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Abstract

:

Fritillaria taipaiensis is a valuable traditional Chinese medicinal plant affected by germplasm degradation during cultivation. To find a suitable solution for this problem, F. taipaiensis was inoculated with exogenous arbuscular mycorrhiza (AM) fungi, potassium-solubilizing bacteria, and phosphorus-solubilizing bacteria in pot experiments. The effects of inoculation on the AM colonization, photosynthetic pigment, and superoxide dismutase contents, rhizospheric enzyme activities, alkaloid, and nucleotide content of F. taipaiensis were studied. The results showed that the inoculation increased mycorrhizal infection intensity of F. taipaiensis. Compared to the control group, the photosynthetic pigment contents in the leaf of the inoculation groups were increased; the content of soluble protein, the activities of the superoxide dismutase, catalase, and peroxidase in leaves were all significantly increased, and the content of malondialdehyde was decreased. The microbial inoculum also increased the content of active ingredients in F. taipaiensis bulbs and increased the enzyme activities, total microorganism number, bacteria/fungi, and actinomycetes/fungi ratios in the rhizosphere. To sum up, microbial fertilizer can significantly improve the rhizospheric environment and medicinal quality of F. taipaiensis. This research provides a theoretical basis and experimental evidence for the sustainable development of an F. taipaiensis industry.
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1. Introduction


Fritillaria taipaiensis is a perennial herb in the Liliaceae. Its bulbs contain multiple alkaloids, which can cool down body temperature, relieve cough and asthma, and resolve phlegm [1]. The geographical distribution, morphological characteristics, active ingredients, pharmacological effects, and clinical efficacy of F. taipaiensis are similar to those of Fritillaria cirrhosa (Chuanbeimu) [1,2,3], also known as “antitussive medicine”. Therefore, F. taipaiensis has been categorized as a medical material provenance of Chuanbeimu in the 2015 edition of Chinese Pharmacopoeia [4]. Due to the increasing market demand, wild resources of F. taipaiensis are continuously declining, as the herb has been associated with a long growth cycle and over-excavation. Recently, wild F. taipaiensis has been listed as China’s third-level national conservation plant [5,6]. Thus, active introduction and domesticating of F. taipaiensis to expand its cultivation areas are of great importance for solving the imbalance between the supply and demand of F. taipaiensis [7,8].



At present, numerous cultivation bases of F. taipaiensis have been formed at Chongqing, Shaanxi, and Yunnan in China, accelerating the development of F. taipaiensis production and increasing the share of F. taipaiensis on the market [6]. However, studies have suggested that the alkaloid content and yield of F. taipaiensis could not increase during the artificial cultivation process. For example, 3-year-old F. taipaiensis seedlings showed a lower quality in the content of active constituents compared to 1- and 2-year-old F. taipaiensis seedlings [9,10]. Moreover, continuous cropping F. taipaiensis may be challenging. After 3–4 years of continuous planting, reduced growth potential and disease accumulation may appear, and because of the long term artificial disturbance during the cultivation, the contents of nutrients in the cultivated soil such as available N, available P, available K, and organic matter may significantly decrease due to plant absorption and leaching, thus affecting yield and quality [11].



The failures associated with the soil used for cultivation and the change of rhizospheric microflora are major factors that can induce continuous cropping obstacles [12,13]. Microbial fertilizer has been widely used in the artificial cultivation of precious Chinese medicinal materials, which not only improves the density and structure of microbial population in rhizospheric soil, but also promotes the safety, quality, and yield of Chinese medicinal materials [9,14]. Dong et al. [9] improved the microorganism community structure and soil enzyme activity in the rhizosperic soil of F. taipaiensis by using Trichoderma spp. and organic fertilizers under field conditions, promoting the growth and development of 2-year-old F. taipaiensis and effectively increasing the accumulation of alkaloids in its bulbs. Nevertheless, improving the quality of F. taipaiensis by microbial cultivation has rarely been reported; there are still many problems to be explored in this field.



Arbuscular mycorrhiza (AM) fungi, beneficial microorganisms extensively distributed in soil, can form a symbiotic relationship with the roots of most higher plants [15]. Researchers found that the external hyphae of AM fungi could extend deeper and farther into the soil to enlarge the absorption range of plant roots, which is helpful for the host plants to absorb nutrients and water [16]. In forest ecosystems, 34–90% of P that the host plant absorbed could be provided by AM fungi [17]. The AM fungi could also absorb NH4+ [18], NO3− and small-molecule organic nitrogen [19] directly from the rhizospheric soil and pass them along to the host plant. Meanwhile, AM fungi can increase the K content in soil and plant rhizomes [20]. In addition, previous studies showed that AM fungi could regulate the metabolic activities in plants [21], promote their growth and development [22], enhance their stress [23] and disease resistance [24], increase their active ingredients content [25,26,27], and improve their yield and quality [28,29]. However, the effect of AM fungi on F. taipaiensis quality under artificial cultivation conditions has not yet been reported.



Bacillus spp. is a spore-forming bacterium that mainly lives in soil. Thus, many species of this genus are associated with plants as are rhizospheric bacteria and endophytic bacteria [30]. The fundamental function of active compounds from some Bacillus species is the inhibition of plant pathogens, and many species such as B. subtilis, B. amyloliquefaciens, B. licheniformis, B. pasteurii, B. cereus, B. pumilus, and B. mycoides has been reported to be elicitors of induced systemic resistance [31]. Other species of this genus can produce enzymes that dissolve nutrient elements fixed in soil that could be used by plants, such as B. mucilaginosus, which was reported as a potassium solubilizing bacterium [32,33,34], and B. megaterium, reported as a phosphate and zinc solubilizing bacterium [35,36]. The compound application of phosphate solubilizing bacteria, potassium solubilizing bacteria, and AM fungi can efficiently promote plant growth, and the effect of the compound application was much more significant than the single application [37].



