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ARTICLE INFO ABSTRACT
Keywords: Plant growth-promoting rhizobacteria (PGPR) have emerged as key players in sustainable agri-
Rhizobacterial VOCs culture due to their ability to enhance plant growth, nutrient uptake, and disease resistance. A
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significant aspect of PGPR is the emission of volatile organic compounds (VOCs), which serve as
signaling molecules that influence various physiological processes in plants. This review article
explores the complex interactions between rhizobacterial VOCs and soil health, focusing partic-
ularly on their role in nutrient cycling within agricultural ecosystems. By investigating the
mechanism of production and release of VOCs by rhizobacteria, along with impacts on soil
properties and microbial communities. We aim to highlight the potential of rhizobacterial volatile
organic compounds (VOCs) for sustainable agricultural management. Additionally, we discuss the
role of rhizobacterial VOCs in promoting root growth, nutrient uptake, and enhancing nutrient
cycling processes. By providing insights into these mechanisms, this review offers tailored stra-
tegies for exploring the potential of rhizobacterial VOCs to optimize nutrient availability, enhance
soil fertility, and address environmental challenges in agriculture. Exploring the potential of
rhizobacterial VOCs presents an opportunity to establish sustainable and resilient agricultural
systems that significantly enhance global food security and promote environmental stewardship.

1. Introduction

Plant growth-promoting rhizobacteria (PGPR), commonly known as rhizobacteria. They are beneficial microorganisms that form a
symbiotic relationship with plant roots [1]. These microorganisms have demonstrated their abilities to enhance plant growth, improve
nutrient uptake, and strengthen plant resistance to pathogens [2,3]. Moreover, rhizobacteria emit a diverse variety of volatile organic
compounds (VOCs), low molecular weight compounds that readily vaporize at room temperature [4]. Additionally, the production of
VOCs by rhizobacteria contributes to the complexity and diversity of the soil microbiome, influencing ecosystem functions such as
nutrient cycling and soil health [5].

Research has highlighted the vital functions of rhizobacterial volatile organic compounds (VOCs) in facilitating plant-microbe
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interactions and influencing soil microbial communities [4,6]. These compounds act as signaling molecules that regulate various
physiological processes in plants, influencing their growth and development. Some specific VOCs, such as
Aminocyclopropane-1-carboxylate (ACC) Deaminase, 2,3-butanediol, Indole-3-acetic acid (IAA), 2,4-diacetyl phloroglucinol (DAPG),
and Dimethyl sulfide (DMS), have been discovered to encourage root development, improve nutrient acquisition efficiency, and
improve overall plant growth [7,8]. Additionally, VOCs mediate plant-plant interactions, by exhibiting allelopathic effects that sup-
press the growth of neighboring plant species [9,10]. Furthermore, VOCs play a crucial role in facilitating communication with
beneficial organisms, such as mycorrhizal fungi and other rhizobacteria. They enhance nutrient uptake [11], plant defense against
pathogens [12], and induce stress tolerance [5].

Understanding the practical applications of utilizing rhizobacterial VOCs in agriculture is of great importance. These applications
encompass crop protection, plant growth promotion, soil health improvement, stress tolerance induction, enhanced nutrient cycling,
bioremediation, microbial community modulation, and promotion of greenhouse gas mitigation [13-15]. By utilizing the potential of
rhizobacterial VOCs, sustainable agricultural practices can be developed, benefiting both the environment and long-term agricultural
viability [16]. Fig. 1 explores the mechanisms of VOC production and emission by rhizobacteria, their impacts on soil properties and
microbial communities, and their potential for sustainable agricultural practices. It emphasizes the effects of rhizobacterial VOCs on
root growth, nutrient uptake, and enhancing nutrient cycling processes [17].

In this comprehensive review, we aim to explore the practical applications of rhizobacterial VOCs in sustainable agriculture. By
examining the current scientific research, we will provide insights into how these VOCs can be utilized to enhance crop productivity,
improve soil health, and mitigate environmental challenges. Incorporating rhizobacterial volatile organic compounds (VOCs) into
agricultural practices. This is supported by effective policies and practices. It can improve the sustainability and resilience of agri-
cultural systems.

