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Abstract: Fritillaria taipaiensis P. Y. Li is a widely used medicinal herb in treating pulmonary diseases. In recent years, its wild resources have become scarce, and the demand for efficient artificial cultivation has significantly increased. This article is the first to apply phosphate solubilizing bacteria isolated from the rhizosphere soil of F. taipaiensis P. Y. Li to the cultivation process of F. taipaiensis P. Y. Li. The aim is to identify suitable reference strains for the artificial cultivation and industrial development of F. taipaiensis P. Y. Li by examining the effects of various phosphate solubilizing bacteria and their combinations on photosynthesis, physiological and biochemical properties, and gene expression related to the protective enzyme system in F. taipaiensis P. Y. Li. The experiment, conducted in pots at room temperature, included a control group (CK) and groups inoculated with inorganic phosphorus-solubilizing bacteria: W1 (Bacillus cereus), W2 (Serratia plymuthica), W12 (Bacillus cereus and Serratia plymuthica), and groups inoculated with organophosphorus-solubilizing bacteria: Y1 (Bacillus cereus), Y2 (Bacillus cereus), Y12 (Bacillus cereus and Bacillus cereus), totaling seven groups. Compared to CK, most growth indices in the bacterial addition groups showed significant differences, with W12 achieving the highest values in all indices except the leaf area index. The content of photosynthetic pigments, photosynthetic parameters, and osmoregulatory substances increased variably in each bacterial treatment group. W12 exhibited the highest content of chlorophyll a and soluble protein, while W1 had the highest free proline content. The activities of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) in all inoculated groups were higher than in CK, with significant changes in SOD and CAT activities. The malondialdehyde (MDA) content in all inoculated groups was lower than in CK, with Y12 being the lowest, at approximately 30% of CK. Gene expression corresponding to these three enzymes also increased variably, with POD expression in Y2 being the highest at 2.73 times that of CK. SOD and CAT expression in Y12 were the highest, at 1.84 and 4.39 times that of CK, respectively. These results indicate that inoculating phosphate solubilizing bacteria can enhance the growth of F. taipaiensis P. Y. Li, with the mixed inoculation groups W12 and Y12 demonstrating superior effects. This lays a theoretical foundation for selecting bacterial fertilizers in the cultivation process of F. taipaiensis P. Y. Li.
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1  Introduction

Fritillaria taipaiensis P. Y. Li, a dried bulb of the Liliaceae Fritillaria plant, is listed as a source for the medicinal Fritillaria cirrhosa in the 2020 edition of the Chinese Pharmacopoeia [1]. This plant is characterized by its unique combination of bitter and sweet flavors and a slightly cold nature. It is known for its medicinal properties, such as alleviating coughs, facilitating expectoration, reducing heat, and moistening the lungs, making it widely used in treating pulmonary diseases like lung-heat cough and cough-phlegm imbalance [2]. Since its successful cultivation in 1983, the associated cultivation techniques have become mature [3]. However, despite ongoing research into its medicinal, nutritional, and economic benefits, a persistent imbalance remains between the growing market demand and the limited supply. While efficient cultivation methods can help alleviate this scarcity to some extent, the scientific application of fertilizers and the improvement of soil quality in cultivation areas are crucial for optimizing the yield and quality of these medicinal herbs.

Phosphorus, a crucial nutrient for plant development, is involved in the structural composition of cellular components and various metabolic pathways. The majority of China’s arable land is high in total phosphorus content, yet 95% of this phosphorus exists in forms not readily absorbed by plants. This leads to a deficiency of soil-available phosphorus on about 74% of China’s cultivated land [4]. Moreover, prolonged overuse of chemical fertilizers can cause soil compaction, leading to reduced fertility, soil quality, and health, and escalating concerns about the quality and safety of agricultural products [5]. Phosphate solubilizing microorganisms (PSMs), essential components of the soil ecosystem, can convert insoluble phosphorus into forms absorbable by plants, thereby increasing the effective phosphorus content of the soil [6]. These PSMs include phosphate solubilizing bacteria (PSB), fungi (PSF), and actinomycetes (PSA), with bacteria representing a significant portion of total PSMs [7]. Phosphate solubilizing bacteria exhibit diverse species and solubilization mechanisms. Some species dissolve insoluble soil phosphate through the secretion of organic acids, aiding in the dissolution of mineral phosphorus like calcium phosphate and apatite [8]. Others secrete metabolites like phosphatase, nuclease, and phytase, activating organic phosphorus [9]. Additionally, certain bacterial strains secrete iron carriers that chelate metal ions and form complexes, facilitating phosphate availability for plant uptake and promoting plant growth [10].