Herein, we examined the effects of inoculating exogenous AM fungi on root mycorrhizal colonization, photosynthetic pigment, osmoregulation substance, and active ingredient content, superoxide dismutase and rhizospheric soil enzyme activities, and rhizospheric microbial community structure of F. taipaiensis using a pot culture experiment of 3-year-old F. taipaiensis seedlings in simulated field production. In order to further verify the effect of the beneficial microorganisms on the growth of F. taipaiensis, we also inoculated potassium solubilizing bacteria and phosphorus solubilizing bacteria in the rhizosphere of F. taipaiensis. The aim of this research was to provide a theoretical basis and experimental evidence for the improved quality of F. taipaiensis by using beneficial microorganisms in rhizospheric soil.




2. Materials and Methods


2.1. Microbial Inoculum


The two AM fungi species applied in this study were from the Glomeromycetes (according to the taxonomic system published on the Arthur Schüßler: http://www.amf-phylogeny.com/, 12 November 2021), which is a main group of arbuscular mycorrhizal fungi: Claroideoglomus claroideum from the Claroideoglomeraceae family and Racocetra coreoidea from the Gigasporaceae family, both of them widely used in promoting the growth of plants [38]. The AM fungi were purchased from the International Culture Collection of (Vesicular) Arbuscular Mycorrhizal Fungi (INVAM) (Morgantown, WV, USA), and were then cultured by our laboratory. The inoculated media were culture media with spores, hyphae, and infected root segments. The potassium solubilizing bacteria Bacillus mucilaginosus (effective viable bacteria ≥ 2 × 1010 cfu·g−1) and phosphate solubilizing bacteria Bacillus megaterium (effective viable bacteria ≥ 2 × 1010 cfu·g−1) were provided by Weiyuan Biotechnology Co., Ltd., (Guangzhou, China).




2.2. Plant Materials


On 26 July 2017, fresh 3-year-old bulbs of F. taipaiensis were collected from the Hongchiba cultivation base, Wuxi, Chongqing, China, and then were stored at 4 °C in the laboratory.




2.3. Reference Drugs


Uracil, guanine, uridine, adenine, thymidine, and adenosine standard references (Batch numbers were 100469-200401, 140631-201205, 110887-200202, 886-200001, 101215-201401 and 110879-200202, respectively) were obtained from the China National Institutes for Food and Drug Control (NIFDC) (Beijing, China). Cytidine, guanosine, and 2’-deoxyadenosine reference standards (purity > 98%) were purchased from Dulai Biotechnology Co., Ltd., (Nanjing, China). Both peimisine and sipeimine reference standards (purity > 98%) were obtained from Mansit Biotechnology Co., Ltd., (Chengdu, China). Acetonitrile and methanol with chromatographic purity were acquired from Merck Company (Chengdu, China).




2.4. Cultivation Management and Sample Collection


The culture medium was a mixture of humus soil and sand with a ratio of 3:1. The culture medium was dried, screened, and sterilized at 121 °C for 2 h. Cultivation containers (0.5 m (width) × 1 m (length) × 0.3 m (depth)) were used in this study. The cultivation containers were disinfected with 10% NaClO for 15 min and then were thoroughly rinsed with purified water. The F. taipaiensis bulbs were not disinfected to maintain the original exogenous and endophytic microorganisms. On 27 August 2017, the F. taipaiensis bulbs were planted in a uniform layer of microbial agents and were covered by 5–6 cm of the surface soil. The plant spacing was 3~4 cm, and the row spacing was 16~18 cm. A total of 30 F. taipaiensis bulbs were planted in each container, three containers for each treatment group. A completely randomized design was used in this study, experimental materials in the follow-up study would be collected randomly from the three containers in each treatment. The inoculated groups were: Claroideoglomus claroideum treatment group (Cc, about 1360 C. claroideum spores for each container), Racocetra coralloidea treatment group (Rco, about 1430 R. coralloidea spores for each container), potassium solubilizing bacteria treatment group (Ksb, 35 g Bacillus mucilaginosus inoculum for each container), phosphorus solubilizing bacteria treatment group (Psb, 35 g Bacillus megaterium inoculum for each container), a mixed treatment group of C. claroideum, R. coralloidea, potassium solubilizing bacteria and phosphorus solubilizing bacteria group (Mi, mixed inoculation of C. claroideum, R. coralloidea, B. mucilaginosus and B. megaterium, the application amount of each microbial inoculum was the 1/4 of the former 4 groups) and control group (CK, no microbial agents were used). The plants were grown outdoors, each container was watered according to the real time weather and was supplemented with 1000 mL Hoagland’s nutrient solution [39] once a week. On 29 May 2018, the bulbs, fibrous roots, leaves, and rhizospheric soils of F. taipaiensis at the beginning of blooming stage were harvested: the leaves were used to determine the activity of protective enzymes and the contents of photosynthetic pigments, malondialdehyde, soluble sugar, and soluble protein immediately after harvest; the bulbs were washed and dried at 45 °C for analysis; the fibrous roots were preserved for mycorrhizal colonization and infection intensity analysis; rhizospheric soil was collected and preserved for soil microbial quantity and soil enzyme activity determination.