1.1. Effects of R-VOCs on soil nutrients

Rhizobacteria are essential agents in the modulation of soil nutrients via diverse pathways. Research indicates that the application
of PGPR through seed inoculation before sowing can mitigate the downward movement of biogenic nutrients and water-soluble
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Fig. 1. Diagrammatic representations of the interactions and effects of Rhizobacteria. Rhizobacteria play a beneficial role in agricultural ecosystems
by releasing volatile organic compounds (VOCs). These VOCs enhance soil health by promoting biological nitrogen fixation and phosphorus sol-
ubility, both essential for plant growth. Additionally, they enhance plants’ resilience to pests and disease by supporting beneficial microbial
communities, inducing systemic resistance (ISR), and utilizing available nutrients. Overall, rhizobacterial VOCs contribute to improved plant growth
and nutrient availability in agricultural soils.
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organic substances in the soil profile, thereby reducing nutrient depletion [18]. Schulz-Bohm et al. [19] highlighted the substantial
impact of Rhizobacterial volatile organic compounds (R-VOCs) on soil nutrient dynamics. Their research revealed a significant
restructuring of soil microbial communities, characterized by a reduction in alpha diversity and notable shifts in the relative abun-
dance of key bacterial phyla, including Proteobacteria and Firmicutes. Furthermore, Wang et al. [20] demonstrated the synergistic
effects of R-VOCs with nutrients, resulting in enhanced plant growth, increased enzymatic activity in the rhizosphere soil, and
improved efficiency in the phytoextraction of heavy metals such as cadmium and zinc. Moreover, Yuan et al. [21] provided insights
into the positive impact of rhizobacterial fertilizers on soil nitrogen ion concentrations, rice yields, and reduced reliance on chemical
fertilizers, promoting sustainable agricultural practices. In summary, these studies collectively underscore the pivotal role of R-VOCs in
shaping soil nutrient dynamics and enhancing plant growth in agricultural ecosystems.

1.2. Rhizobacteria and VOC emission

1.2.1. Rhizobacteria and their role in plant interactions

The presence of distinct volatiles in specific plant-soil ecosystems results from the interaction between bacteria and the metabolism
of plants [22]. These volatiles, occurring in various concentrations in the biosphere, serve as ideal chemicals for conveying information
over long distances [23]. Rhizobacteria, residing in the rhizosphere consume nutrient-rich substances released by plants, which helps
enhance plant growth [24].

Dimethyl disulfide released by rhizobacteria has bacteriostatic effects on plant pathogens, such as Agrobacteriumtumefaciens and
Agrobacterium vitis [25]. Rhizobacteria can induce systemic resistance in plants, activating defense mechanisms and enhancing
resistance against pathogens [26]. Some rhizobacteria act as biocontrol agents by competing with pathogens for resources and pro-
ducing antimicrobial compounds such as antibiotics and volatile organic compounds (VOCs) to suppress pathogen growth [27,28].
While numerous rhizobacteria provide beneficial outcomes, a few strains are dangerous, showing pathogenic developments and
causing diseases in plant life [29]. Sustainable agriculture and disease control require an understanding of the specific relationships
between rhizobacteria and plants, along with their influence on plant health and growth [30].

1.3. Mechanisms of VOCs production and emission by rhizobacteria

Recent advances have shown that rhizobacteria produce and release VOCs using multiple mechanisms. One key pathway for VOC
production is terpene synthesis. This involves specific enzymatic reactions. For example, sesquiterpene synthase from Streptomyces
coelicolor catalyzes the synthesis of epi-isozizaene by a carbocation-dependent process controlled by different amino acid residues
[31]. The methylation pathway required for producing methyl-containing VOCs works through a methyltransferase-dependent
mechanism. A well-studied example is S-adenosylmethionine (SAM) in halo-methane transfer in marine bacteria, which methylates
halogen ions to form methyl halides [32]. Another noteworthy mechanism is the decarboxylation of amino acids, as shown by lysine
decarboxylase in Escherichia coli, which uses a pyridoxal 5-phosphate (PLP)-dependent reaction to convert lysine to cadaverine [33].