Research on phosphate solubilizing bacteria, including species such as Bacillus, Pseudomonas, Burkholderia, Serratia, and Flavobacterium, has gained prominence in recent years [11]. Based on the substrate they decompose, these bacteria are classified into inorganic and organophosphorus solubilizing categories. The use of phosphate solubilizing bacteria to modulate plant growth has become a focal point of research; however, most studies are limited to crops, with relatively few exploring Chinese herbal medicine [12–16]. Mu [17] investigated the impact of exogenous arbuscular mycorrhiza (AM) fungi, potassium-solubilizing bacteria, and phosphate solubilizing bacteria on the mycorrhizal colonization rate of F. taipaiensis P. Y. Li roots and the medicinal quality, providing a basis for using beneficial microorganisms in F. taipaiensis P. Y. Li’s inter-root zone and enhancing the bulbs’ medicinal quality. Zhang et al. [18] studied the effects of staggered planting and increased application of mycorrhizal fertilizers on the photosynthetic characteristics, yield, and quality of F. taipaiensis P. Y. Li, contributing to the experimental foundation for its high-quality and high-yield cultivation. However, these studies mainly focused on exogenous strains, leaving the interactions between beneficial microorganisms isolated from the inter-root soil of F. taipaiensis P. Y. Li and the plant itself largely unexplored.

In this experiment, two strains of inorganic phosphorus-solubilizing bacteria and two strains of organophosphorus-solubilizing bacteria were selectively isolated from the rhizosphere soil of F. taipaiensis P. Y. Li. These strains were inoculated into pots containing four-year-old bulbs of F. taipaiensis P. Y. Li to investigate the effects of phosphorus-dissolving bacterial strains on the plant’s growth and development. Key observational parameters included the photosynthetic characteristics of F. taipaiensis P. Y. Li leaves, essential physiological and biochemical indices, and differential gene expression in the protective enzyme system. This study aimed to identify the most effective phosphate solubilizing bacterial strains or synergistic bacterial combinations for the cultivation of F. taipaiensis P. Y. Li, thereby providing a scientific basis for future development and production strategies.

2  Materials and Methods

2.1 Materials

This study utilized four-year-old bulbs of F. taipaiensis P. Y. Li, scientifically identified by Professor Zhou Nong from Chongqing Three Gorges College, belonging to the Liliaceae family. These bulbs were cultivated in Wuxi County, Chongqing Municipality (N31°36′26.07″, E108°49′18.75″), with a rigorous selection process ensuring uniformity in size and quality.

The test strains included dominant phosphate solubilizing bacteria, isolated from the rhizosphere soil of F. taipaiensis P. Y. Li from ten different locations across China. The dilution coating plate method was employed for separation. For inorganic phosphorus bacteria, the culture medium used was (g/L: glucose 10, (NH4)2SO4 0.5, yeast extract 0.5, NaCl 0.3, KCl 0.3, MgSO4 0.3, MnSO4 0.03, FeSO4 0.03, Ca3 (PO4)2 5.0, agar 15.0) (Product number: HB8670, Manufacturer: Qingdao Hope Biotechnology Co., Ltd., China) and organic phosphorus bacteria culture medium (g/L: glucose 10, (NH4)2SO4 0.5, Yeast Extract Powder 0.5, NaCl 0.3, KCl 0.3, MgSO4 0.3, MnSO4 0.03, FeSO4 0.03, CaCO3 1.0, lecithin 0.2, Agar 15.0) (Product number: HB8673, Manufacturer: Qingdao Hope Biotechnology Co., Ltd.) The selection was based on the formation of clear phosphorus solubilizing circles. A second screening used an inorganic phosphorus bacteria culture medium without agar (Product number: HB8670-1, Manufacturer: Qingdao Hope Biotechnology Co., Ltd.) (substituting calcium phosphate with equal amounts of apatite, aluminum phosphate, and zinc phosphate hydrate) to evaluate solubility in different inorganic phosphorus sources. For organic phosphorus bacteria, an agar-free medium (Product number: HB8673-1, Manufacturer: Qingdao Hope Biotechnology Co., Ltd.) with sucrose and starch replacing glucose was used to assess lecithin solubility under different carbon sources. The strains identified for preliminary research included two inorganic phosphorus-solubilizing strains, Bacillus cereus and Serratia plymuthica, and two organic phosphorus-solubilizing strains, both Bacillus cereus. The test soil, comprising a blend of yellow loam, river sand, and organic fertilizer (2:1:1 ratio), was obtained from Chongqing Three Gorges College. It was sieved through a 2 mm mesh, sterilized at 121°C for 2 h, and rested for 7 days before use.

