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Abstract: Medicinal plants have aroused considerable interest as an alternative to chemical drugs due to the beneficial effects of their active secondary metabolites. However, the extensive use of chemical fertilizers and pesticides in pursuit of yield has caused serious pollution to the environment, which is not conducive to sustainable development in the field of medicinal plants. Microbial fertilizers are a type of “green fertilizer” containing specific microorganisms that can improve the soil microbial structure, enhance plant resistance to biological and abiotic stresses, and increase the yield of medicinal plants. The root exudates of medicinal plants attract different microorganisms to the rhizosphere, which then migrate further to the plant tissues. These microbes can increase the levels of soil nutrients, and improve the physical and chemical properties of soil through nitrogen fixation, and phosphorus and potassium solubilization. In addition, soil microbes can promote the synthesis of hormones that increase plant growth and the accumulation of active compounds, eventually improving the quality of medicinal plants. In 2022, the total value of the global microbial fertilizer market was $4.6 billion and is estimated to reach $10.36 billion by 2030. In this review, we have summarized the types of microbial fertilizers, the colonization and migration of microorganisms to plant tissues, and the beneficial effects of microbial fertilizers. In addition, the prospects of developing microbial fertilizers and their application for medicinal plants have also been discussed. It aims to provide a reference for the rational application of microbial fertilizers in the field of medicinal plants and the green and sustainable development of medicinal plant resources.

Keywords: Microbial fertilizers; market overview; rhizosphere microorganisms; endophytic bacteria; beneficial effects






1  Introduction

Medicinal plants occupy an important position in the whole history of human development. The active ingredients of some medicinal plants, such as artemisinin in Artemisia annua, acetylsalicylic acid in willow bark, quinine in cinchona bark, paclitaxel in taxane bark, and ginsenoside in ginseng, are of inestimable importance in maintaining human health and promoting disease treatment. However, medicinal plants often have long growth cycles and slow accumulation of active ingredients, while excessive use of fertilizers leads to environmental pollution, soil acidification and hardening, decreased crop quality, and increased production costs, aggravating the degradation of agricultural ecosystems. Microbial fertilizers containing specific living microorganisms are increasingly considered a viable alternative to chemical fertilizers. The enzymatic activities of the microbes can increase the supply of nutrients to the plants, thereby enhancing plant growth, crop yield, and the quality of agricultural products, as well as improving the ecological balance. Microbial fertilizers cannot only improve soil structure and its physical and chemical properties, and increase fertilizer efficiency, but also improve the disease and pest resistance and quality of crops [1], thus offering a sustainable green production strategy for medicinal plants.

Microbial fertilizers can alter the species composition of the rhizosphere microbiome and endophytes of medicinal plants and increase the abundance of beneficial microorganisms [2,3], which promotes plant growth as well as the accumulation of active compounds, eventually improving the yield and quality of medicinal plants. In addition to live microorganisms, microbial fertilizers also contain organic matter that not only provides energy for microbial growth but is also the source of major nutrients such as nitrogen, phosphorus, and potassium for the plants. The microorganisms in these fertilizers degrade the soil organic matter into smaller carbon compounds, of which some are directly absorbed by plants to form hormones and metabolites that are beneficial to crop quality, resistance, and yield. In addition, microbial fertilizers also enhance the availability of medium and trace elements in the soil. In this review, we have discussed the types of microbial fertilizers, the international market of microbial fertilizers, the registered microbial fertilizer products in China and their main strains, and their dosage forms and applications for medicinal plants. In addition, the effects of microbial fertilizer products and microorganisms on the yield and quality of some medicinal plants have also been summarized. This review aims to provide some references for the research and application of microbial fertilizers in the cultivation of medicinal plants.

2  Current Development of Microbial Fertilizers

2.1 Types of Microbial Fertilizers

Microbial fertilizers are mainly classified according to the types of microorganisms. In China, three types of microbial fertilizers (Fig. S1) are currently used: (1) Microbial inoculants consisting of one or more target microorganisms and a small amount of carrier. The microbes are either used directly after industrial-scale production, or concentrated further, or adsorbed on carriers. (2) Compound fertilizers that consist of live microbes with additional nutrients. (3) Organic fertilizers that are composed of target microorganisms and organic materials derived from animal and plant residues (such as animal manure and crop straw). The production strains for these fertilizers include Rhizobium, silicate bacteria, and phosphate solubilizing microbes among others.