2.5. Analysis of Mycorrhizal Colonization


The fibrous roots of F. taipaiensis from each cultivation container were cut into segments about 1 cm long and then soaked in FAA fixative solution (75% (V/V) ethanol·90 mL + glacial aceticacid·5 mL + 40% (V/V) formaldehyde·5mL). Fifty root segments with uniform thickness of each container were randomly selected and stained according to the method outlined in the literature [40] to calculate the mycorrhizal colonization percentage and mycorrhizal infection intensity. Root segments of F. taipaiensis with uniform thickness about 1 cm long were treated with 10% KOH in a 90 °C water bath for 45 min, and were then acidified with 2% HCl for 5 min after washing with distilled water 3~5 times. After acidification, the root segments were stained with 0.05% trypan blue in a 90 °C water bath for 30 min, and then were decolorized in glycerol lactate solution (1:1:1) for 24 h. The stained root segments were examined under the microscope to calculate the mycorrhizal colonization percentage and the mycorrhizal infection intensity based on the method of Trouvelot et al. [41]: colonization percentage = (number of infected root segments / total number of examined root segments) × 100%; infection intensity = (95·n5 +70·n4 + 30·n3 + 5·n2 + n1)/total number of examined root segments × 100%, where n5 is the number of root segments with level 5 infection, n4 is the number of root segments with level 4 infection, etc.




2.6. Determination of Physiological and Biochemical Indices of Leaves


Healthy mature leaves of F. taipaiensis from the base to the upper and middle parts with uniform size were selected from 5 plants randomly in each treatment, and the contents of the main photosynthetic pigments in the leaves such as chlorophyll a, chlorophyll b and carotenoid were determined according to the method in the literature via spectrophotometry [42]. The activities of superoxide dismutase (SOD) and peroxidase (POD) were determined by the nitrogen blue tetrazole method and the guaiacol method, respectively, via spectrophotometry, and the activity of catalase (CAT) was determined by the ultraviolet absorption method [42]. The content of malondialdehyde (MDA) and soluble sugar was determined using a thiobarbituric acid method and anthrone method, respectively, via spectrophotometry [42]. The content of soluble protein was determined by the Coomassie brilliant blue method via spectrophotometry [42]. Five biological replicates and three technical replicates were used in the determinations above.




2.7. Count of Rhizosphere Microorganism


The microorganisms (bacteria, fungi, and actinomycetes) in the rhizospheric soil of F. taipaiensis were counted by dilution plate counting method (CFU·g−1 dry soil) [43,44]. The bacteria were cultured on beef extract peptone medium (1 g·L−1 yeast extract + 5 g·L−1 tryptone + 5 g·L−1 beef extract + 5 g·L−1 sucrose + 0.5 g·L−1 MgSO4·7H2O + 15 g·L−1 agar, pH 7.0), the fungi were cultured on Martin medium (2 g·L−1 yeast extract + 5 g·L−1 tryptone + 20 g·L−1 glucose + 1 g·L−1 KH2PO4·3H2O + 0.5 g·L−1 MgSO4·7H2O + 15 g·L−1 agar, pH 6.4), and the actinomycetes were cultured on actinomycetes culture medium (20 g·L−1 soluble starch + 0.5 g·L−1 NaCl + 1 g·L−1 KNO3 + 0.5 g·L−1 KH2PO4·3H2O + 0.5 g·L−1 MgSO4·7H2O + 0.01 g·L−1 FeSO4·7H2O + 15 g·L−1 agar, pH 7.6). Five biological replicates and three technical replicates were used in the assays above.




2.8. Determination of Enzyme Activity in Rhizospheric Soil


Soil enzyme activity was determined according to a previously described approach [45,46]. Briefly, invertase activity was determined by the 3,5-dinitrosalicylic acid colorimetric method, expressed in terms of the glucose content in 1 g dry soil 24 h (37 °C) after treatment. Urease activity was determined by the sodium chlorate-sodium phenol colorimetric method, expressed in terms of the amino nitrogen content in 1 g dry soil 24 h (37 °C) after treatment. Protease activity was determined by ninhydrin colorimetry, expressed in terms of the amino acid content in 1 g dry soil 24 h (50 °C) after treatment. Catalase activity was determined by pyrogallol colorimetry, expressed in terms of the theogallin content in 1 g dry soil 20 min (37 °C) after treatment. Phosphatase was determined by the sodium phenylene phosphate colorimetric method, expressed in terms of the phenol content in 1 g dry soil 24 h (37 °C) after treatment. Five biological replicates and three technical replicates were used in the assays above.




2.9. Quality Analysis of Bulb


To extract total alkaloids, 2 g of dried F. taipaiensis bulb powder (passed through a no. 3 sieve) from each sample was used. Total alkaloids were extracted by chloroform-methanol (4:1) mixed solution and then were determined by ultraviolet-visible spectrophotometry according to the literature [3]. The nucleosides were determined by the as-reported method via HPLC [47], and peimisine was determined by the method described in the previous literature via HPLC [10]. Five biological replicates and three technical replicates were used in the assays above.




2.10. Data Analysis


The data were analyzed by a single factor (one-way) ANOVA and Tukey’s test for multiple comparisons via SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) and Excel 2003 (α = 0.05). p < 0.05 indicated statistical significance.