VOCs are primarily released through passive diffusion, with the release rate influenced by factors such as molecular weight and
lipid composition [34]. Transport activity is a critical factor influencing VOC emission, as evidenced by the distinct emission patterns
documented in previous studies [35]. Recent research indicates a porous secretion mechanism that facilitates the transport of mi-
crobial volatile organic compounds (VOCs), supported by findings showing microparticles capable of penetrating bacterial membranes
[36]. The processes governing the production and secretion of these compounds are tightly regulated by intricate systems that respond
to environmental signals and changes in population density. The GacS/GacA dual regulatory system in Pseudomonas species modulates
the expression of VOC synthesis genes through a phosphorylation pathway that is activated by specific environmental signals [37]. The
production of VOCs by rhizobacteria is influenced by various factors, including plant root exudates, which serve as a source of carbon
and energy [38]. Environmental conditions, such as temperature and nutrient availability, play a role in regulating VOC emissions
[39]. Despite these advances, further research is needed to fully explore the mechanisms and biological significance of VOC production
by rhizobacteria [36,40].

1.4. Rhizobacterial VOCs and soil health

1.4.1. Microbial species and VOCs: shaping soil properties and plant health

Microbial species and VOCs significantly regulate soil properties and enhance plant health, offering sustainable alternatives for
managing plant diseases. These VOCs cause soil swelling by inhibiting pathogens and increasing soil compaction [41]. They also
modify soil properties, control the availability of nutrients, and influence the development of microbial communities [42]. VOCs’
importance is highlighted while evaluating their function in facilitating beneficial interactions in the soil ecosystem. For instance,
VOCs released by certain fungi, such as those in the genus Fusarium, have been shown to improve root architecture in plants such as
Arabidopsis, thus significantly influencing plant development and general vigor [43]. This improvement in the root system facilitates
greater absorption of nutrients, increases the ability to retain water, and enhances resilience to environmental stress. VOCs also act as
important signaling molecules that facilitate communication between plants and their associated microbial communities. This
interaction supports a collaborative relationship, increasing plant health and disease resilience [44].

Microbial VOCs are an environmentally sustainable alternative to chemical pesticides, which are often associated with adverse
environmental effects and health risks. By exploring the natural properties of microbial VOCs, farmers can reduce their reliance on
conventional agricultural inputs and adopt more sustainable practices [44]. Additionally, understanding the signaling pathways
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associated with VOCs can lead to innovative crop management strategies that enhance pathogen resilience while maintaining soil
health [45]. Table 1 provides a comprehensive overview of the effects of different types of microbial species and Volatile Organic
Compounds (VOCs) on soil characteristics, emphasizing their significance in maintaining soil quality, promoting plant development,
and contributing to the overall functionality of ecosystems.

1.5. Soil health: Rhizobacteria and carbon dynamics

Rhizobacteria, particularly Plant Growth-Promoting Rhizobacteria (PGPR), are key players in maintaining soil health and agri-
cultural productivity [46]. These beneficial bacteria contribute to nutrient cycling by promoting processes such as biological nitrogen
fixation and phosphorus solubilization [58]. Moreover, they secrete antibiotics and siderophores to suppress harmful soil-borne
pathogens, safeguarding plant health [59]. Additionally, rhizobacteria improve soil structure and water retention by producing
extracellular polymeric substances (EPS) [60]. This microbial activity results in a range of positive effects on soil health, fertility, and
plant growth.

Simultaneously, organic matter decomposition is essential for promoting stable soil organic carbon (SOC) and significantly con-
tributes to addressing climate change. The stability of SOC is influenced by a variety of factors, including soil-forming processes,
changes in land cover, and the method of tillage. These processes and land cover variations have significant impacts on both SOC stocks
and stability [61]. Different tillage systems, including zero-tillage, can influence SOC concentration and stability within soil aggre-
gates, affecting carbon retention and greenhouse gas emissions [62]. Furthermore, the application of highly stabilized organic
amendments has been shown to increase SOC levels. This enhancement promotes soil health and productivity while reducing CO2
emissions, supporting climate-smart agriculture practices [63]. Understanding the mechanisms underlying SOC formation and sta-
bility is crucial for implementing effective climate change mitigation strategies.

1.6. Mechanisms of VOCs: chemical communication in soil ecosystems

Volatile organic compounds (VOCs) play a crucial role in chemical communication within soil ecosystems, facilitating interactions
between various organisms and influencing ecosystem processes [64]. This form of communication, often referred to as infochemicals
or semiochemicals, allows soil inhabitants to interact, coordinate activities, and respond to environmental changes [65]. Plants,
microorganisms, and soil fauna emit and secrete VOCs into the environment of the soil, while VOCs can diffuse through soil pores. This
process facilitates long-distance communication between organisms that lack direct contact with one another [66].