The International Fertilizer Industry Association [4] classifies fertilizers into four categories: mineral or inorganic fertilizers, organo-mineral fertilizers, organic fertilizers, and beneficial substances, while microbial fertilizers are classified into the fourth category-beneficial substances. Furthermore, microbial fertilizers have been subdivided into five categories according to the types of microorganisms: (1) Bacterial fertilizers (Rhizobium, nitrogen-fixing bacteria, phosphate solubilizing bacteria, potassium solubilizing bacteria, and photosynthetic bacteria); (2) Actinomycete fertilizer (antibiotic-producing bacteria); (3) Fungal fertilizer (mycorrhizae including ectomycorrhizal and endomycorrhizal agents); (4) Algal fertilizer (nitrogen-fixing cyanobacteria); (5) Compound microbial fertilizer consisting of two or more microorganisms in a certain proportion.

2.2 The Market for Microbial Fertilizers

The growing population worldwide has concomitantly increased the demand for food. While chemical fertilizers have helped countries achieve self-sufficiency in food production, their adverse effects on the environment and ecological balance have spurned the development of organic agriculture to improve crop yield and quality. According to the “global microbial fertilizer market survey and forecast report” (hereafter referred to as “the report”) released by research and market [5] in 2023 (Fig. 1), bacterial fertilizers account for 42.9% of the microbial fertilizer market, ahead of fungal, algal, and other fertilizers. In particular, nitrogen-fixing bacterial fertilizers are most commonly used, accounting for 27.45% of the total market share. In terms of dosage forms, solid preparations are most common, followed by liquid preparations. Fruits, vegetables, and cereals are still the main targets of microbial fertilizers, and beans and oilseeds account for the largest market share of 30.34%. Europe, the Middle East, and Africa are the main markets of microbial fertilizers, followed by the Americas. The total value of the global microbial fertilizer market was $4.6 billion in 2022 and reached $5.07 billion in 2023 with a growth rate of 10.6%. By 2030, the estimated value of the microbial fertilizer market will be $10.36 billion.
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Figure 1: Key data on the development of the global microbial fertilizer market. Data source: research and markets website

2.3 Impacts of Microbial Fertilizers on Environmental Sustainability

The massive use of chemical fertilizers has indeed alleviated the food crisis with the explosive growth of the population, but the negative impact on the environment is also obvious [6]. The long-term excessive use of chemical fertilizers can destroy the microecological balance of soil, and lead to soil hardening, salinization, and water eutrophication. Nitrous oxide, a powerful greenhouse gas released by nitrogen fertilization, has a warming potential of 298 times that of carbon dioxide, which may cause serious climate problems and bring huge environmental pressure [7]. It is well known that soil microorganisms play an important role in maintaining the structure and function of the soil ecosystem. After the application of microbial fertilizer, the increase of soil microbial abundance not only increases the absorption of important nutrients such as nitrogen, phosphorus, and potassium by medicinal plants, improves the yield and quality of medicinal plants, but also improves the rhizosphere soil environment. Through the secretion of various secondary metabolites, proteins, mucus, and other substances by the developing plant roots, suitable microorganisms are recruited for the roots of various medicinal plants, and soil particles are combined and wound together through extracellular polysaccharides to fix the soil, enhance the stability of soil aggregates, and improve soil compaction [8], help to improve soil health, and continuously enhance long-term agricultural productivity.