3. Results


3.1. Effects of Different Microbial Inoculum Treatments on Mycorrhizal Colonization in the Root System of F. taipaiensis


As shown in Figure 1, when the roots of F. taipaiensis in the different microbial inoculum treatment groups were infected with mycorrhizal fungi, mycorrhizal structures such as arbuscular, endophytic hyphae, external hyphae, and vesicle were formed (Figure S1). However, the infection intensity of the treatments was different among groups. In the CK group, the colonization percentage reached 100%, which was consistent with previous research on Paris polyphylla [48]. Compared with the CK group, the mycorrhizal infection intensity of the five different treatment groups significantly increased (p < 0.05).




3.2. Effects of Different Microbial Inoculum Treatments on Photosynthetic Pigment Content of F. taipaiensis Leaves


The different microbial inoculum treatments had a different effect on the photosynthetic pigment content of 3-year-old F. taipaiensis plants (Table 1). Compared with the CK group, the contents of carotenoid, chlorophyll a, chlorophyll b, and total chlorophyll in each treatment group were significantly higher (p < 0.05), thus indicating that inoculation with beneficial microorganisms in the rhizospheric soil could improve the photosynthetic capacity of F. taipaiensis. The highest contents of carotenoid, chlorophyll a, and chlorophyll b were seen in the Psb treatment group, followed by Rco and Cc treatment groups, and the lowest were in the CK treatment group.




3.3. Effects of Different Microbial Inoculum Treatments on the Activities of Protective Enzymes in the Leaves of F. taipaiensis


Compared with the CK group, the activities of CAT, POD, and SOD in the leaves of F. taipaiensis increased in different microbial inoculum treatment groups (p < 0.05), thus indicating that inoculation of beneficial microorganisms in the rhizospheric soil could enhance the activities of protective enzymes in the leaves of F. taipaiensis (Figure 2). Among these results, the increase in SOD activity of the treatment groups was more obvious than that of CAT, which was consistent with a previous study [49]. Meanwhile, for POD activity, the increase on the Mi group was remarkably higher compared to the other groups, which showed that multiple beneficial microorganisms treatment was more effective in improving the POD activity in F. taipaiensis leaves than single microorganism treatment.




3.4. Effects of Different Microbial Inoculum Treatments on Malondialdehyde, Soluble Sugar, and Soluble Protein Content in the Leaves of F. taipaiensis


As shown in Figure 3, different MDA contents were observed in the leaves of F. taipaiensis treated with different beneficial microorganisms. Except for the Ksb group, the MDA content in the other microbial inoculum treatment groups was significantly lower than that in the CK group (p < 0.05). On the other hand, the soluble protein content of the microbial inoculum treatment groups was significantly higher than that in the CK group (p < 0.05). However, no obvious change (p > 0.05) in the soluble sugar contents was observed compared with the CK group.




3.5. Effects of Different Microbial Inoculum Treatments on the Number of Culturable Bacteria, Fungi, and Actinomycetes in the Rhizospheric Soil of F. taipaiensis


As shown in Table 2, under the treatments of different microbial inocula, the number of bacteria, fungi, actinomycetes, and total microorganisms significantly increased compared with the CK group (p < 0.05). It can be seen that the application of different microbial inocula could effectively increase the number of culturable microorganisms in the soil and significantly promote the number of bacteria and actinomycetes in the soil. In addition, all microbial inoculum treatment groups had a higher bacteria/fungi ratio than the CK group. Moreover, except for the Rco and Psb groups, the microbial inoculum treatment groups also had a higher actinomycetes/fungi ratio than the CK group.




3.6. Effects of Different Microbial Inoculum Treatments on Enzyme Activity in Rhizospheric Soil of F. taipaiensis


As the core evaluation index of soil fertility, the activity of soil enzymes is an important indicator reflecting the biological activity of the soil [50]. As shown in Table 3, compared with the CK group, the activities of protease, urease, phosphatase, catalase, and invertase in the rhizospheric soil of 3-year-old F. taipaiensis were significantly increased in microbial inoculum treatment (p < 0.05). These data suggested that the beneficial microorganisms accelerated the humification of the rhizospheric soil to a certain extent, thus effectively improving the soil enzyme activity in the rhizosphere of F. taipaiensis.




3.7. Effects of Different Microbial Inoculum Treatments on Nucleosides in the Bulb of F. taipaiensis


The concentration of nucleosides in the bulbs of 3-year-old F. taipaiensis was affected to different degrees by applying different microbial inocula (Table 4). There were some differences in the contents of the nine nucleotides in F. taipaiensis bulbs under different treatments. Compared with that of the CK group, the content of cytidine, guanine, uridine, guanosine, thymidine, adenosine, 2’-deoxyadenosine, and the total content of nucleosides in bulbs under microbial inoculum treatments increased, while the contents of uracil and adenine decreased (all p < 0.05). The order of the total nucleoside content from high to low was Mi > Ksb > Cc > Psb > Rco > CK, in which the highest was Mi at 1449.98 μg·g−1, and the lowest was CK at 959.65 μg·g−1.