In plant-microbe interactions, plants release root exudates containing VOCs, which attract beneficial microorganisms, repel plant
pathogens, and influence microbial community composition in the rhizosphere [67]. Soil microorganisms use VOCs for quorum
sensing, regulating gene expression, and coordinating group behaviors within microbial communities [64]. VOCs mediate plant-plant
interactions, including competition and defense responses; for instance, plants under attack by herbivores may release VOCs that
induce defense responses in neighboring plants [68].

1.7. Rhizobacterial VOCs and nutrient cycling

1.7.1. VOCs as signaling molecules for nutrient acquisition by plants

VOCs serve as crucial signaling molecules that facilitate nutrient acquisition by plants through complex interactions with soil
microorganisms. Soil bacteria and fungi produce a diverse array of VOCs, which encompass various chemical classes, including al-
cohols, ketones, aldehydes, alkenes, aromatic compounds, and terpenes [69]. A research by Kai et al. [34] identified over 300 MVOCs

Table 1
Impacts of microbial species and VOCs on soil properties.
Microbial Species Compound Name Impact on soil properties References
Pseudomonas putida 2,4-diacetylphloroglucinol (DAPG) Biocontrol of plant pathogens [47,48]
Bacillus subtilis Surfactins, bacillomycin D, Fengicin Enhanced nutrient uptake [49]
Streptomycesspp. Various antibiotics Biocontrol of plant pathogens [501
Trichodermaspp. 6-phtyl-a-pyrone and chitinases Biocontrol of plant pathogens, promotion of plant growth, and [51]
enhancement of nutrient availability
Mycorrhizal Fungi (e.g., Not applicable- they form symbiotic Enhancement of nutrient uptake, soil structure, and plant [52]
Glomusspp.) associations with plants resistance to pathogens
Methonegenicarchaea (e.g., Methane Production of methane [53]
Glomusspp.)
Nitrosomonasspp. and Not applicable Facilitation of the nitrification process [54]
Nitrobacterspp.
Acidobacteria Not applicable- they are adiverse phylum with ~ Impact on various soil properties [55]
various functions
Actinobacteria Not applicable- they are adiverse phylum with ~ Play crucial roles in nutrient cycling, organic matter [56]
various functions decomposition, and antibiotic production
Cyanobacteria Not applicable- they are adiverse phylum with ~ Play a critical role in soil nitrogen fixation [57]

various functions
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from soil bacteria, with 2,3-butanediol, acetoin, and indole being among the most abundant compounds. These MVOCs play a direct
role in regulating plant physiology and promoting growth. Ryu et al. [4] demonstrated that 2,3-butanediol and acetoin, produced by
Bacillus subtilis GBO3 and Bacillus amyloliquefaciens IN937a, significantly enhance the growth of Arabidopsis thaliana by modulating the
plant’s ethylene signaling pathway. Ditengou et al. (2015) reported that volatile sesquiterpenes, such as -caryophyllene produced by
ectomycorrhizal fungi, promote lateral shoot formation in Arabidopsis and Populus, improving the plant’s ability to absorb nutrients
[68].

MVOC contributes to the rhizosphere environment and affects nutrient availability. Schulz-Bohm et al. [66] reviewed the effects of
microbial compounds on nutrient availability in plants, emphasizing their role in nutrient metabolism and absorption. For example,
dimethyl disulfide from Bacillus spp. promotes phosphate solubility, increasing the availability of essential nutrients for plants [70].
MVOC can increase nutrient availability indirectly by stimulating beneficial microbial communities in the rhizosphere. Cordovez et al.
[71] observed that VOCs produced by Streptomyces spp. stimulate the growth of beneficial rhizobacteria while inhibiting pathogenic
fungi, establishing an environment that promotes plant growth and nutrient acquisition. Several MVOCs exhibiting antimicrobial
properties contribute to plant health by suppressing pathogens. Schmidt et al. [72] identified VOCs released by Burkholderia ambifaria
that inhibit the growth of various plant pathogens, such as Rhizoctonia solani and Fusarium solani, which protect plants from these
pathogens. Additionally, these MVOCs promote the absorption and utilization of nutrients.