3  Factors Contributing to Medicinal Plant Microbes’ Interaction

3.1 Medicinal Plant Microbes Interaction at Rhizosphere Level

The rhizosphere is the nutrient-rich zone of the soil that surrounds plant roots [9]. It is a highly dynamic region influenced by microbes and root exudates and is indispensable for plant growth and development. Root exudates include low molecular weight compounds such as sugars, amino acids, organic acids, etc., and high molecular weight compounds like polysaccharides, proteins, etc. (Fig. 2). These substances can alter the biological and abiotic factors in the surrounding soil, which in turn affect the growth and development of plants [10]. Rhizosphere microorganisms detect and track chemical gradients in the environment through transmembrane chemoreceptors called methyl receptor chemotactic proteins (MCPs) [11]. MCPs form a ternary signal complex with histidine autokinase CheA and coupling protein chew, which combines the activity of CheA with receptor control [12]. Root exudates interact with the chemoreceptor ligand binding domain (MCP LBD) to produce a molecular stimulus [13]. After membrane conduction, it regulates the activity of CheA autokinase, changes the flux of the CheA phosphorylation group to Cheb and CheY, and the phosphorylated CheY binds to the whiplash motor and induces clockwise (CW) rotation, eventually leading to chemotaxis [14]. For example, Bacillus subtilis, which is widely used in microbial fertilizers at present, shows chemotactic attraction to Arabidopsis root exudates in vitro through the MCPB and MCPC, and the orphan receptor TLPC [15]. Likewise, Bacillus isolated from cucumber rhizosphere responds to 44 of the 98 root secretory components [16]. Furthermore, the sugar, amino acids, and organic acids present in corn root exudates can significantly induce the chemotaxis, colony movement, and biofilm formation of Bacillus in the roots [17].
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Figure 2: Chemotaxis of microorganisms to medicinal plant rhizosphere and main ways of entering plant cells

The root exudates of medicinal plants mainly include organic acids (benzoic acid, phenylacetic acid, butanediol acid, tetradecanoic acid, etc.), fatty acids (linolenic acid, eicosanoic acid, hexadecanoic acid, etc.) and phenolic acids (salicylic acid, syringic acid, ferulic acid, vanilla, cinnamic acid, etc.) [18], which modulate the composition of rhizosphere microorganisms. The differences in the metabolite profiles of the root exudates determine the species composition of endophytes in plant tissues. Studies have shown that some products of photosynthesis or root exudates can attract specific microorganisms to colonize different tissues. In addition, the physiological features, growth, and health status of plants also affect the species and number of endophytes [19].

3.2 Medicinal Plant-Endophytes’ Interaction

Endophytes usually refer to microorganisms that reside in the plant tissues for most of the host life cycle and exert beneficial effects [20]. The exogenous microbes enter plant tissues through horizontal transmission. Briefly, the microorganisms present in the soil and fertilizer first attach to the surface of plant roots or aerial parts and then enter the tissues through the openings in the hairy roots and lateral roots, as well as the stomata, water holes, wounds, and other open structures on stems or buds. The cellulose hydrolases secreted by microorganisms then degrade the cell wall of plant cells, thus allowing the microbes to further migrate through the xylem vessels of the entire plant [13,21,22]. On the other hand, endophytes are vertically transmitted from the parent plant to the seeds, pollen, or vegetative propagules [23]. Previous studies have reported the presence of bacteria in the epidermis, endosperm, and embryo of plant seeds, as well as on the surface and inside of wind-borne and insect-borne pollen. In addition, pollen is also an excellent vehicle for horizontal microbial transmission between different plants [24–27].

4  Beneficial Effects of Microbial Fertilizer on Medicinal Plants

4.1 Improvement in Plant Growth

The most common objective of using microbial fertilizers is to improve plant growth (Fig. 3). Microorganisms synthesize indoleacetic acid through the lysine-dependent pathway to promote plant growth [28,29]. Likewise, phosphate-solubilizing microorganisms can significantly increase the fresh weight, dry weight, plant height, root and crown length, and other growth parameters of mint plants. In addition, these microorganisms are mixed with different phosphorus sources to enhance the performance of the fertilizer [30]. Plant growth-promoting root bacteria (PGPRs) are a large group of root bacteria including Rhizobia, Bradyrhizobium, Bacillus, Azotobacter, and so on [31]. They can enhance plant growth by dissolving insoluble phosphate, fixing atmospheric nitrogen, and secreting growth hormones [32]. Following inoculation of a PGPR strain, the seedling height of Pinus sylvestris var. mongolica increased significantly by 27.6%, and the root length increased by 47.88% (p < 0.05). In addition, the available nitrogen, phosphorus, and potassium in the soil increased by 19.05%–47.62%, 26.63%–83.32%, and 87.70%–98.1% (p < 0.05), respectively [33], indicating that PGPR is a promising microbial fertilizer.
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Figure 3: Beneficial effects and mechanisms of microorganisms on medicinal plants. In the figure, P and K represent phosphorus and potassium

