossRef].

174. Dwisandi RF, Miranti M, Widiastuti A, Prismantoro D, Awal MA, Mispan MS, et al. Microbial secondary
metabolites for modulating plant biotic stress resistance: bridging the lab-field gap. Plant Stress. 2025;15:100720.
[CrossRef].

175. Kallenbach CM,Wallenstein MD, Schipanksi ME, Grandy AS. Managing agroecosystems for soil microbial carbon
use efficiency: ecological unknowns, potential outcomes, and a path forward. Front Microbiol. 2019;10:1146.
[CrossRef].

176. Fierer N. Embracing the unknown: disentangling the complexities of the soil microbiome. Nat Rev Microbiol.
2017;15(10):579–90. [CrossRef].

177. Ali M, Ali Q, Sohail MA, Ashraf MF, Saleem MH, Hussain S, et al. Diversity and taxonomic distribution of
endophytic bacterial community in the rice plant and its prospective. Int J Mol Sci. 2021;22(18):10165. [CrossRef].

178. Lubyanova AR, Bezrukova MV, Shakirova FM. Interaction between signal pathways upon formation of plant
defense in response to environmental stress factors. Russ J Plant Physiol. 2021;68(6):989–1002. [CrossRef].

179. Malusá E, Vassilev N. A contribution to set a legal framework for biofertilisers. Appl Microbiol Biotechnol.
2014;98(15):6599–607. [CrossRef].

180. Crandall SG, Gold KM, Del Mar Jiménez-Gasco M, Filgueiras CC, Willett DS. A multi-omics approach to solving
problems in plant disease ecology. PLoS One. 2020;15(9):e0237975. [CrossRef].

181. Purohit A, Kounain S, Madala C, Chavan S, Guguloth N, Kethavathu S, et al. Sustainable crops for future food
security: challenges, innovations, and solutions. In: Improving crops for future sustainability and climate
resilience. Singapore: Springer Nature; 2026. p. 1–40. [CrossRef].

https://doi.org/10.3389/fmicb.2016.00529
https://doi.org/10.1371/journal.pone.0099168
https://doi.org/10.1016/j.envpol.2018.10.070
https://doi.org/10.3389/fpls.2016.00918
https://doi.org/10.1099/mic.0.037143-0
https://doi.org/10.1038/s43016-023-00848-0
https://doi.org/10.1007/s11356-025-36644-5
https://doi.org/10.1104/pp.113.215681
https://doi.org/10.1016/j.ecoenv.2019.109504
https://doi.org/10.1016/j.watres.2007.05.062
https://doi.org/10.1016/j.compag.2018.08.001
https://doi.org/10.3390/microorganisms13020233
https://doi.org/10.1007/978-3-319-08575-3_33
https://doi.org/10.1016/j.stress.2024.100720
https://doi.org/10.3389/fmicb.2019.01146
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.3390/ijms221810165
https://doi.org/10.1134/S1021443721060121
https://doi.org/10.1007/s00253-014-5828-y
https://doi.org/10.1371/journal.pone.0237975
https://doi.org/10.1007/978-981-95-2754-0_1


24 Phyton-Int J Exp Bot. 2026;95(7):2

182. Muhammad A, Kong X, Zheng S, Bai N, Li L, Khan MHU, et al. Exploring plant-microbe interactions in adapting
to abiotic stress under climate change: a review. Front Plant Sci. 2024;15:1482739. [CrossRef].

183. Panikov NS. Understanding and prediction of soil microbial community dynamics under global change. Appl
Soil Ecol. 1999;11(2–3):161–76. [CrossRef].

184. Batista BD, Singh BK. Realities and hopes in the application of microbial tools in agriculture. Microb Biotechnol.
2021;14(4):1258–68. [CrossRef].

185. Hajji-Hedfi L, Wannassi T, Khlif A, Bargougui O, Dali S, Chifiriuc MC, et al. Harnessing microbial consortia for
sustainable agriculture: abiotic and biotic stress mitigation. Curr Microbiol. 2026;83(5):240. [CrossRef].