1.8. VOC:s in soil nutrient mobilization and immobilization

Nutrient cycling is facilitated by soil VOCs in two ways. They enhance nutrient mobilization through mineral solubilization,
chelation of metal ions, or microbial activity [38], and they decrease nutrient immobilization through microbial uptake and the
formation of stable organic compounds [73,74]. The interaction between these two factors determines total soil fertility and plant
nutrient availability. Specific VOCs function as signaling molecules that activate the functions of soil microorganisms participating in
the mobilization of nutrients. For example, the VOCs discharged by Azospirillum brasilense, a bacterium that fixes nitrogen, enhance
nitrogen availability utilizing biological nitrogen fixation [75]. Similarly, the VOCs produced by species of Bacillus have been shown to
stimulate the production of cellulases and phosphatases, facilitating the breakdown of complex organic compounds and releasing
nutrients for plant absorption [5]. Nevertheless, it is essential to consider the impact of VOCs on nutrient immobilization processes.
Certain VOCs can induce changes in the composition and activity of the soil microbial community, resulting in the immobilization of

Table 2
Rhizobacterial VOCs and nutrient cycling interactions.
Rhizobacterial Species Volatile Organic Nutrient Cycling Processes ~ Microbial Interactions Associated Microbial References
Compounds (VOCs) Groups
Bacillus subtilis Subtilin, Bacillomycin D Phosphorus solubilization, Antibiosis, Plant growth Other beneficial [76-78]
Nitrogen fixation promotion rhizobacteria
Pseudomonas fluorescens Pyrrolnitrin, Pyoluteorin  Siderophore production, Antagonism, Mycorrhizal Beneficial nematodes, [48,79]
Nitrate reduction fungi other bacteria
Rhizobium leguminosarum Nod factors Nitrogen fixation Symbiotic nitrogen fixation  Other nitrogen-fixing [80,81]
bacteria
Streptomyces spp. Geosmin, 2- Decomposition of organic Mycorrhizal associations, Actinomycetes, [35,82]
methylisoborneol matter Antibiosis saprophytic fungi
Trichodermaharzianum Trichodermin, Biological control against Plant growth promotion, Mycoparasitic fungi [83,84]
Harzianum A plant pathogens Root development
Mycorrhizal fungi (e.g., Mycotoxins, Glomalin Enhanced nutrient uptake,  Symbiotic association Beneficial bacteria, other ~ [51,85]
Glomus spp.) especially phosphorus mycorrhizal species
Agzospirillumbrasilense Indole-3-acetic acid Phytohormone Plant growth promotion, Other plant growth- [86,871]
(IAA), Siderophores production, Nitrogen stress tolerance promoting bacteria
fixation
Methylobacterium spp. Methanol, Methanol metabolism, Stress tolerance, Nitrogen Other methylotrophic [88,89]
Formaldehyde Plant hormone fixation bacteria
modulation
Clostridium pasteurianum Acetone, Ethanol Fermentation of organic Synergistic interactions Other anaerobic [90]
matter with cellulose-degrading microorganisms
bacteria
Burkholderia spp. Burkholderic acid, Nitrogen fixation, Plant root colonization, Other rhizosphere [91,92]
Burkholdines Antagonism against plant growth bacteria
pathogens
Azotobactervinelandii Hydrogen cyanide Nitrogen fixation, HCN Promotes growth in non- Other nitrogen-fixing [93,94]
(HCN) production leguminous plants bacteria
Clostridium acetobutylicum Acetone, Butanol Solvent production, Synergistic interactions Other anaerobic [95,96]
Fermentation with acetate-producing microorganisms
bacteria
Actinomycetes (e.g., Geosmin, ActinomycinD  Decomposition of organic Antibiosis against soil Other soil bacteria [35,82]
Streptomyces spp.) matter pathogens, Promotes soil
structure
Lysobacter spp. Lysobactin, HSAF Antibiosis against plant Plant growth promotion, Other biocontrol bacteria ~ [42]

pathogens

Disease suppression
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nutrients. Nutrients can be incorporated into microbial biomass or sequestered in soil organic matter, reducing their immediate
availability for plant uptake [38].