4.2 Increased Accumulation of Bioactive Compounds in the Plants

The active compounds accumulate in medicinal plants over an extended period. For example, the duration between planting and harvest of ginseng is usually 4–6 years to allow the ginsenoside content to reach medicinal levels. Appropriate microbial fertilizers can effectively increase the accumulation rate of active products. Fertilizing with Bacillus altiplanus can enhance the content of ginsenoside in ginseng root culture while shortening the growth cycle by increasing the abundance of the endophyte LB 5-3, which is known to increase the biomass of adventitious roots and promote ginsenoside accumulation [34]. In addition, endophytic microbes produce a variety of active secondary metabolites, such as alkaloids [35], organic acids [36], sesquiterpenes [35,37,38], lactones [39,40], saponins [41], and even promote the synthesis of these metabolites in host cells by regulating metabolic pathways. For example, the endophytes of Papaver capsular promote the synthesis and accumulation of benzylisoquinoline alkaloids (BIA) by upregulating the key genes involved in their biosynthesis [42]. Furthermore, the endophytic bacteria ALEB7B of Atractylodes macrocephala significantly enhanced the accumulation of photosynthetic products and altered the metabolic flux in host cells, which increased the synthesis of sesquiterpenes in the latter [43]. Panax notoginseng contains a variety of ginsenosides, such as Rg1, Rh1, RB1, and RE, which have antioxidant, anti-inflammatory, vasodilatory, anti-allergy, anti-diabetes, and other therapeutic effects [44]. Studies show that some endophytes of P. notoginseng can directly participate in the biotransformation of ginsenosides, although the mechanism is not clear. For instance, the conversion rate of Rg1 to F1 by Enterobacter Chengdu is 13.24%, Rb1 to Rd by Trichoderma koningii is 40%, that of Ginsenoside Rg3 is 32.31%, and of Rb1 to Rd by Penicillium chermesinum is 74.24% [45].

4.3 Improvement in the Nutritional, Physical, and Chemical Properties of Soil

The gradual reduction in soil nutrients is an inevitable process in agriculture. In addition to being absorbed by the planted crops, soil nutrients are also lost due to rainfall. The flow of nutrients into water bodies causes eutrophication and pollution, which poses a threat to the ecosystem. Microbial fertilizers containing nitrogen fixing, and potassium and phosphorous solubilizing microorganisms can restore soil nutrients, and improve the growth, yield, and quality of medicinal plants. The beneficial effects of the fertilizer can be further enhanced by including biochar, a porous carrier that provides a surface as well as energy for the microorganisms to grow [46]. A biochar-based microbial fertilizer consisting of Bacillus and exogenous N-P-K fertilizer significantly reduces nutrient leaching from the soil, improves the nutrient profile and quality of the soil, and increases the abundance of bacteria related to carbon and nitrogen metabolism [47]. In addition, microbial fertilizer significantly improves physical and chemical indices such as moisture content (MC), organic matter (OM), alkali hydrolyzable nitrogen (AN), and available phosphorus (AP), which is conducive to maintaining the ecological health of the soil [48].

4.4 Regulation of the Soil Microbiome and Enhanced Biological Resistance

Medicinal plants are often grown as continuous crops since most cannot grow and mature in a year, especially the perennial plants bearing fruits or rhizomes (such as Schisandra chinensis and ginseng). In addition, many active ingredients are either not synthesized or present at low concentrations in immature plants. As already discussed, the root exudates of medicinal plants attract specific microorganisms. Given that most of medicinal plants are perennial, their cultivation methods significantly affect the microbial community structure of the rhizosphere. For example, the diversity of bacteria in the rhizosphere of Pseudostellaria heterophylla grown for two years is significantly lower than that of plants cultivated for one year [49]. Similar results have been reported for American ginseng [50].