186. del Carmen Orozco-Mosqueda M, Santoyo G. Plant-microbial endophytes interactions: scrutinizing their benefi-
cial mechanisms from genomic explorations. Curr Plant Biol. 2021;25:100189. [CrossRef].

187. Fontana DC, de Paula S, Torres AG, de Souza VHM, Pascholati SF, Schmidt D, et al. Endophytic fungi: biological
control and induced resistance to phytopathogens and abiotic stresses. Pathogens. 2021;10(5):570. [CrossRef].

188. Nawaz T, Saud S, Gu L, Khan I, Fahad S, Zhou R. Cyanobacteria: harnessing the power of microorganisms for
plant growth promotion, stress alleviation, and phytoremediation in the era of sustainable agriculture. Plant
Stress. 2024;11:100399. [CrossRef].

189. Garcia M, Bruna P, Duran P, Abanto M. Cyanobacteria and soil restoration: bridging molecular insights with
practical solutions. Microorganisms. 2025;13(7):1468. [CrossRef].

190. Iqbal S, Begum F, Nguchu BA, Claver UP, Shaw P. The invisible architects: microbial communities and their
transformative role in soil health and global climate changes. Environ Microbiome. 2025;20(1):36. [CrossRef].

191. Tripathi S, Dabral S, Kundu S, Saini DK, Jamal H, Meena RK, et al. Harnessing the plant-associated microbiome:
a sustainable solution for enhancing crop resilience to abiotic stresses and problematic soils. Plant Stress.
2025;18:101033. [CrossRef].

192. Khare E, Arora NK. Effects of soil environment on field efficacy of microbial inoculants. In: Plant microbes
symbiosis: applied facets. New Delhi, India: Springer; 2014. p. 353–81. [CrossRef].

193. Ameen M, Mahmood A, Sahkoor A, Zia MA, Ullah MS. The role of endophytes to combat abiotic stress in plants.
Plant Stress. 2024;12:100435. [CrossRef].

194. Bouri M, Agha T, Şahin F. Microbial inoculants for climate-resilient food systems: ecological limits, context
dependency, and evidence gaps. Challenges. 2026;17(2):17. [CrossRef].

195. Sackey OK, Feng N, Mohammed YZ, Dzou CF, Zheng D, Zhao L, et al. A comprehensive review on rice responses
and tolerance to salt stress. Front Plant Sci. 2025;16:1561280. [CrossRef].

196. Schneider HM, Ben-Gal A, Furtado B, Cicek N, Dalmaris E, Atzori G, et al. Going underground: the importance of
soil heterogeneity in shaping plant productivity and responses to saline soils. Environ Exp Bot. 2026;243:106321.
[CrossRef].

197. Rezaee Danesh Y. Harnessing beneficial microbes and sensor technologies for sustainable smart agriculture.
Sensors. 2025;25(21):6631. [CrossRef].

198. Kuang Z, Yan X, Yuan Y, Wang R, Zhu H, Wang Y, et al. Advances in stress-tolerance elements for microbial cell
factories. Synth Syst Biotechnol. 2024;9(4):793–808. [CrossRef].

199. Al Mamun A, Neumann G, Moradtalab N, Ahmed A, Dupuis B, Darbon G, et al. Microbial consortia versus
single-strain inoculants as drought stress protectants in potato affected by the form of N supply. Horticulturae.
2024;10(1):102. [CrossRef].

200. Iqbal Z, Iqbal MS, Khan MIR, Ansari MI. Toward integrated multi-omics intervention: rice trait improvement
and stress management. Front Plant Sci. 2021;12:741419. [CrossRef].

201. Bashan Y, de-Bashan LE, Prabhu SR, Hernandez JP. Advances in plant growth-promoting bacterial inoculant
technology: formulations and practical perspectives (1998–2013). Plant Soil. 2014;378(1):1–33. [CrossRef].

202. Ali Q, Ali M, Jing H, Hussain A, Manghwar H, Ali M, et al. Power of plant microbiome: a sustainable approach
for agricultural resilience. Plant Stress. 2024;14:100681. [CrossRef].

203. Su P, Kang H, Peng Q, Peng W, Sun S, Du X, et al. Host metabolites explain microbiome variation between
different rice genotypes. Microbiome. 2025;13(1):185. [CrossRef].