1.9. VOC-mediated interactions in rhizosphere nutrient cycling

The volatile organic compounds (VOCs) emitted by rhizobacteria play a crucial role in influencing the dynamics of nutrient cycling
in the rhizosphere. These interactions are multifaceted, involving various ecological relationships that profoundly impact nutrient
availability and turnover. One crucial aspect of these VOC-mediated interactions is the attraction and cooperation between rhizo-
bacteria and nutrient-mineralizing microbes Table 2. Bitas et al. [97] showed that rhizobacterial VOCs could attract nitrogen-cycling
microbes and enhance the availability of soil nitrogen. These VOCs demonstrate antimicrobial activity, suppressing competing mi-
croorganisms and assisting rhizobacteria in securing nutrients and establishing ecological habitats [99-101]. VOCs influence microbial
gene expression, regulating nutrient cycling. For instance, Vespermann et al. [35] found that VOCs produced by Streptomyces VOCs
upregulated genes associated with phosphate solubilization leading to increased phosphate availability in the soil. Rhizobacterial
VOCs also influence higher trophic levels such as nematodes and mycorrhizal fungi, impacting nutrient cycling and plant nutrient
acquisition in the rhizosphere [98]. These interactions are essential in influencing nutrient availability, turnover, and the overall
functioning of the soil ecosystem [4,99,100].

1.10. Applications of rhizobacterial VOCs in agriculture

Utilizing volatile organic compounds (VOCs) for sustainable agriculture and soil management involves considering both detri-
mental and advantageous microorganisms. Microbial emissions significantly enhance plant development by improving resilience and
promoting overall growth [101,102]. The widely recognized plant hormone and VOC, ethylene, promotes the development of roots
and the formation of branches in various plant species [103]. Fig. 2 Plant growth-promoting bacteria, such as Pseudomonas and Bacillus
spp., produce volatile organic compounds (VOCs) that drive essential processes, including root development and nutrient uptake.
These VOCs strengthen the plant’s resilience to stress, attract beneficial soil organisms, reduce weed pressure, and decrease the need
for chemical inputs, promoting environmentally friendly and efficient agricultural practices. This highlights the potential of microbial
VOCs to support sustainable agriculture [104]. VOC-mediated microbial interactions in soil significantly influence nutrient availability
and plant-microbe interactions [105].

VOCs contribute to plant defense mechanisms against pests and diseases. Herbivore-induced plant volatiles (HIPVs) attract
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Fig. 2. Plant growth-promoting bacteria (PGPB), such as Pseudomonas and Bacillus spp., emit volatile organic compounds (VOCs) that play various
roles in plant growth and stress responses. These VOCs influence root development, nutrient acquisition, and stress tolerance in plants. They attract
beneficial soil microbes and can suppress weed growth. Understanding these functions of VOCs offers potential for sustainable agriculture by
promoting plant growth, enhancing nutrient use efficiency, and reducing reliance on chemicals.
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predators of herbivores, providing an indirect defense mechanism [106,107]. Specific VOCs emitted by plants directly inhibit the
growth and development of pathogens, offering a natural defense against diseases [5]. These interactions can be utilized for sus-
tainable pest control strategies in agriculture. Lazcano and Dominguez (2011) found that the use of VOCs in weed control and pest
management reduced reliance on chemical herbicides among US organic growers, minimizing negative impacts on soil health and
beneficial organisms. Furthermore, VOCs have the potential to improve soil fertility and overall health [108]. Some released by plant
roots act as signaling molecules, attracting soil microorganisms involved in nutrient cycling, enhancing nutrient availability, and
promoting soil fertility [109]. Certain cover crops and green manures release VOCs with allelopathic effects, inhibiting weed growth
and reducing the need for chemical herbicides [110].

1.11. Rhizobacterial VOCs and plant growth promotion

Volatile organic compounds are essential components in a plant’s response to environmental challenges. In response to biotic
attacks, the release of VOCs initiates defensive strategies that enhance resilience against herbivores and pathogens [12,111,112].
These compounds are involved in the synthesis of protective agents, strengthening structural barriers, and stimulating protective
proteins. Certain VOCs possess antimicrobial properties, suppressing pathogenic growth [113,114]. Regarding abiotic stressors, VOC
emissions have been shown to regulate transpiration and modify protective layers to mitigate drought stress [115,116]. Additionally,
isoprenoids, including isoprene protects photosystems under thermal stress. Moreover, VOCs contribute to the mitigation of heavy
metal stress by chelating toxic metals, reducing their impact on plant systems [117].
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Fig. 3. Salinity stress impacts plant roots by raising sodium (Na™) levels and lowering potassium (K*) levels. Beneficial microbes, particularly plant
growth-promoting rhizobacteria (PGPR), release microbial volatile organic compounds (MVOCs) that aid plants in stress management. These
MVOCs enhance potassium uptake, decrease sodium accumulation, and increase antioxidant activity, leading to improved stress tolerance. Addi-
tionally, they induce changes in gene expression associated with stress responses, emphasizing the potential of MVOCs to enhance plant growth and
resilience under salinity stress conditions.
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Microbial Volatile Organic Compounds (MVOCs) influence plant tolerance to abiotic stress, with limited attention given to their
role in salinity stress. Fig. 3 depicts a plant root system under salt stress, highlighting the challenges posed by increased sodium (Na*t)
influx and reduced potassium (KM uptake [118]. Studies have demonstrated the effectiveness of MVOCs from various PGPR strains in
alleviating salt stress in plants. For example, MVOCs from Trichoderma fungi enhance salt tolerance in Arabidopsis thaliana, while
Pseudomonas simiae-derived MVOCs mitigate Na' accumulation and enhance K™ and P content in soybean roots [119,120]. These
findings highlight the potential of PGPR-derived MVOCs as biocontrol agents to improve plant growth and stress tolerance in saline
environments.