Diseases and pests can significantly reduce the yield and quality of medicinal plants, especially the perennial varieties that are continuously planted on the same land. Studies show that continuous cropping can disrupt the microbial community [51,52], and transform the highly fertile bacterial soil to less fertile “fungal” soil. In addition, the decrease in the abundance of beneficial bacteria and the increase in that of harmful bacteria has elevated the risk of diseases [18] during the cultivation of ginseng [53], P. notoginseng [54,55], Angelica sinensis [56], and other medicinal plants. For example, the accumulation of Fusarium oxysporum has been shown to cause root rot in Atractylodes macrocephala and P. notoginseng. The use of eco-friendly microbial fertilizers can improve soil microbial diversity [57,58]. Furthermore, crop rotation [59,60] is known to improve the soil microbial community, and increase the abundance of Bacillus and Lysobacterium. Inoculation of the probiotic Pseudomonas into the roots of P. notoginseng cultivated continuously for three years reduced the relative abundance of potentially pathogenic bacteria in the rhizosphere and increased that of other bacteria and fungi [61], resulting in a lower risk of diseases. In addition, some endophytic bacteria may protect plants from pathogens through a variety of mechanisms, such as replacing pathogens in plant tissues and producing antibiotics that directly inhibit their growth. Some species of Pseudomonas can also hinder the growth of soil pathogens [62]. Microbial fertilizers consisting of relevant probiotics and appropriate carriers can improve the biological resistance of medicinal plants and reduce the risk of diseases.

4.5 Improved Abiotic Resistance

Soil-related abiotic stresses include drought, soil salinization, mineral nutrition deficiency, heavy metal pollution, etc. Plants often resist these environmental stresses by producing hormones [63,64]. Studies show that abiotic stress can induce the synthesis and accumulation of ethylene in plants [65], which triggers various physiological reactions and inhibits plant growth [66]. Several microbes produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which can cleave the ethylene precursor ACC into ammonia and α-ketobutyrate and reduce ethylene levels in stressed plants [67,68]. The resulting improvement in the root system enhances the absorption of water and nutrients from the soil depths, which promotes plant growth and prolongs survival under stress conditions [69]. Several ACC deaminase-producing bacteria have been isolated from different habitats [65]. Symbiotic and non-symbiotic nitrogen-fixing bacteria convert atmospheric nitrogen into ammonia that can be utilized by plants. The microbes further enhance nitrogen absorption by the plant roots by mineralizing the organic ammonia in the soil or stimulating hormone production [70]. Likewise, PGPRs such as phosphate-and potassium-solubilizing bacteria can promote the absorption of potassium and phosphorus through chelation, generation of organic ligands, exchange reaction, and demineralization [65]. Excessive levels of heavy metals in the soil can directly affect plant growth, metabolism, and aging, and induce plant cell apoptosis. Plants have evolved mechanisms to reduce the absorption of heavy metals [71]. Some PGPRs can transform the bioavailable forms of heavy metals into unavailable forms [72]. For instance, the soluble phosphorus released by phosphate-solubilizing bacteria can precipitate heavy metals via the formation of insoluble phosphates. In addition, some microorganisms can produce extracellular polymeric substances to adsorb heavy metals. Organic acids produced by soil microorganisms, such as succinic acid and oxalic acid, also form complexes with heavy metals that cannot be easily absorbed by the plant roots [65]. Overall, these strategies can reduce the absorption of heavy metals and minimize plant stress. Therefore, suitable microorganisms can be incorporated into microbial fertilizers to rescue medicinal plants from abiotic stresses.