2.2 Experimental Design

The pot-based experiment commenced in October 2022 at Xiliuxi, Group III, Hongqiba Community, Wuxi County, Chongqing Municipality. This habitat cultivation experiment involved positioning pots on the rooftops of local farmers’ houses. The pots used had a bottom diameter of 18 cm, a top diameter (caliber) of 19.8 cm, and a height of 20 cm. Before use, each pot was thoroughly cleaned with 75% alcohol three times. Each pot contained five bulbs of F. taipaiensis P. Y. Li, spaced uniformly. The experiment included 10 parallel replicates for each treatment group, as detailed in Table 1. Groups W1, W2, and W12 were designated for inoculation with inorganic phosphorus bacteria, while groups Y1, Y2, and Y12 were set for inoculation with organophosphorus bacteria (noting that Y1 and Y2, both Bacillus cereus, differ in their ability to dissolve lecithin when the carbon source changes, with their overall ability being higher than other strains. Hence, each strain was studied both as a single bacterial agent and in combination for their inoculation effects). Pre-cultivated stable phosphorus-dissolving bacterial strains were prepared into inoculants by adjusting the bacterial suspension to 2 × 108 CFU/mL using sterile water, with sterile water alone used as a control. The inoculation occurred in two stages: the first in early March 2023, following the germination of the F. taipaiensis P. Y. Li bulbs, and the second 30 days after the first inoculation. Each inoculation consisted of 20 mL of bacterial suspension per live seedling (10 mL/plant for each bacterial treatment in the mixed inoculation groups, applied after mixing). Routine management practices specific to F. taipaiensis and P. Y. Li cultivation were followed throughout the experiment.
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2.3 Measurement Indicators and Methods

In May 2023, pest and disease-free samples of F. taipaiensis P. Y. Li were selected for evaluating various indices.

To enhance the robustness of the experimental results, measurements were conducted on the rhizosphere soil of each group. The average soil pH for the CK was 7.59, while for the other groups, it ranged between 7.473 and 7.683. The soil pH in the W12 and Y12 groups was slightly higher than in CK, whereas it was lower in the other groups. Regarding total phosphorus content, the CK group’s rhizosphere soil had 1019.681 mg/kg, while the other groups ranged from 985.78 to 1121.406 mg/kg. Only Y1 had a lower total phosphorus content than CK, while the others were higher. In terms of available phosphorus content, CK’s soil contained 57.131 mg/kg, whereas the other groups ranged from 67.984 to 85.803 mg/kg, significantly higher than CK’s. The plate counting method was utilized to count microorganisms in the rhizosphere soil of each group. CK had a bacterial count of 0.309 × 107 CFU/g, while the other groups ranged from 2.188 × 107 CFU/g to 3.477 × 107 CFU/g, all significantly higher than CK. These results indicate the effects of applying phosphorus-degrading bacteria, providing a foundation for subsequent experiments.

2.3.1 Determination of Growth Indicators

For this part, 6 pots were randomly selected from each treatment group (comprising 10 pots), with one plant per pot chosen for growth indicator assessment. The leaf count of each plant was recorded, and dimensions like height, stem thickness, and leaf thickness were measured using vernier calipers or rulers. A leaf was randomly selected from each plant, and after reaching full expansion, the leaf area of F. taipaiensis P. Y. Li was measured using a portable laser leaf area scanner (CI-203; CID, USA) without the need for leaf detachment.

2.3.2 Measurement of Photosynthesis Parameters

Photosynthetic parameters were measured using a photosynthesis meter (GFS-3000; WALZ, Germany) the under optimal conditions: a bright, cloud-free day during peak stomatal opening hours (11:00–13:00). From each of the six pots in a group, one leaf of F. taipaiensis P. Y. Li was selected to assess the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular carbon dioxide concentration (Ci), and transpiration rate (Tr), following the method outlined by Zhao et al. [19]. Additionally, stomatal limiting values (Ls) were calculated using the formula Ls = 1−Ci/Ca, where Ci is the intercellular CO2 concentration, and Ca is the atmospheric CO2 concentration [20]. After these measurements, the sampled leaves were collected and taken to the laboratory for further analysis of physiological and biochemical indices.