3.8. Effects of Different Microbial Inoculum Treatments on Alkaloids in the Bulb of F. taipaiensis


As seen in Table 5, the content of total alkaloids and peimisine was significantly increased in each microbial inoculum treatment group compared to the CK group (p < 0.05). The order of total alkaloid content was Psb > Ksb > Cc > Mi > Rco > Ck; the highest total alkaloid content was 1.10 mg·g−1 in the Psb treatment, the lowest was 0.57 mg·g−1 in the CK treatment. The order of peimisine content was Rco > Cc > Psb > Ksb > Mi > CK; the highest peimisine content was 0.40 mg·g−1 in the Rco treatment, and the lowest was 0.26 mg·g−1 for CK. Both of Rco and Cc had high peimisine contents, but the difference between them was not statistically significant (p > 0.05). Therefore, applying different beneficial microorganisms in the rhizosphere can effectively increase the content of alkaloids in the bulb of F. taipaiensis and promote the content of peimisine in the bulb.





4. Discussion


This study revealed a symbiotic relationship between 3-year-old F. taipaiensis and the beneficial microorganisms in the rhizospheric soil. Under simulated field cultivation conditions, the inoculation increased the mycorrhizal infection intensity of F. taipaiensis. No significant difference was found in the colonization percentage of the root mycorrhiza (p > 0.05) among the microbial inoculum treatment groups, while the root of the CK group was also colonized by mycorrhizal fungi, which might be due to a certain amount of fungi that the bulbs carried from their original cultivation soil [51]. Moreover, the mycorrhizal fungi infection intensities of the treatment groups were significantly higher compared to the CK group (p < 0.05), indicating that the inoculations with AM fungi, potassium solubilizing and phosphorus solubilizing bacteria could enhance the infection intensity of mycorrhizal fungi in F. taipaiensis. The infection intensity of Psb was relatively low among the treatment groups, which might be due to the absorption of more phosphorus in F. taipaiensis. A previous study reported that the growth of mycorrhizal fungi is inhibited when phosphorus exceeds certain levels [52].



The biochemical indices of chlorophyll, soluble sugar, soluble protein contents, and enzyme activities in the leaves of medicinal plants can reflect their photosynthetic efficiency, health, and antioxidant capacity to a certain extent [42]. In this paper, we found that beneficial microorganisms in rhizospheric soil promoted the accumulation of photosynthetic pigments such as chlorophyll and improved carotenoid. The leaves of F. taipaiensis in the Psb group had the highest photosynthetic pigments content in this study. The reason may be consistent with a previous study: the phosphate solubilizing bacteria Bacillus megaterium can not only solubilize phosphate fixed in the soil to provide plants fertilizer, but can also stimulate the growth of plant by the secretion of cytokinin [53]. Soluble protein is an essential osmoregulation substance and nutrient in plants that can alleviate ion imbalances and physiological droughts caused by salt and drought stress [54], which is involved in the stress resistance of plants. In this study, the soluble protein content in the leaves of the treatment groups were significantly higher than that in CK group, which is consistent with the result of a previous study [49,55]. Furthermore, other studies revealed that the increase in the leaf soluble protein content of plants can be caused by the increase of nitrate reductase enzyme activity, higher nitrogen fixation, and growth hormone production through AM fungi and microbial fertilizer application [56,57]. CAT, POD, and SOD in the plants can reduce membrane lipid peroxidation, maintaining and protecting the stability of the cell membrane structure and function [55]. In this study, the activities of CAT, POD, and SOD in the treatment groups were all significantly higher than that in CK, especially in the Mi group, which had the highest POD activity among the groups. This result is consistent with a previous study [58] that reported multiple applications of AM fungi, potassium solubilizing bacteria and phosphate solubilizing bacteria had more distinguished effects on promoting antioxidant peroxidase activity in plants than single applications of them. The content of MDA could reflect the degree of cell damage, such as cellular lipid peroxidation and chlorophyll decomposition [59]. However, the MDA content of the leaves in the Ksb group were higher than in other groups, including the CK group: in the other groups, MDA levels were lower compared to the CK group. A previous study reported that the decrease of MDA content was not synchronized with increases of CAT, POD, and SOD content after the application of the potassium solubilizing bacteria Bacillus mucilaginosus. The MDA content in the leaves of the plant first briefly decreased and then increased when the potassium solubilizing bacteria application exceeded a certain level, while the contents of CAT, POD, and SOD kept an upward trend at the same time [60]. Therefore, the suitable amount of solubilizing bacteria required to assure the increase of CAT, POD, and SOD contents and a decrease of the MDA content simultaneously in F. taipaiensis is a subject worth exploring. In general, all these data suggest that beneficial microorganisms can promote the contents of photosynthetic pigment, osmoregulation substances, and the activity of superoxide dismutase in F. taipaiensis.



Changes of the soil microbial community structure have an important role in soil health, which is one of the main factors leading to continuous cropping obstacles of medicinal plants [12,13]. Some studies showed that the number of bacteria in the cultivated soil declined while the number of fungi increased with the cultivation year, and the soil microbial population type converted from a bacterial type to fungal type [61]. Among the bacteria that decline are nitrogen-fixing bacteria, potassium solubilizing bacteria, and phosphate solubilizing bacteria, which may impoverish the soil [61]. Actinomycetes can produce antibiotics, protecting plants from disease; their decrease may increase the risk of plant disease [62]. On the other hand, fungi that accumulated in the soil during the cultivation contained many plant pathogens. In this study, we found that the different microbial inoculum treatments increased the number of total microorganisms, bacteria/fungi ratio, and actinomycetes/fungi ratio, which was similar to previous results [9] where the application of microbial fertilizer affected the number of soil microorganisms in the rhizosphere of 2-year-old F. taipaiensis. The higher bacteria/fungi and actinomycetes/fungi ratio could correspond to a lower risk of pathogens in the soil, on the contrary, the low bacteria/fungi and actinomycetes/fungi ratio indicates more potential hazards [62]. Meanwhile, Ou et al. [63] found that the number of bacteria and actinomycetes in the rhizosphere of Paris polyphylla var. yunnanensis significantly increased, and the number of fungi decreased after applying AM fungal fertilizer. Nonetheless, in this study, the number of fungi in the rhizosphere of microbial inoculum treatment groups was significantly higher than that of the CK group. There were different results on the effect of applying microbial fertilizer on the number of microorganisms in the rhizospheric soil of medicinal plants, which might be due to differences in their fertilization types, plant varieties, and soil conditions [9,63]. In general, the results showed that the application of beneficial microorganisms could reduce the risk of disease or infection for F. taipaiensis.