1.12. Rhizobacterial (VOCs) opportunities and challenges in agriculture

Rhizobacterial VOCs represent a promising advancement in sustainable agriculture, offering the potential to improve crop yields
while enhancing environmental sustainability. These microbial metabolites play a crucial role in mediating plant-microbe interactions
and significantly contribute to soil health by increasing nutrient availability and improving soil structure [121]. Significantly, specific
VOCs produced by rhizobacteria have been found to solubilize phosphate and enhance nitrogen fixation, leading to more efficient
nutrient uptake by plants [122]. Additionally, these compounds contribute to the formation of soil aggregates, which aid in water
retention and reduce soil erosion. In addition to their role in nutrient cycling, rhizobacterial VOCs have been shown to directly in-
fluence plant growth by promoting root development, increasing shoot biomass, and enhancing overall plant vigor [103]. Moreover,
research indicates that plants exposed to certain VOCs exhibit enhanced resilience to biotic and abiotic stressors, improving both stress
tolerance and systemic resistance against pathogens [123,124]. Fig. 4 illustrates the role of microbial communities in promoting plant
growth and resilience by enhancing nutrient availability, reducing greenhouse gas emissions, and enabling resistance to environmental
stressors. It highlights the importance of quorum sensing and the release of VOCs in regulating these beneficial interactions [125-128].

Utilizing VOC-producing bacteria into agricultural systems requires a comprehensive evaluation of their environmental implica-
tions. Long-term studies are crucial to assess potential risks, ensuring that these interventions maintain the stability of native microbial
communities and prevent any adverse environmental impacts on agroecosystems [129]. Despite these concerns, research is actively
investigating novel VOCs, elucidating their mechanisms of action, and developing sustainable application methods. Collaborative
initiatives among microbiologists, agronomists, and environmental scientists are crucial for fully realizing the potential of rhizo-
bacterial VOCs in current agricultural practices [36,130]. Table 3 summarizes the various applications and opportunities of

Fig. 4. Illustration of the role of rhizobacterial VOCs on plants and in soil. Essential functions of microbial volatile organic compounds (VOCs) in the
rhizosphere. It is emphasized that these compounds contribute to plant growth. Nutrient cycling and stress resistance under adverse conditions such
as salinity, acidity, and drought. The main processes include nitrogen fixation. Dissolving phosphorus, potassium, and nutrition of beneficial mi-
crobial communities helps reduce greenhouse gas emissions. The figure also highlights quorum sensing mechanisms. This shows the complex in-
teractions between microbial populations and plants, increasing agricultural sustainability.
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rhizobacterial volatile organic compounds (VOCs) in agriculture. It highlights their benefits, such as reduced pesticide use, improved
yield and quality, enhanced soil structure and fertility, increased stress tolerance, improved nutrient availability, bioremediation of
pollutants, and modulation of microbial communities.

Although rhizobacterial VOCs offer significant advantages, several challenges remain regarding their practical application. VOC
production is highly variable and influenced by environmental conditions such as soil type, temperature, and moisture levels,
complicating their consistent use in agricultural practices [132]. Moreover, due to the volatile nature of these compounds, ensuring
consistent concentrations in soil environments remains a significant challenge. Innovative approaches, such as encapsulation methods
and slow-release formulations, are being explored to address this issue; however, further optimization is required for large-scale
applications [133,134]. Ongoing research into these strategies is essential for overcoming current limitations and maximizing the
benefits of rhizobacterial VOCs in agricultural practices.

