


Microbial inoculants for growth and quality enhancement of medicinal and aromatic plants


Abstract: Medicinal plants have bioactive components effective in conventional treatments; similarly, aromatic plants contain essential oils that impart aroma and flavor. The global demand for medicinal and aromatic plants has increased significantly in recent decades. Plant characteristics vary substantially depending on the type of soil in which they are grown, as well as on the cultivation strategies. The excessive use of chemical fertilizers in agricultural production has a deleterious impact on soils’ physical and chemical qualities. The challenges associated with the decline in environmental sustainability caused by the indiscriminate use of chemical fertilizers and pesticides in conventional farming systems could be effectively addressed through organic farming practices. To overcome these challenges, microbial inoculants that encourage plant growth and development have been introduced as an alternative. Microbial inoculants enhance soil health by catalyzing key biochemical cycles, breaking down organic matter, fixing nitrogen, solubilizing phosphorus and other minerals, and producing hormones and exudates that enhance soil structure and nutrient mobility. They also boost secondary metabolite production in plants by stimulating plant's metabolic activities. Microbes play a pivotal role in mitigating biotic and abiotic stresses in plants. The growth traits, yield, essential oil composition, and nutrient content of medicinal and aromatic plants (MAPs) are significantly influenced by the application of microbial inoculants compared to chemical fertilizers. This review provides a detailed account of the current understanding of microbial inoculants, their diverse roles in enhancing MAPs growth and quality, the factors influencing their efficacy, and the prospects for their widespread application. Future research should emphasize on the development of multi-strain consortia to leverage synergistic benefits, advanced omics approaches for deeper molecular insights, and potential genetic engineering techniques to enhance efficacy. A holistic integration of microbial strains, plant genotype, environment, and agronomic practices is essential to realize the full potential of microbial inoculants in sustainable MAP production.
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Introduction
Medicinal and aromatic plants have been identified and utilized from time immemorial. Medicinal plants contain bioactive moieties effective against ailments in traditional therapies. Aromatic plants, however, are a source of essential oils that can be exploited for their specific aroma and taste. Climate change, coupled with safety and health concerns, has resulted in a huge demand for medically important crops across the world in the recent past. Crop breeding, gene manipulation and fertilizer application have been employed to satiate the demand. Each of the methods has associated benefits as well as drawbacks. The key issues with crop breeding and gene manipulation are that they are time-consuming processes, while the increased use of chemical fertilizers has resulted in several undesirable consequences on soil health. Therefore, as an alternative source of chemical fertilizers, biological fertilizers that promote plant development as well as growth have been introduced (Soysal and Erman, 2020). Microbial inoculants are the useful microbes (bacteria, fungi, viruses, and algae) that are essential in the manipulation of the soil system for sustainable agriculture. There has emerged an increased demand at the global level for the use of microbial inoculants in efforts for sustainable agriculture. It can limit the negative use of chemical inputs and consequently generate an increased volume and quality of the agricultural produce. Microbial inoculants are competent in the execution of plant growth promotion (biofertilizers), quality enhancement (secondary metabolite production) and control of pest (biopesticides) and diseases (biocontrol agents).
Microbial Inoculant Diversity and Taxonomy
Soil microbiome represents a very complicated ecosystem made up of a vast diversity of microbes that interact actively with the roots of the plants. Some of the microbes are well documented for their plant growth-promoting (PGP) potentialities and are therefore the best prospects in the cultivation of MAP. The PGP microbes can be categorized generally based on their taxonomic status as well as on their predominant mode of interaction with the host plant.
Plant Growth-Promoting Rhizobacteria (PGPR)
Plant growth-promoting microbes are the naturally occurring, positive soil microbes that can colonize the root system of a plant, trigger the production of growth hormones, contribute to the efficient uptake of nutrients from the environment, as well as synthesize compounds that inhibit pathogens. Plant growth-promoting rhizobacteria (PGPR) promotes the growth of the plants either by directly enhancing their growth or by protecting them from pathogens (Gray and Smith 2005). PGPR can contribute to the plants' defense by indirectly providing an increased intrinsic resistance (Van, 2007). Plant growth-promoting rhizobacteria (PGPR) includes several key genera, including Azotobacter, Azospirillum, Bacillus, Pseudomonas, Rhizobium and Streptomyces, which are extensively used for their beneficial effects on plant development. 