Soil enzyme activity is considered an important indicator of soil fertility and soil nutrient transformability. Soil enzymes participate in all biochemical processes in soil and have an important role in the soil ecosystem. For example, protease and urease participate in soil nitrogen transformation; catalase can reduce toxicity to plants by decomposing hydrogen peroxide; invertase can decompose macromolecular organic matter into glucose and fructose, thus improving the soil nutritional status [64]. In this study, we found that the activities of protease, urease, catalase, and invertase in the rhizospheric soil of 3-year-old F. taipaiensis increased after applying microbial inoculum, which could be related to the quantity and community structure change in the F. taipaiensis rhizosphere caused by the beneficial microorganisms. The activities of acid phosphatase, neutral phosphatase, and alkaline phosphatase in the rhizospheric soil of most microbial inoculum treatment groups in this study were significantly higher than that of the CK group. However, the neutral phosphatase, and alkaline phosphatase activities of the Mi group showed no significant difference compared to the CK group. Phosphatase could speed up the mineralization of organic phosphorus in the soil to increase available phosphorus content [64], but its activity is easily affected by environmental factors [65]. The different phosphatase activities in the different microbial inoculum treatment groups might be related to environmental factors such as pH, soil organic phosphorus content, soil moisture content, temperature, and the interaction of microorganisms.



Over recent years, AM fungi, solubilizing bacteria, and other beneficial microorganisms in the rhizospheric soil have been reported to regulate secondary metabolite production and increase the content of the active component in medicinal plants [48,66]. At present, steroidal alkaloids and nucleosides are widely used as effective components in the quality evaluation of F. taipaiensis [1,3]. In this study, the content and composition of the chemical components in F. taipaiensis were significantly affected by beneficial soil microorganisms. Total nucleoside, total alkaloid, and peimisine content of each microbial inoculum treatment group were significantly higher than those of the CK group, indicating that the beneficial microorganisms had a beneficial effect on the medicinal quality of F. taipaiensis and regulated its secondary metabolites. In F. taipaiensis, nucleoside was considered an active ingredient that could promote the development of intestinal tenue, regulate the metabolism of lipids, and participate in various physiological processes of the human body by controlling purine and pyrimidine receptors [67,68,69]. Meanwhile, in plants, nucleoside content is an important indicator that reflects the status and speed of growth [68]. Among the microbial inoculum treatment groups, the Mi group had the lowest alkaloid and peimisine contents and the highest total nucleosides, which reflected the balance and antagonism between the growth and the accumulation of the secondary metabolite. In this study, the promoting effect of the contents of photosynthetic pigment, osmoregulation substances and active ingredients in 3-year-old F. taipaiensis was the comprehensive result of multiple factors, which may be related to the amount of microbial inoculum [70], the species of microorganisms, and interactions between the different microorganisms [9]. Of course, the intrinsic mechanisms need to be further explored. In our future study, we plan to design a different gradient of microbial bacteria to find the best and the most economical amount of fertilizer.




5. Conclusions


In summary, the inoculation of beneficial microorganisms in rhizospheric soil can improve mycorrhizal fungi colonization in the root system of F. taipaiensis, increasing the contents of chlorophyll and other photosynthetic pigments in the leaves of F. taipaiensis, enhancing the accumulation of soluble sugar, soluble protein, and other osmoregulation substances, reducing the content of MDA, and protective enzymes such as SOD, POD, and CAT in the leaves of the plants. Moreover, the activity of soil enzymes (protease, urease, phosphatase, catalase, and invertase) was promoted, the number of culturable microorganisms (bacteria, fungi, and actinomycetes) was increased, as was the content of alkaloids and nucleosides in the bulb of F. taipaiensis. Beneficial microorganism inoculation has great scientific significance and potential application value that can be used to further develop the beneficial microbial resources in the rhizosphere soil of F. taipaiensis.
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Figure 1. Effects of different microbial inocula on mycorrhizal colonization in the F. taipaiensis root system. The values are means ± standard deviation of 3 replicates (50 root segments per replicate) randomly selected from each treatment. Different lowercase letters indicate significant differences (p < 0.05) in the infection intensity among the six treatments. Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used. 
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Figure 2. Effects of different microbial inocula on the CAT (catalase), POD (peroxidase), and SOD (superoxide dismutase) enzyme activities of F. taipaiensis leaves. The values are means ± standard deviation of 5 plants randomly selected from each treatment. Different lowercase letters indicate significant differences (p < 0.05). (A) CAT contents in the leaves of each treatment group. (B) POD contents in the leaves of each treatment group. (C) SOD contents in the leaves of each treatment group. Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used. 
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Figure 3. Effect of different microbial inocula on MDA (malondialdehyde), soluble sugar, and soluble protein content of F. taipaiensis leaves. Different lowercase letters indicate significant differences (p < 0.05) in the infection intensity among the six treatments. The values are means ± standard deviation of 5 plants randomly selected from each treatment. (A) MDA, (B) soluble sugar, and (C) soluble protein content in the leaves of each treatment group. Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used. 