1.13. Environmental implications of rhizobacterial VOCs

1.13.1. Mitigation strategies to minimize potential environmental risks

The application of rhizobacterial volatile organic compounds (VOCs) contributes to growth promotion and increased stress
resistance in agriculture while presenting environmental challenges. To mitigate these risks, a diverse approach is needed, incorpo-
rating sustainable practices, advanced biotechnology, and relevant policy measures. Sustainable soil management enhances soil
resilience to VOCs by increasing soil organic matter, which improves soil structure and microbial diversity, thereby buffering against
potential negative impacts [135]. Diverse microbial communities can balance VOC production and degradation, reducing off-target
effects [136], while mycorrhizal fungi enhance nutrient uptake and may modulate VOC effects [137]. Metagenomics can elucidate
the genetic basis for VOC production, enabling regulation at the gene level to minimize environmental risks without compromising
benefits [138].

Effective monitoring of VOC emissions is crucial for mitigating environmental risks, particularly in agricultural systems. Utilizing
advanced technologies such as remote sensing, precision agriculture, and sensor networks allows for the collection of critical data,
facilitating targeted interventions to minimize VOC-related impacts and enhance sustainable agricultural practices. Hyperspectral
Imaging (HSI) captures high-resolution spectral information to monitor soil and crop health, indicating VOC accumulation [139].
Additionally, HSI and LiDAR measure vegetation and soil conditions, providing further insights into plant health and environmental
changes [140]. In precision agriculture, site-specific management utilizing sensor data can effectively deploy beneficial rhizobacterial
VOCs to enhance crop yields while minimizing adverse effects on soil health [139]. Implementing sensor networks in agricultural fields
allows for continuous monitoring of soil VOCs, enabling rapid identification of emerging issues and facilitating improved risk man-
agement through predictive modeling [140,141].

2. Conclusions and future prospective

Exploring the complex mechanisms of rhizobacterial VOC emissions and the environmental factors that regulate their production
represents a crucial area of research for maximizing their potential in sustainable agriculture. This in-depth knowledge will contribute
to the formulation of targeted interventions to modify VOC biosynthesis and optimize their effects on nutrient cycling and soil health.
The integration of powerful tools such as metagenomics, which elucidate the taxonomic and functional characteristics of soil microbial
communities, along with real-time VOC monitoring through advanced sensor technology, presents a novel approach. This synergistic
strategy will enable researchers to precisely regulate VOC production and achieve tailored outcomes within agricultural ecosystems.
Future research holds considerable promise for developing specialized groups of rhizobacteria specifically tailored for distinct crops
and soil conditions, maximizing their beneficial effects on plant growth, nutrient acquisition, and stress tolerance. Additionally,
exploring the potential for immobilization or controlled-release technologies for VOCs could result in novel biofertilizers with
enhanced stability and targeted application in the field. By investigating rhizobacterial VOCs, we can promote sustainable agriculture
that emphasizes environmental responsibility, optimized resource utilization, and increased crop yields.

Table 3

Applications and opportunities of rhizobacterial volatile organic compounds.
Application Area Benefits Challenges Opportunities References
Crop Protection Reduced pesticide use Variable efficacy Sustainable agriculture [131]
Plant Growth Promotion Improved yield and quality Compatibility with other Increased productivity [87,89]1

treatments
Soil Health Improvement Enhanced structure and fertility Limited shelf-life of VOCs Sustainable practices [35,91]
Stress Tolerance Enhanced resilience Variable responses Improved crop resilience [86,88]
Enhanced Nutrient Cycling Improved nutrient availability Dependency on plant host Reduced fertilizer use [80,81]
Bioremediation Degradation of pollutants Specificity of VOCs Sustainable cleanup [35,88,
89]
Microbial Community Tailored microbial communities Potential disruption of native Enhanced plant health and [35,90]
Modulation ecosystems nutrient cycling

Sustainable Agriculture Environmentally friendly and Adoption and economic Transition to sustainable [86,91]

economically viable

feasibility

agriculture
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DMS

Dimethyl sulfide

R-VOCs Rhizobacterial Volatile Organic Compounds
R-SOC  Soil Organic Carbon

EPS

Extracellular Polymeric Substances

MVOCs Microbial Volatile Organic Compounds

ISR
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Induced Systemic Resistance
Induced Systemic Tolerance

HIPVs Herbivore-Induced Plant Volatiles
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Tobacco Mosaic Virus
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