5  Applications of Microbial Fertilizers in Medicinal Plants

5.1 Main Strains Contained in Existing Microbial Fertilizer Products in China

At present, microbial fertilizers are mainly used for vegetables, tobacco, melons, and fruits. The medicinal plants that are currently cultivated in China are listed in Table S1, and include P. notoginseng, Codonopsis pilosula, A. sinensis, Astragalus membranaceus, Zanthoxylum bungeanum, A. macrocephala, Salvia miltiorrhiza, P. heterophylla, Ophiopogon japonicus, etc. According to the data from the Quality Supervision, Inspection and Testing Center for Microbial Fertilizers and Edible Fungi of the Ministry of Agriculture and Rural Areas of the People’s Republic of China, 109 microbial fertilizer products were registered for Medicinal plant materials, including 65 microbial agents, 33 microbial organic fertilizers and 11 compound microbial fertilizers. The strains include B. subtilis, Bacillus gelatinosus, Bacillus amyloliquefaciens, Penicillium, Streptomyces, Trichoderma, Lactobacillus, and yeast.

5.2 Effect of Microbial Fertilizer on Yield and Quality of Medicinal Plants in Practical Application

Unlike traditional crops, quality is a more important parameter for medicinal plants compared to yield. The quality of medicinal plants is determined by the amount of secondary metabolites. Chemical fertilizers promote the growth of medicinal plants increase their yield, and decrease the production of secondary metabolites, leading to a decline in their quality [73]. In contrast, long-term use of microbial fertilizers can significantly improve the yield and quality of medicinal plants. The effects of some microbial fertilizer products on the quality of medicinal plants are summarized in Table 1. Polysaccharides are the main active compounds in goji berries that mediate the therapeutic effects [74]. Yin et al. showed that microbial agents and composite microbial fertilizers increased the total sugar content in goji berries by 25% and 14%, respectively [75]. Li et al. also found that two types of microbial fertilizers increased the content of goji berry polysaccharides by 75% and 25.76%, respectively, and also improved that of other medicinal components by varying degrees [76]. As shown in Table 1, microbial fertilizers significantly increased the content of fumaric acid in Corydalis yanhusuo [77], peimucin [78] in Fritillaria hunbergiai, curcumin [79] in Curcuma longa, ginsenosides [80] in ginseng, and tanshinone [81] in S. miltiorrhiza.
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5.3 Applications of New Technologies on Microbial Fertilizer

In recent years, the development strategy of microbial fertilizer products has shifted from single-strain to multi-strain joint inoculation. This method is conducive to the strains having a greater chance of surviving in the competitive exclusion [85]. The most classic application is co-inoculation of rhizobia and arbuscular mycorrhizal fungi. Many studies have reported their synergistic effects on plant growth promotion [86,87]. The separation of functional strains is also the mainstream of microbial fertilizer research. Furthermore, the innovation of microbial fertilizer carriers is also a big help to promote the development of microbial fertilizer. To keep microorganisms in a dynamic state, commercially available carrier materials are usually based on ground peat, clay, rice, bran, seeds, or other complex organic substrates [88]. Activated carbon has aroused great interest of researchers because of its porous and loose structure, and studies have shown that microbial fertilizer with activated carbon as the carrier is better than other substrates in promoting host growth [89]. The microbial fertilizer nanoparticles encapsulated in chitosan [90] or coated with silicon, zinc, copper, iron, and silver [91] are easier to transport and use, and have better effects and longer effective time. It can be said that the formation and application of nano biological fertilizer is a practical step towards intelligent fertilizer.

6  Future Prospects

Microbial fertilizer is a green substitute for chemical fertilizer, promoting sustainable agricultural practices. It improves the yield and quality of medicinal plants, rarely with an adverse effect on the environment. However microbial fertilizer also faces many challenges. For example, strains in microbial fertilizer might be medicinal plant selectivity and region climate specificity. Regarding its current development status and shortcomings, the possible directions for the future development of microbial fertilizers for medicinal plants are proposed.