Arbuscular Mycorrhizal Fungi (AMF)
AMF are within the group of obligate symbionts that establish mutualistic relations with the roots of about 80% of terrestrial plant species, including MAPs. These fungi grow their hyphae deep into the soil, thus enhancing the root's absorption area, and aid in taking up relatively immobile substances, especially phosphorus and nitrogen (Singh et al., 2024). The development of an efficient AMF symbiosis involves a complicated process that will be affected by the fungus strain as well as the plant host, and that can greatly transform the physiological as well as biochemical processes in the plant. Some of the common genera are Glomus, Acaulospora, and Rhizophagus. The medicinal plants, Mandala (Datura stramonium) and Schizonepeta (Schizonepeta tenuifolia) are demonstrated to respond to arbuscular mycorrhizal (AM) fungus colonization by enhancing growth, water, and nutrient absorption following the process of inoculation (Zeng et al., 2013). Besides the uptake of nutrients, AMF also contribute significantly in enhancing the tolerance of the plant to several abiotic stresses, as well as in soil aggregation (Tang et al., 2022). In addition to Plant Growth-Promoting Rhizobacteria (PGPR) and Arbuscular Mycorrhizal Fungi (AMF), several other classes of microbes are involved in plant growth and development that can act as potential inoculants in agriculture. They include plant growth promoting fungi, nitrogen-fixing cyanobacteria and Actinomycetes.
 Plant Growth Promoting Fungi (PGPF):
Rhizosphere fungi that colonize plant roots and increase growth, functionally designated plant growth-promoting fungi (PGPF) serve functions akin to PGPR or serve as endophytes. These fungi not only increase the uptake of nutrients (through the solubilization or mineralization of macro- and micronutrients) and the synthesis of phytohormones, but they also elicit plant defenses and release antimicrobial metabolites to enhance resistance to both biotic and abiotic stresses (Khan et al., 2011). The genera Penicillium, Trichoderma, Fusarium and Phoma are among the most well-known plant-growth-promoting fungi (PGPF), commonly isolated from rhizosphere soils and cataloged for increasing the health and growth of plants. Rhizosphere-dwelling PGPF are typically non-pathogenic saprophytic fungi that benefit various crops, not only by enhancing growth through nutrient cycling but also by protecting plants against diseases (Begum et al., 2019). By colonizing plant roots, Trichoderma harzianum not only promotes growth through enhanced nutrient uptake and production of growth-stimulating compounds but also reduces reliance on chemical fungicides and growth regulators. 
[bookmark: _Hlk204893976]Nitrogen-Fixing Cyanobacteria:
Soil cyanobacteria (blue-green algae) are crucial members of the soil microbial community, present in copious numbers within ecosystems, spanning freshwater habitats to terrestrial settings (Pandey et al., 2004). Some filamentous cyanobacteria produce specialized cells, called heterocysts, by which they fix atmospheric nitrogen (N₂) in usable forms to satisfy their requirement (Kumar et al., 2010). Cyanobacteria also produce bioactive chemicals, including phytohormones, siderophores, and extracellular enzymes, that promote plant development and increase crop productivity (Singh et al., 2016).
The positive effects of cyanobacteria as a bio-fertilizer on horticulture crops such as squash, cucumber, and tomato (Shariatmadari et al., 2013), peppermint (Shariatmadari et al., 2015), chrysanthemum (Bharti et al., 2019), and chamomile (Zarezadeh et al., 2020) have been reported.
[bookmark: _Hlk204893995]Actinomycetes:
Actinomycetes are prokaryotic organisms classified within the Bacteria domain, where they represent a distinct filamentous group. These filamentous bacteria, such as Streptomyces, are prolific producers of various bioactive compounds, including antibiotics and phytohormones, contributing to both plant growth promotion and disease suppression (Mingma et al., 2014). Acting as natural recyclers, they decompose complex organic compounds (like chitin, cellulose, and lignin) and contribute to nutrient cycling and humus formation. Additionally, many species form symbiotic relationships with plants, participating in nitrogen fixation. Their remarkable metabolic versatility makes them key players in bioremediation and powerful producers of bioactive substances, including most naturally derived antibiotics (Barka et al., 2016). These bacteria naturally enhance plant growth by fixing nitrogen, solubilizing nutrients like phosphate, producing plant hormones (e.g., auxins), and generating enzymes that combat pathogens. Introduction of Actinomyces into a plant’s rhizosphere stimulates the production of secondary metabolites by upregulating specific genes (Abdelgawad et al., 2020). In greenhouse and field trials, particularly involving medicinal species such as Thymus roseus, inoculating crops with these microbes led to improved development, greater stress tolerance and effective disease suppression (Mohamad et al., 2022).