2.3.3 Determination of Physiological and Biochemical Indexes

The content of photosynthetic pigments was measured using UV spectrophotometry (UV-2450, Shimadzu, Japan), adhering to light-avoidance protocols throughout the process [21]. Enzymatic activities within the leaf’s protective enzyme system were determined following the methodology described by Zhang et al. [22]. Peroxidase (POD) activity was gauged using the guaiacol method, where an increase of 0.01 in absorbance at 470 nm per minute was considered as one unit of enzyme activity. Catalase (CAT) activity was measured via UV spectrophotometry, defining a unit of enzyme activity as a 0.1 decrease in absorbance at 240 nm (A240nm). Superoxide dismutase (SOD) activity was determined by the nitro blue tetrazolium photochemical reduction method, with one unit of enzyme activity being 50% inhibition of NBT photochemical reduction. Additionally, Malondialdehyde (MDA) and soluble sugar contents were assessed using the thiobarbituric acid colorimetric method. The soluble protein content was determined using the Thomas Brilliant Blue method, and free proline was quantified by UV spectrophotometry (UV-2450; Shimadzu, Japan).

2.3.4 Analysis of Differential Gene Expression of Leaf Protective Enzyme System

RNA extraction and purification from the leaves of F. taipaiensis P. Y. Li were performed using the TRIzol® Plus RNA Purification Kit (product number: 12183-555, Invitrogen, USA) and the RNase-Free DNase Set (product number: 79254, Qiagen, Germany). The quality and quantity of RNA were then evaluated by UV spectrophotometry, focusing on the absorbance ratio (OD260/280 and OD260/230), and confirmed by 1.2% agarose gel electrophoresis. Subsequently, cDNA synthesis was carried out according to the protocol provided by the SuperScript™ III First-Strand Synthesis SuperMix for qRT-PCR (product number: 11752-050, Invitrogen, USA). Target genes were identified from the genomic data of F. taipaiensis P. Y. Li available on NCBI, with primers designed using Primer Premier 6.0 (6.0 version, Premier, Canada) and Beacon Designer 7.8 software (7.8 version, Premier Biosoft, USA). ISPH was selected as the internal reference gene. The primers used are listed in Table 2. qRT-PCR amplification was performed using the Power SYBR® Green PCR Master Mix kit (product number: 4913914001, Roche, Switzerland), with the reaction conditions set as 95°C for 1 minute, followed by 40 cycles of 95°C for 15 s and 63°C for 25 s, with fluorescence collection, and concluding with a melting point curve analysis from 55°C to 95°C.
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Each sample underwent triplicate analysis, and the relative expression level of each gene was statistically analyzed by 2 (Ct internal reference gene−Ct target gene) (2−ΔΔCt) [23,24].

2.4 Data Analysis

The experimental data were processed utilizing Microsoft Excel 2019 (2019 version, Microsoft, USA), and subsequent statistical analyses were performed employing SPSS 23.0 (23.0 version, IBM, USA) and Origin 2023 (2023 version, OriginLab, USA) software packages.

3  Results

3.1 Effect of Inoculation with Phosphate Solubilizing Bacteria on the Growth Indexes of F. taipaiensis P. Y. Li

The application of individual phosphate solubilizing bacteria and their combined inoculation had a significant impact on the growth of F. taipaiensis P. Y. Li. Different treatments resulted in varied growth indices (Table 3). Compared to the control group (CK), the treatment groups, where bacteria were added, showed considerable improvement in growth indices. In terms of plant height, stem thickness, and leaf thickness, all bacteria-supplemented groups exceeded the performance of CK. The W12 group, which received a combined application of two types of inorganic phosphorus-solubilizing bacteria, displayed the highest values in all indices except leaf area, indicating that such combined inoculation effectively enhances the growth of F. taipaiensis P. Y. Li. Notably, the effect of mixed application was more pronounced than that of single inoculation.
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3.2 Effect of Inoculation with Phosphate Solubilizing Bacteria on Photosynthetic Parameters of F. taipaiensis P. Y. Li