204. Halshoy HS, Braim SA, Hama JR. Phytohormonal regulation of root exudation: mechanisms and rhizosphere
function. Plant Signal Behav. 2025;20(1):2587486. [CrossRef].

https://doi.org/10.3389/fpls.2024.1482739
https://doi.org/10.1016/S0929-1393(98)00143-7
https://doi.org/10.1111/1751-7915.13866
https://doi.org/10.1007/s00284-026-04809-1
https://doi.org/10.1016/j.cpb.2020.100189
https://doi.org/10.3390/pathogens10050570
https://doi.org/10.1016/j.stress.2024.100399
https://doi.org/10.3390/microorganisms13071468
https://doi.org/10.1186/s40793-025-00694-6
https://doi.org/10.1016/j.stress.2025.101033
https://doi.org/10.1007/978-81-322-2068-8_19
https://doi.org/10.1016/j.stress.2024.100435
https://doi.org/10.3390/challe17020017
https://doi.org/10.3389/fpls.2025.1561280
https://doi.org/10.1016/j.envexpbot.2026.106321
https://doi.org/10.3390/s25216631
https://doi.org/10.1016/j.synbio.2024.06.008
https://doi.org/10.3390/horticulturae10010102
https://doi.org/10.3389/fpls.2021.741419
https://doi.org/10.1007/s11104-013-1956-x
https://doi.org/10.1016/j.stress.2024.100681
https://doi.org/10.1186/s40168-025-02181-z
https://doi.org/10.1080/15592324.2025.2587486


Phyton-Int J Exp Bot. 2026;95(7):2 25

205. Seitz VA, McGivern BB, Daly RA, Chaparro JM, Borton MA, Sheflin AM, et al. Variation in root exudate compo-
sition influences soil microbiome membership and function. Appl Environ Microbiol. 2022;88(11):e00226–22.
[CrossRef].

206. Li Q, Yang A, Zhang WH. Comparative studies on tolerance of rice genotypes differing in their tolerance to
moderate salt stress. BMC Plant Biol. 2017;17(1):141. [CrossRef].

207. Lea-Smith DJ, Hassard F, Coulon F, Partridge N, Horsfall L, Parker KDJ, et al. Engineering biology applications
for environmental solutions: potential and challenges. Nat Commun. 2025;16:3538. [CrossRef].

208. Brewer AM, George DR, Frow EK. Emerging governance considerations for the deployment of genetically
engineered microbes. Curr Opin Microbiol. 2026;89:102685. [CrossRef].

209. Contreras-Salgado EA, Sánchez-Morán AG, Rodríguez-Preciado SY, Sifuentes-Franco S, Rodríguez-Rodríguez R,
Macías-Barragán J, et al. Multifaceted applications of synthetic microbial communities: advances in biomedicine,
bioremediation, and industry. Microbiol Res. 2024;15(3):1709–27. [CrossRef].

210. Ladau J, Fahimipour AK, Newcomer ME, Brown JB, Vora GJ, Melby MK, et al. Microbial inoculants and invasions:
a call to action. Trends Microbiol. 2025;33(10):1064–75. [CrossRef].

211. Hosseini S. Current advances and challenges in pharmaceutical formulation development and manufacturing: a
comprehensive review for industry applications. Int J Biomed Sci Eng. 2026;14(1):33–41. [CrossRef].

212. Ke J, Wang B, Yoshikuni Y. Microbiome engineering: synthetic biology of plant-associated microbiomes in
sustainable agriculture. Trends Biotechnol. 2021;39(3):244–61. [CrossRef].

213. Che S, Men Y. Synthetic microbial consortia for biosynthesis and biodegradation: promises and challenges. J Ind
Microbiol Biotechnol. 2019;46(9):1343–58. [CrossRef].

214. Compant S, Cassan F, Kostić T, Johnson L, Brader G, Trognitz F, et al. Harnessing the plant microbiome for
sustainable crop production. Nat Rev Microbiol. 2025;23(1):9–23. [CrossRef].