Figure 3. Effect of different microbial inocula on MDA (malondialdehyde), soluble sugar, and soluble protein content of F. taipaiensis leaves. Different lowercase letters indicate significant differences (p < 0.05) in the infection intensity among the six treatments. The values are means ± standard deviation of 5 plants randomly selected from each treatment. (A) MDA, (B) soluble sugar, and (C) soluble protein content in the leaves of each treatment group. Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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Table 1. Effects of different microbial inocula on the photosynthetic pigment content of the F. taipaiensis leaves (fresh weight).






Table 1. Effects of different microbial inocula on the photosynthetic pigment content of the F. taipaiensis leaves (fresh weight).





	Group
	Carotenoid

(mg·g−1)
	Chlorophyll a

(mg·g−1)
	Chlorophyll b

(mg·g−1)
	Chlorophyll (a + b)

(mg·g−1)





	CK
	84.08 ± 0.39 d
	0.96 ± 0.01 d
	0.29 ± 0.01 d
	1.25 ± 0.05 d



	Cc
	134.07 ± 0.93 b
	1.61± 0.02 b
	0.45 ± 0.01 b
	2.06 ± 0.03 b



	Rco
	135.76 ± 0.59 b
	1.64 ± 0.01 ab
	0.45 ± 0.01 b
	2.09 ± 0.01 bc



	Ksb
	119.92 ± 2.40 c
	1.44 ± 0.04 c
	0.40 ± 0.01 c
	1.84 ± 0.02 bc



	Psb
	141.65 ± 0.56 a
	1.66 ± 0.01 a
	0.48 ± 0.01 a
	2.14 ± 0.01 a



	Mi
	119.33 ± 0.28 c
	1.47 ± 0.01 c
	0.40 ± 0.01 c
	1.88 ± 0.01 c







The values are means ± standard deviation of 5 plants randomly selected from each treatment. Different lowercase letters in a column indicate significant differences based on Tukey’s test (p < 0.05). Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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Table 2. Comparison of rhizosphere microbial number of F. taipaiensis treated with different microbial inocula.






Table 2. Comparison of rhizosphere microbial number of F. taipaiensis treated with different microbial inocula.





	Group.
	Bacteria

(lgCFU/g)
	Fungi

(lgCFU/g)
	Actinomycetes

(lgCFU/g)
	Total Microorganisms

(lgCFU/g)
	Bacteria/Fungi
	Actinomycetes/Fungi





	CK
	5.36 ± 0.26 c
	3.55 ± 0.05 d
	4.40 ± 0.04 c
	5.42 ± 0.23 b
	80.10 ± 4.78 e
	7.31 ± 0.30 c



	Cc
	5.88 ± 0.22 b
	3.72 ± 0.05 ab
	4.69 ± 0.08 a
	5.92 ± 0.20 a
	164.94 ± 7.69 c
	9.42 ± 0.39 a



	Rco
	5.92 ± 0.11 ab
	3.67 ± 0.04 c
	4.50 ± 0.03 b
	5.94 ± 0.09 a
	186.36 ± 5.38 b
	6.77 ± 0.91 c



	Ksb
	6.03 ± 0.09 a
	3.65 ± 0.01 c
	4.54 ± 0.03 b
	6.05 ± 0.09 a
	255.30 ± 8.86 a
	8.12 ± 0.61 b



	Psb
	5.84 ± 0.05 b
	3.73 ± 0.05 a
	4.52 ± 0.03 b
	5.87 ± 0.05 a
	145.05 ± 6.17 d
	6.48 ± 0.45 c



	Mi
	5.93 ± 0.14 ab
	3.83 ± 0.08 a
	4.74 ± 0.10 a
	5.97 ± 0.05 a
	135.48 ± 4.36 d
	8.29 ± 0.81 ab







The values are means ± standard deviation of 5 soil samples randomly selected from each treatment. Different lowercase letters in a column indicate significant differences based on Tukey’s test (p < 0.05). Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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Table 3. Effects of different microbial inocula on rhizospheric soil enzyme activity of F. taipaiensis.






Table 3. Effects of different microbial inocula on rhizospheric soil enzyme activity of F. taipaiensis.





	Group
	Protease

(mg·kg−1)
	Urease

(g·kg−1)
	Acid Phosphatase

(g·kg−1)
	Neutral Phosphatase

(g·kg−1)
	Alkaline Phosphatase

(g·kg−1)
	Catalase

(g·kg−1)
	Invertase

(g·kg−1)





	CK
	29.286 ± 0.104 d
	15.719 ± 0.077 d
	0.255 ± 0.016 d
	0.162 ± 0.012 c
	0.037 ± 0.013 d
	0.162 ± 0.004 f
	12.604 ± 0.062 e



	Cc
	64.035 ± 0.051 b
	16.617 ± 0.086 d
	0.812 ± 0.069 b
	0.264 ± 0.008 a
	0.086 ± 0.019 b
	0.324 ± 0.011 d
	12.955 ± 0.001 e



	Rco
	54.266 ± 0.028 c
	33.081 ± 0.034 b
	0.541 ± 0.018 c
	0.237 ± 0.030 a
	0.118 ± 0.009 a
	0.384 ± 0.002 b
	25.074 ± 0.087 c