Microbes for growth promotion
The application of microbial inoculants has consistently demonstrated a positive impact on various growth parameters and overall biomass yield in a wide range of MAPs. Microbial inoculants significantly improve key indicators of vegetative growth, including seed germination, seedling growth, plant height, shoot and root biomass, leaf area and collar girth. Nitrogen is the most limiting nutritional factor for plant growth (Gupta et al., 2012), which can be compensated by application of fertilizers containing populations of microorganisms capable of fixing atmospheric nitrogen, referred to as nitrogen fixers (N-fixing organisms). Rhizobium sp., Azospirillum sp., Azotobacter sp., and blue-green algae are a few examples. They fix atmospheric nitrogen and transform it into organic (plant-useful) forms in the soil and legume root nodules, making it accessible to plants. The efficiency of nitrogen fixation is a key factor in improving overall plant vigor and biomass accumulation. Reports show that plant growth promoter bacteria such as Azotobacter chroococcum, Azospirillum lipoferum, Bacillus sp. and Pseudomonas sp. could increase the growth and yield of aromatic plants such as geranium (Leithy et al., 2009), davana (Kumar et al., 2009), and basil (Jahan et al., 2013). Application of biological fertilizer, nitrajin (microbial consortium comprising Azotobacter, Azospirillum and Pseudomonas), had a positive effect on the biomass and yield of sweet basil (Larimi et al., 2014). According to Yousefi et al. (2017), inoculation with Azospirillum lipoferum and Azotobacter Chroococcum more favorably affected the growth of Dodonaea viscosa seedlings, leading to considerably improved seedling growth parameters, as well as enhanced seed germination. The improved nutrient uptake, particularly of nitrogen and phosphorus, facilitated by microbial activity, directly supports the synthesis of proteins and nucleic acids, which are fundamental for cell division and expansion, leading to larger plant structures (Kutlu et al., 2019). Phosphorus (P) is another essential macronutrient for plant growth, yet it often exists in soils as insoluble compounds, rendering it inaccessible to plants. Certain beneficial microorganisms, including plant growth-promoting rhizobacteria (PGPR) like Bacillus and Pseudomonas, as well as plant growth-promoting fungi (PGPF) such as Aspergillus, can convert these insoluble phosphates into forms that plants can absorb. These microorganisms secrete organic acids (e.g., gluconic acid, lactic acid) and enzymes like phosphatases, which help solubilize mineral phosphates such as tricalcium phosphate and rock phosphate into bioavailable orthophosphate (Flores et al., 2022). This process is particularly beneficial for medicinal and aromatic plants cultivated in nutrient-deficient soils, as it enhances root development and overall plant health. Chandra (2022), reported that inoculating Withania somnifera and Adhatoda vasica, with microbial consortia comprising arbuscular mycorrhizal fungi (AMF), phosphate-solubilizing bacteria (PSB), and Azotobacter significantly enhanced biomass production, nutrient uptake, and the concentration of beneficial chemical constituents in these medicinal plants. 