215. Marín O, González B, Poupin MJ. From microbial dynamics to functionality in the rhizosphere: a systematic
review of the opportunities with synthetic microbial communities. Front Plant Sci. 2021;12:650609. [CrossRef].

216. Suman A, Govindasamy V, Ramakrishnan B, Aswini K, SaiPrasad J, Sharma P, et al. Microbial community and
function-based synthetic bioinoculants: a perspective for sustainable agriculture. Front Microbiol. 2022;12:805498.
[CrossRef].

217. Bai Y, Müller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M, et al. Functional overlap of the Arabidopsis leaf
and root microbiota. Nature. 2015;528(7582):364–9. [CrossRef].

218. Jansson JK, McClure R, Egbert RG. Soil microbiome engineering for sustainability in a changing environment.
Nat Biotechnol. 2023;41(12):1716–28. [CrossRef].

219. Toju H, Peay KG, Yamamichi M, Narisawa K, Hiruma K, Naito K, et al. Core microbiomes for sustainable
agroecosystems. Nat Plants. 2018;4(5):247–57. [CrossRef].

220. Vorholt JA, Vogel C, Carlström CI, Müller DB. Establishing causality: opportunities of synthetic communities for
plant microbiome research. Cell Host Microbe. 2017;22(2):142–55. [CrossRef].

221. Shi X, Zhao Y, Xu M, Ma L, Adams JM, Shi Y. Insights into plant–microbe interactions in the rhizosphere to
promote sustainable agriculture in the new crops era. New Crops. 2024;1:100004. [CrossRef].

222. Dudeja C, Mishra A, Ali A, Singh PP, Jaiswal AK. Microbial genome editing with CRISPR–Cas9: recent advances
and emerging applications across sectors. Fermentation. 2025;11(7):410. [CrossRef].

223. Mishra J, Singh R, Arora NK. Plant growth-promoting microbes: diverse roles in agriculture and environmental
sustainability. In: Probiotics and plant health. Singapore: Springer; 2017. p. 71–111. [CrossRef].

224. Shaheen N, Ahmad S, Alghamdi SS, Rehman HM, Javed MA, Tabassum J, et al. CRISPR-cas system, a possible
“savior” of rice threatened by climate change: an updated review. Rice. 2023;16(1):39. [CrossRef].

225. Park I, Seo YS, Mannaa M. Recruitment of the rhizo-microbiome army: assembly determinants and engineering of
the rhizosphere microbiome as a key to unlocking plant potential. Front Microbiol. 2023;14:1163832. [CrossRef].

226. Prabhukarthikeyan SR, Parameswaran C, Keerthana U, Teli B, Jag PTK, Cayalvizhi B, et al. Understanding
the plant-microbe interactions in CRISPR/CAS9 era: indeed a sprinting start in marathon. Curr Genom.
2020;21(6):429–43. [CrossRef].

227. Zhu H, Li C, Gao C. Applications of CRISPR-Cas in agriculture and plant biotechnology. Nat Rev Mol Cell Biol.
2020;21(11):661–77. [CrossRef].

https://doi.org/10.1128/aem.00226-22
https://doi.org/10.1186/s12870-017-1089-0
https://doi.org/10.1038/s41467-025-58492-0
https://doi.org/10.1016/j.mib.2025.102685
https://doi.org/10.3390/microbiolres15030113
https://doi.org/10.1016/j.tim.2025.04.018
https://doi.org/10.11648/j.ijbse.20261401.14
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.1007/s10295-019-02211-4
https://doi.org/10.1038/s41579-024-01079-1
https://doi.org/10.3389/fpls.2021.650609
https://doi.org/10.3389/fmicb.2021.805498
https://doi.org/10.1038/nature16192
https://doi.org/10.1038/s41587-023-01932-3
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1016/j.chom.2017.07.004
https://doi.org/10.1016/j.ncrops.2023.11.002
https://doi.org/10.3390/fermentation11070410
https://doi.org/10.1007/978-981-10-3473-2_4
https://doi.org/10.1186/s12284-023-00652-1
https://doi.org/10.3389/fmicb.2023.1163832
https://doi.org/10.2174/1389202921999200716110853
https://doi.org/10.1038/s41580-020-00288-9


26 Phyton-Int J Exp Bot. 2026;95(7):2

228. Domingo C, San Segundo B. Rice thematic special issue: beneficial plant–microbe interactions in rice. Rice.
2023;16(1):50. [CrossRef].