6.1 Screening of Suitable Microbial Strains

Since microorganisms are the core of microbial fertilizers, screening suitable microbial strains is a major challenge for the development of microbial fertilizers, especially rhizosphere microorganisms and endophytes. In addition, the complex interactions between medicinal plants, and the rhizosphere microorganisms and endophytes warrant further research since these microbes directly or indirectly affect the growth, development, and quality of medicinal plants [92]. Endophytes are known to synthesize secondary metabolites similar to that of their host plants. For example, some endophytic fungi in Peucedanum praeruptorum can be used as a micro factory for the production of coumarin and improve its medicinal value [93]. In some cases, the pharmacological activity of the substances produced by the endophytes may be stronger than that produced by host plants [94–96]. Therefore, a greater understanding of the rhizosphere microorganisms and endophytes of medicinal plants can aid in the development of more effective microbial fertilizers suitable, and improve their application in cultivated medicinal plants.

6.2 Optimization of the Preparation Process of Microbial Fertilizers

At present, the bulk of the research on microbial fertilizers is focused on improving the yield or quality of the target medicinal plants, and only a few systematic studies have been conducted on the optimal preparation methods of these fertilizers, the mechanisms of action of the microorganisms, the survival of microbes in the rhizosphere soil and the secretion of metabolites, and the material exchange between microorganisms and medicinal plants, which is also a major limitation of the development of microbial fertilizer. The mechanisms underlying the interactions between the microorganisms, soil, and rhizosphere need to be elucidated to select more suitable microbial fertilizers and dosage forms for specific medicinal plants and develop special strains suitable for different regions, maturation stages, and plant species. This may promote a more large-scale application of microbial fertilizers by expanding the varieties of medicinal plants that can be treated with these fertilizers, and that of microbial strains that can be used as fertilizers.

6.3 Promoting the Application of Microbial Fertilizers for Medicinal Plants

Microbial fertilizers are an eco-friendly option for improving the growth and quality of medicinal plants. Nowadays, several varieties of medicinal plants are registered in the Quality Supervision, Inspection, and Testing Center for Microbial Fertilizers and Edible Fungus Strains of the Ministry of Agriculture and Rural Areas of China. Nevertheless, there is still no special microbial fertilizer for different species of medicinal plants. The research and development of microbial fertilizers need to be accelerated to promote the cultivation of medicinal plants on an industrial scale. Furthermore, the technical standards and usage guides of the microbial fertilizers have to be reasonably formulated to popularize their application and promote the organic cultivation of medicinal plants.

In summary, microbial fertilizer can improve the yield and quality of medicinal plants and has little adverse impact on the environment. It is a sustainable strategy for the production of medicinal plants. In this paper, the interactions between microbial fertilizers and medicinal plants and their effects on the yield and quality of medicinal plants were reviewed, and some suggestions on the future development of microbial fertilizers were put forward, hoping to provide a new perspective for the development of microbial fertilizers in the sustainable production of medicinal plants in the future.
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Table 1: Effects of microbial fertilizers on different medicinal plants