[bookmark: _Hlk203836739]Kumar et al. (2020) reported that the application of bioinoculants such as dominant arbuscular mycorrhizal fungi (Glomus mosseae and Acaulospora laevis) and phosphate-solubilizing bacteria (Pseudomonas fluorescens) had a significant positive impact on the growth, biomass production, biochemical properties and yield parameters of lemongrass. Cheena et al. (2022) observed that applying various organic manures and biofertilizers had a notable effect on the growth and leaf yield of Aloe. Dual inoculation with AMF and Advenella spp. in rose-scented geranium (Pelargonium graveolens) significantly enhanced plant growth characteristics and total dry herb biomass, and essential oil yield compared to non-inoculated controls (Negi et al., 2022). Potassium in the soil occurs mostly as silicate minerals, which are inaccessible to plants. These minerals are made available only when they are slowly weathered or solubilized. Potassium-solubilizing microorganisms like Bacillus sp. and Aspergillus niger, solubilize silicates by producing organic acids, which cause the decomposition of silicates and help in the removal of metal ions, thereby making them available to plants (Das and Pradhan, 2016). Adequate potassium supply is crucial for enzyme activation, water regulation, and the synthesis of secondary metabolites in MAPs. Solimandarabi et al. (2017) reported that application of potash biofertilizer (BARVAR-2 biofertilizer, Bacillus spp.) as seed and root inoculation at low chemical fertilization rates is appropriate for the growth of periwinkle. Studies on Matricaria chamomilla (chamomile) have shown that inoculation with Azotobacter chroococcum and Pseudomonas fluorescens leads to increased plant height, fresh and dry weight of shoots, and flower yield (Zarezadeh et al., 2020). Hammam et al. (2021) reported that the application of PGPR, AMF and Algae had considerably positive effects on rosemary plants at all stages of growth and improved the plant height, number of branches/plant, herb fresh and dry weights/plant.
Microbes can also enhance the availability of essential micronutrients, such as iron (Fe) and zinc (Zn), by producing siderophores. Siderophores are strong iron-chelating molecules that bind ferric iron (Fe³⁺), especially in alkaline soils where iron is otherwise poorly soluble, making it available for plant uptake (Eshaghi et al., 2019). This improved micronutrient status contributes to the overall metabolic efficiency and stress tolerance of plants. Microbial inoculants are also capable of synthesizing and releasing various phytohormones that significantly influence plant growth and development (Lopes et al., 2021). These beneficial microbes produce hormones such as indole-3-acetic acid (IAA), cytokinins, gibberellins, abscisic acid (ABA) and ethylene, which regulate key physiological processes in plants by modulating the levels of these phytohormones, microbial inoculants can improve nutrient uptake, enhance stress tolerance, and ultimately boost plant productivity (Shahwar et al., 2023).
Microbes for quality enhancement
Beyond merely boosting biomass, microbial inoculants play a pivotal role in modulating the synthesis and composition of secondary metabolites in medicinal and aromatic plants. The plant- microbial interaction enhances defense mechanism against biotic and abiotic stresses, leading to enhanced synthesis of secondary metabolites (Kumari et al., 2024). Microbial infection might induce specific secondary metabolic pathways in plants (Karthikeyan et al., 2008). Many medicinal and aromatic plants (MAPs) owe their therapeutic properties to specific non-volatile secondary metabolites, including alkaloids, flavonoids, phenolics, and glycosides. Microbes are biotic elicitors that enhance secondary metabolite production in plants. Introducing Bacillus subtilis to peppermint plants boosts their menthol concentration, the principal bioactive compound responsible for peppermint’s therapeutic properties (Schmidt et al., 2014). These compounds play crucial roles in plant defense and offer significant pharmacological benefits to humans (Yu et al., 2024). The microbial influence on quality is often more complex and specific than the effects on growth. Essential oils are complex mixtures that include monoterpenes, sesquiterpenes, phenols, and other compounds, whose relative proportions define fragrance, flavor, therapeutic properties, antioxidant, and antimicrobial potential (Cappellari et al., 2022). Microbial inoculants alter these proportions, often enhancing the concentration of desirable compounds (thymol, menthol, eugenol, α-pinene, menthone, etc.) that significantly influence both the quantity and quality of essential oils (Wu et al., 2023).