	Ksb
	29.686 ± 0.154 d
	28.924 ± 0.001 c
	0.871 ± 0.036 b
	0.190 ± 0.014 bc
	0.087 ± 0.002 bc
	0.426 ± 0.025 a
	32.223 ± 0.074 b



	Psb
	78.242 ± 0.019 a
	41.365 ± 0.027 a
	0.778 ± 0.056 b
	0.208 ± 0.035 ab
	0.089 ± 0.007 bc
	0.339 ± 0.064 c
	36.624 ± 0.039 a



	Mi
	72.726 ± 0.047 a
	33.766 ± 0.004 b
	2.442 ± 0.071 a
	0.171 ± 0.023 bc
	0.039 ± 0.004 cd
	0.206 ± 0.024 e
	14.467 ± 0.003 d







The values are means ± standard deviation of 5 soil samples randomly selected from each treatment. Different lowercase letters in a column indicate significant differences based on Tukey’s test (p < 0.05). Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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Table 4. The nucleoside content of F. taipaiensis bulbs treated by different microbial inocula (μg·g−1, fresh weight).






Table 4. The nucleoside content of F. taipaiensis bulbs treated by different microbial inocula (μg·g−1, fresh weight).





	Group
	Uracil
	Cytidine
	Guanine
	Uridine
	Adenine
	Guanosine
	Thymidine
	Adenosine
	2’-Deoxyadenosine
	Total





	CK
	38.385 ± 0.640 a
	24.730 ± 1.318 b
	23.745 ± 1.633 e
	223.737 ± 1.178 f
	51.757 ± 0.826 a
	232.013 ± 1.648 f
	28.042 ± 0.998 f
	310.870 ± 0.340 e
	26.373 ± 1.435 e
	951.932 ± 2.678 f



	Cc
	16.355 ± 0.710 c
	48.862 ± 0.233 a
	30.296 ± 0.093 d
	339.488 ± 0.371 c
	28.650 ± 0.455 d
	321.895 ± 1.367 b
	98.703 ± 0.453 a
	377.707 ± 0.272 c
	106.974 ± 2.469 a
	1352.576 ± 0.423 c



	Rco
	13.114 ± 0.316 d
	27.358 ± 1.425 b
	60.227 ± 1.633 b
	271.344 ± 0.490 e
	36.767 ± 0.074 b
	260.075 ± 1.633 e
	51.107 ± 0.540 e
	340.540 ± 0.306 d
	57.505 ± 4.764 d
	982.581 ± 1.799 e



	Ksb
	17.628 ± 0.268 c
	25.236 ± 0.825 b
	87.911 ± 2.267 a
	343.810 ± 0.182 b
	24.047 ± 0.222 e
	316.040 ± 2.397 c
	84.102 ± 0.647 b
	399.131 ± 1.059 b
	91.504 ± 0.325 b
	1370.242 ± 0.185 b



	Psb
	16.584 ± 0.682 c
	25.124 ± 0.816 b
	46.803 ± 0.801 c
	279.541 ± 0.468 d
	33.324 ± 0.946 c
	266.124 ± 1.676 d
	58.658 ± 1.788 d
	346.949 ± 0.301 d
	59.356 ± 4.563 d
	1110.430 ± 8.132 d



	Mi
	23.143 ± 0.230 b
	52.328 ± 1.633 a
	24.280 ± 0.486 e
	362.572 ± 1.152 a
	51.382 ± 0.099 a
	364.171 ± 1.135 a
	76.347 ± 1.420 c
	417.247 ± 0.977 a
	78.514 ± 0.944 c
	1426.841 ± 6.054 a







The values are means ± standard deviation of 5 plants randomly selected from each treatment. Different lowercase letters in a column indicate significant differences based on Tukey’s test (p < 0.05). Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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Table 5. The alkaloid content of the F. taipaiensis bulbs treated with different microbial inocula (mg·g−1).






Table 5. The alkaloid content of the F. taipaiensis bulbs treated with different microbial inocula (mg·g−1).





	Group
	Peimisine
	Total Alkaloids





	CK
	0.26 ± 0.01 c
	0.57 ± 0.01 e



	Cc
	0.39 ± 0.01 a
	1.04 ± 0.01 b



	Rco
	0.40 ± 0.01 a
	0.84 ± 0.01 d



	Ksb
	0.33 ± 0.01 b
	1.08 ± 0.01 ab



	Psb
	0.33 ± 0.01 b
	1.10 ± 0.02 a



	Mi
	0.32 ± 0.01 b
	0.90 ± 0.03 c







The values are means ± standard deviation of 5 plants randomly selected from each treatment. Different lowercase letters in a column indicate significant differences based on Tukey’s test (p < 0.05). Cc: Claroideoglomus claroideum treatment group, about 1360 C. claroideum spores for each container; Rco: Racocetra coralloidea treatment group, about 1430 R. coralloidea spores for each container; Ksb: potassium solubilizing bacteria treatment group, 35 g Bacillus mucilaginosus inoculum for each container; Psb: phosphorus solubilizing bacteria treatment group, 35 g Bacillus megaterium inoculum for each container; Mi: mixed treatment group with mixed inoculum of C. claroideum, R. coralloidea, B. mucilaginosus, and B. megaterium, the application amount of each microbial inoculum was 1/4 of the former 4 groups; CK: control group, no microbial inocula were used.
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