Medicinal Fertilizer Microbial strains Production (compared to control) Reference
plant type
Yield Quality
Lycium Microbial agent ~ Mainly azotobacter, As the dosage of Y Polysaccharide 175.00% [76]
chinense Mill. 'Y with a certain amount (.)f increases, it decreases Carotenoid 157.98%
actinomycetes and lactic o
acid bacteria Flavone 120.00%
Microbial agent  Bacillus subtilis, As the dosage of G Polysaccharide 125.76%
G Photosynthetic bacteria, increases first and then  (urotenoid 181.87%
Paenibacillus decreases .
mucilaginosus Flavone 123.42%
BIO-GAIN Bacillus coagulans, The yield could Total saccharide 1101%  [82]
microbial agent Paen.iba.cillus increase 56.44% Polysaccharide 1
mucilaginosus, . o
Aspergillus oryzae, Carotenoid 168.43%
Trichoderma Flavone 1
longibrachiatum Betaine 1304%
Reducing Vitamin C 110.59%
Total amino acids 155%
Bacillus e Total saccharide of goji berry fruit 125% [75]
amyloliquefaciens, Total acid of Goji fiuit 116.4%
WO BU SHI Paenibacillus Total nitrogen content of goji 12%
SAN JIN mucilaginosus berry leaves
microbial agent . ..
Total phosphorus in goji berry 11.7%
leaves
Total potassium in goji berry 133.3%
leaves
Compound Bacillus subtilis e Total saccharide of goji berry fruit 114%
microbial Total acid of Goji fiuit 112.1%
fertilizer . .
Total nitrogen content of goji 112.7%
berry leaves
Total phosphorus in goji berry 12.5%
leaves
Total potassium in goji berry 153.3%
leaves
Bolbostemma Nitrogen and Strain C3 and e Peimisine 152.32% [78]
paniculatum  phosphorus WY4 from Northwest
(Maxim.) fertilizers A&F University
Franquet combined with
bioorganic
fertilizers
Curcuma HYT microbial ~ Azotobacter Dry ginger increases  Volatile oil 139.85% [79]
longa L. agent production by over Curcumin 116.32%
25.00%, while fresh
ginger increases by
over 22.00%
Panax Compound e e Ginsenoside 1 [80]
ginseng C. A. microbial
Mey. fertilizer
Rehmannia LV NENG Bacillus subtilis, Both the fresh and dry Total soluble saccharide 1# [83]
gl.utinosa C(?mpognd Pseudomonas stutzeri  quality of individual Phenylethanoid glycoside 137.93%
Libosch. Microbial plants have been L . 33,119
fertilizer improved Iridoid glycoside 133.11%
Angelica Compound e e Angelica polysaccharide 1 [84]
sinensis microbial
(Oliv.) Diels fertilizer
Corydalis Compound Streptomyces The fresh weight per ~ Total alkaloids (protopine, 1381% [77]
yanhusuo W.  microbial microflavus plant increased by coptisine hydrochloride,
T. Wang fertilizer 392.86%, and the dry  palmatine chloride, berberine
weight increased by hydrochloride,
341.71% dehydrocorydaline,
tetrahydropalmatine)
Salvia Biological- — Not significantly Total tanshinones 188.89% [8&1]
miltiorrhiza ~ organic fertilizer changed Cryptotanshinone 183.67%
Bge
& Tanshinone I 179.75%
Tanshinone 1A 197.10%
Note: indicates not mentioned in the cited literature; *indicates that the author calculated based on the data in the literature; 1 and | respectively

represent an increase or decrease in the content of active products; #indicates insignificant changes. All changes in content are relative to the control
group.





OEBPS/Images/copy.png





OEBPS/Images/Phyton-93-50759-f002.png
Two component
signal system

Root

Rt‘t‘u

'ENize,

exudates Microbjg ed by
* eceptorg

Flagellum

wards






OEBPS/Images/phyton-logo.png





OEBPS/Images/Phyton-93-50759-f001.png
Europe,

4.6 10.6% TheFltJi?rogen Pulses & Nfidalo e
s e ixing . iddle Eas
Billion 10.36Billion Biofertilizers Oilseeds & Africa

The total value of the The growth rate of the The Nitrogen Fixing Pulses and oilseeds are the Europe, the Middle East,

Global Biofertilizers Global Biofertilizers Biofertilizers commanded main target audience for and Africa have the

Market in 2022 reached Market is 10.6%, with largest market share of global biofertilizer largest market share of
an estimated value of 27.45% among all types of products in 2022. biofertilizers in 2022.

4.6 billion.
$10.36 Billion by 2030. biofertilizers in 2022.





OEBPS/Images/logo.png





OEBPS/Images/Phyton-93-50759-f003.png
Increasing the accumulation

Regulation of host metabolic flux and exp! ion of
key enzymes

Reducing nutrient |

Nitrogen fixation, i ing

Improving

ind enhancing

Increasing the abundance of beneficial bacteria

Producing a variety of active secondary metabolites

Regulating pH

Participating in the f tion of
active ingredients
P ting host production of Loosingsoil

active metabolites

such as

Yy
indoleacetic acid

Nitrogen fixation, increasing dissolved

thesis of plant h

y

Hindering the growth of pathogenic bacteria

Replacing pathogen niche

Producing antibiotics

Crackil hylene produced under stress

Forming complexes with heavy metals
Nlﬂogen fixation, increasing dissolv