Furthermore, the mild stress conditions or signalling molecules induced by the plant-microbe interaction can trigger defense responses that overlap with secondary metabolite production pathways, leading to an upregulation of essential oil synthesis (Hashemi et al., 2022). The specific composition of the essential oil, including the relative proportions of key compounds, can also be altered, potentially leading to a more desirable or therapeutically potent profile. Improved nutrient uptake, particularly of phosphorus and potassium, provides the necessary building blocks and energy for the biosynthesis pathways of terpenoids and other essential oil components. Microbes help increase the availability of energy sources required for secondary metabolite production. They feed the primary metabolites, which generate building blocks for compounds like alkaloids, flavonoids, phenolics, and glycosides via metabolic pathways such as the shikimate and mevalonate pathways. Beneficial microbes often produce or stimulate the production of phytohormone-like molecules, such as salicylic acid (SA) and jasmonic acid (JA). These compounds act as elicitors, activating plant defence responses that share precursors and regulatory elements with secondary metabolite pathways (Chen et al., 2022). Microbes manipulate the expression of plant genes encoding key transcription factors and enzymes responsible for secondary metabolism (Jan et al., 2021)
Studies have also demonstrated that applying microbial inoculants can significantly enhance the antioxidant properties of plant extracts. Many secondary metabolites, especially phenolics and flavonoids, are major contributors to the antioxidant potential of medicinal and aromatic plants, which serve as a key measure of their health-promoting benefits. Gupta et al. (2016) reported a significant increase observed in total phenolic and flavonoid levels, free radical scavenging activity and overall antioxidant capacity in Artemisia annua plants treated with a combination of bioinoculants (Streptomyces sp. Bacillus megaterium and Trichoderma harzianum) compared to the control. Ghorbanpour et al. (2016) reported that the antioxidant activity in Salvia officinalis was enhanced by inoculating plants with specific PGPR strains. This improvement is linked to the increased production of total phenolics, flavonoids, and essential oils following PGPR treatment. Notably, the strain of Pseudomonas fluorescens, Pf Ap18 strain led to the highest antioxidant activity, evidenced by the lowest IC50 value among treatments. As a result, PGPR inoculation stimulates secondary metabolism, boosting antioxidant compound synthesis in the plant. According to Chaturvedi and Pandey (2021), the total antioxidant capacity of Mentha arvensis L. was significantly enhanced by microbial bioinoculant treatment. This increase in antioxidant activity was attributed to higher accumulations of phenolic compounds and flavonoids, key secondary metabolites known for their powerful free-radical scavenging capabilities. Elmas et al. (2024) reported that the integrative application of Mycorrhiza and Azotobacter has great potential for improving antioxidant activity, total phenolic and flavonoid content.
[bookmark: _Hlk203909463]Microbes for biotic stress alleviation
Beneficial microorganisms serve as biological control agents against a wide spectrum of plant pathogens, including fungi, bacteria, and nematodes, by employing diverse strategies such as producing antimicrobial compounds, competing for nutrients and space, breaking down pathogen cell walls, and triggering plant immune responses (Glick, 2012). It rapidly colonizes the rhizosphere and root surfaces, monopolizing nutrients, oxygen, and space, thereby preventing pathogen establishment (Pal and Gardener, 2006). They release enzymes like chitinases, β-glucanases, proteases that degrade pathogen cell walls, especially those of fungi, thereby inhibiting pathogen growth and sometimes releasing elicitors that activate plant defenses (Compant et al., 2005). Trichoderma, Aspergillus and Penicillium are among the most common fungal genera used as biocontrol agents against both bacterial and fungal plant pathogens. Biocontrol agents not only protect plants from pathogens but also promote growth and enrich soil fertility without disrupting local flora and fauna. These eco-friendly agents suppress harmful organisms, enhance nutrient cycling, and boost plant vigor, contributing to a more balanced and sustainable agroecosystem (Ahmad et al., 2021). Beneficial microorganisms express antibiosis, by which they produce antimicrobial substances such as antibiotics, antifungals, and bacteriocins that directly suppress or destroy pathogens. Bacillus species, for example, generate lipopeptides with wide-ranging antimicrobial effects (Shoresh et al., 2010). Non-pathogenic microbes can prime a plant’s immune system, triggering defense pathways mediated by jasmonic acid, ethylene, or salicylic acid. This primes the plant for a faster, stronger defense response to future infections, offering broad-spectrum protection without directly harming the pathogen (Wang et al., 2021).