229. Mulat M, Banicod RJS, Tabassum N, Javaid A, Kim TH, Kim YM, et al. Application of artificial intelligence
in microbial drug discovery: unlocking new frontiers in biotechnology. J Microbiol Meth. 2025;237:107232.
[CrossRef].

230. Marzouk SH, Kwaslema DR, Omar MM, Mohamed SH. “Harnessing the power of soil microbes: their dual
impact in integrated nutrient management and mediating climate stress for sustainable rice crop production” A
systematic review. Heliyon. 2024;11(1):e41158. [CrossRef].

231. Okorie BO. Considerations for microbial inoculation under dryland stress conditions. Biol Fertil Soils.
2026;62(5):649–70. [CrossRef].

232. Zhao J, Yu X, Zhang C, Hou L, Wu N, Zhang W, et al. Harnessing microbial interactions with rice: strategies
for abiotic stress alleviation in the face of environmental challenges and climate change. Sci Total Environ.
2024;912:168847. [CrossRef].

233. Pesquet E, Wagner A, Grabber JH. Cell culture systems: invaluable tools to investigate lignin formation and cell
wall properties. Curr Opin Biotechnol. 2019;56:215–22. [CrossRef].

234. O’Callaghan M. Microbial inoculation of seed for improved crop performance: issues and opportunities. Appl
Microbiol Biotechnol. 2016;100(13):5729–46. [CrossRef].

235. Liu H, Brettell LE, Qiu Z, Singh BK. Microbiome-mediated stress resistance in plants. Trends Plant Sci.
2020;25(8):733–43. [CrossRef].

236. Hewezi T, Baum TJ. Manipulation of plant cells by cyst and root-knot nematode effectors. Mol Plant Microbe
Interact. 2013;26(1):9–16. [CrossRef].

237. Espinas NA, Saze H, Saijo Y. Epigenetic control of defense signaling and priming in plants. Front Plant Sci.
2016;7:1201. [CrossRef].

238. Vannier N, AglerM, Hacquard S.Microbiota-mediated disease resistance in plants. PLoS Pathog. 2019;15(6):e1007740.
[CrossRef].

https://doi.org/10.1186/s12284-023-00659-8
https://doi.org/10.1016/j.mimet.2025.107232
https://doi.org/10.1016/j.heliyon.2024.e41158
https://doi.org/10.1007/s00374-026-02010-x
https://doi.org/10.1016/j.scitotenv.2023.168847
https://doi.org/10.1016/j.copbio.2019.02.001
https://doi.org/10.1007/s00253-016-7590-9
https://doi.org/10.1016/j.tplants.2020.03.014
https://doi.org/10.1094/MPMI-05-12-0106-FI
https://doi.org/10.3389/fpls.2016.01201
https://doi.org/10.1371/journal.ppat.1007740

	Introduction
	Overview of Plant-Microbe Interactions in Rice
	The Rice Microbiome: Rhizosphere, Endosphere, and Phyllosphere Communities
	Types of Beneficial Microbes
	Mechanisms of Interaction between Rice and Beneficial Microbes

	Microbial Mechanisms for Enhancing Abiotic Stress Tolerance in Rice
	Physiological and Biochemical Modulation
	Molecular and Genetic Regulation
	Microbe-Derived Metabolites and Enzymes
	Induced Systemic Tolerance (IST)
	Comparative and Critical Analysis

	Comparative Effectiveness under Different Abiotic Stresses
	Drought Stress
	Salinity Stress
	Temperature Stress
	Flooding and Submergence Stress
	Heavy Metal and Oxidative Stress

	Field-Level Challenges and Ecological Constraints
	Challenges in Translating Laboratory Success to Field Performance
	Comparative Effectiveness of Different Microbial Groups
	Ecological and Technical Constraints in Field Application
	Microbiome-Host Genotype Interactions and Commercialization Challenges
	Future Directions

	Conclusion
	References