Impact of microbes on abiotic stress alleviation
Microbial inoculants, including plant growth-promoting bacteria (PGPB) and mycorrhizal fungi, play a pivotal role in enhancing plant resilience to various abiotic stresses such as drought, salinity, and nutrient deficiencies. This is particularly significant for medicinal and aromatic plants (MAPs), which are frequently cultivated in marginal lands characterized by poor soil quality and challenging environmental conditions. Some microbes can reduce sodium uptake, produce osmolytes (Kumawat et al., 2023), or alter water potential (Abbas et al., 2019), helping plants cope with high salt concentrations (Saberi et al., 2021). Under saline conditions, the application of microbial inoculants such as Pseudomonas monteilii, Bacillus megaterium, Azotobacter chroococcum, and the arbuscular mycorrhizal fungus Rhizophagus intraradices has been shown to markedly enhance the growth and productivity of Chrysopogon zizanioides (Pankaj et al., 2019).  Certain microbial strains can immobilize, chelate, or transform heavy metals in the soil, reducing their uptake by plants and mitigating their toxic effects (Afzal et al., 2023). Microbes can improve water uptake efficiency, induce stomatal closure, or produce exopolysaccharides that help retain soil moisture around roots (Singh et al., 2025). 
Challenges and Limitations
Despite the immense potential of microbial inoculants, their widespread adoption and consistent efficacy in real-world agricultural settings face several significant challenges. A major obstacle lies in the unpredictable effectiveness of inoculants across different agricultural settings. This inconsistency is driven by a multitude of environmental and soil-related factors such as pH, texture, organic content, native microbial communities, temperature, rainfall, and farming practices, which heavily influence the ability of introduced microbes to survive, colonize, and remain active (Zhou et al., 2021). A microbial strain optimized for one soil type or climate may not perform as expected in another. This variability makes it challenging for farmers to predict and rely on the benefits of inoculants, hindering their widespread adoption.  Commercial production of microbial inoculants frequently suffers from inadequate quality control, resulting in products with inconsistent cell viability, purity, and shelf-life. The lack of standardized procedures for their manufacturing, formulation, and application leads to variability in product quality and effectiveness. This inconsistency undermines farmers' trust and poses challenges for regulatory agencies in verifying the products’ safety and efficacy. Therefore, implementing strict quality assurance protocols and developing industry-wide standards is crucial to enhance confidence in bio-inoculant products. In many regions, there is a lack of clear guidelines and standardized criteria for evaluating the safety, quality, and efficacy of these products. A well-structured regulatory framework would facilitate product development, encourage innovation, and foster greater adoption by providing confidence to both producers and farmers. Bridging this gap through education, training, and knowledge transfer is vital. Addressing these issues alongside research, improved formulations, and clear regulations will help enable the broader, dependable use of microbial inoculants in sustainable MAP cultivation.
Future Perspectives and Research Directions
The future of microbial inoculants for MAPs focuses on developing multi-strain consortia that offer complementary growth-promoting benefits. Advancements in omic technologies (Genomics, Transcriptomics, Proteomics, Metabolomics) will help identify novel microbes, understand plant-microbe interactions, and predict inoculant efficacy. Genetic engineering and synthetic biology may enhance microbial traits for better performance. Integrating inoculants with sustainable farming practices and precision agriculture will maximize their impact. Further research also aims to boost stress resilience and enable bioremediation, ensuring sustainable MAP cultivation. 
Conclusion
Microbial inoculants offer a sustainable, eco-friendly alternative to agrochemicals in the cultivation of medicinal and aromatic plants. These microorganisms support plant growth through multiple mechanisms, such as nitrogen fixation, solubilizing phosphorus and potassium, enhancing micronutrient availability, and producing phytohormones that boost root and shoot development. They also function as biocontrol agents, protecting plants from pathogens. Importantly, beyond increasing biomass, these inoculants enhance plant quality by elevating essential oil content and refining its composition, while stimulating the production of valuable secondary metabolites. They also augment antioxidant activity, further increasing plant quality. Yet, consistent performance in the field remains a challenge, hindered by environmental variability, microbial survival issues, competition in soil, inconsistent product quality, and shifting regulations. To address these complexities, future strategies emphasize multi-strain consortia to leverage synergistic benefits, advanced omics approaches for deeper molecular insights, and potential genetic engineering to enhance efficacy. A holistic integration of microbial strains, plant genotype, environment, and agronomic practices is essential to realize the full potential of microbial inoculants in sustainable MAP production for global markets.
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