The photosynthetic indices of F. taipaiensis P. Y. Li leaves, inoculated with various phosphate solubilizing bacteria and their combinations, showed significant variation (Table 4). Except for the Ci in groups W2 and Y1, which was lower than in CK, the Pn, Gs, Ci, and Tr values of the other treatment groups were superior to CK, with most exhibiting significant variability. Specifically, the Pn and Tr were highest in the W1 group, being 2.3 and 4.6 times higher than CK, respectively. G and Ls reached their peak in the Y1 group, with values 16 and 1.07 times greater than CK, respectively. The Ci was highest in the W12 group, being 1.13 times higher than in CK.
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3.3 Effect of Inoculation with Phosphate Solubilizing Bacteria on Photosynthetic Pigment Content of F. taipaiensis P. Y. Li

According to Table 5, the phosphate solubilizing bacteria had varying effects on the photosynthetic pigment content of F. taipaiensis P. Y. Li. Group W12 showed the highest chlorophyll content, while W1 led in chlorophyll b content. Both W12 and Y12 were dominant in carotenoid content. The W2 group exhibited the highest chlorophyll a/b ratio, and W1 had the highest total chlorophyll content. Comparing single and mixed inoculation groups, W12 had higher chlorophyll a and carotenoid contents than W1 and W2. Among the organophosphorus solubilizing bacteria treatments, Y12 showed significantly higher chlorophyll a, carotenoids, and total chlorophyll content compared to Y1 and Y2. Most indices in the bacteria-supplemented groups surpassed those of the CK, confirming the beneficial impact of phosphate solubilizing bacteria on photosynthetic pigments.
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3.4 Effect of Inoculation with Phosphate Solubilizing Bacteria on Protective Enzyme System and MDA Content of F. taipaiensis P. Y. Li

As shown in Table 6, peroxidase (POD) activity in all treatment groups was higher than in the control group (CK), with the highest activity observed in Y2, indicating a 1.35-fold increase compared to CK (p < 0.05). The POD activity in the W12 group was significantly higher than in W1 and W2 (p < 0.05). In the organophosphorus solubilizing bacteria treatments, Y12 had higher POD activity than Y1 but lower than Y2. Superoxide dismutase (SOD) activity showed substantial improvement (p < 0.05) in all treatment groups compared to CK, with the highest activity in W12. Both inorganic and organophosphorus solubilizing bacteria treatments, as well as mixed treatments (W12 and Y12), exhibited elevated SOD activity compared to single-species treatments. Catalase (CAT) activity significantly increased in all treatment groups compared to CK (p < 0.05), with Y12 displaying the highest activity, 1.83 times greater than CK. The malondialdehyde (MDA) content in leaves of F. taipaiensis P. Y. Li was lower in all bacterial treatment groups compared to CK. The mixed inoculation groups showed lower MDA content than single inoculation groups, with Y12 reaching the lowest level, approximately 30% of CK.

[image: images]

3.5 Effect of Inoculation with Phosphate Solubilizing Bacteria on Soluble Sugars and Proteins and Free Proline Content of F. taipaiensis P. Y. Li

According to Table 7, with a few exceptions, the inoculation with phosphate solubilizing bacteria generally led to an increase in the contents of soluble sugars, proteins, and free proline in F. taipaiensis P. Y. Li compared to CK. Specifically, the W2 group showed the highest soluble sugar content, while W12 exhibited the most significant increase in soluble protein content, and W1 led in free proline content. These increases were 1.24, 1.23, and 1.46 times higher than CK, respectively.
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Specifically, the W2 group showed the highest soluble sugar content, while W12 exhibited the most significant increase in soluble protein content, and W1 led in free proline content. These increases were 1.24, 1.23, and 1.46 times higher than CK, respectively.

3.6 qRT-PCR Analysis of Genes Related to Leaf Protective Enzyme System under Different Treatments

The quantitative reverse transcription polymerase chain reaction (qRT-PCR) analyses, as shown in Fig. 1, focused on three genes essential to the leaf-protective enzyme system of F. taipaiensis P. Y. Li. The results indicated enhanced expression of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) genes in all treated groups compared to CK. The highest expression of POD was observed in Y2, being 2.73-fold greater than CK. For SOD and CAT, the highest expressions were found in Y12, being 1.84 and 4.39 times that of CK, respectively. Comparing mixed bacterial inoculations with single bacterial additions, apart from the POD expression in Y12 being lower than in Y2, the mixed groups generally showed higher enzyme gene expressions than their corresponding single addition counterparts. Among the mixed treatment groups, Y12 surpassed W12 in the expression of all three enzyme genes. Overall, the use of phosphorus-dissolving bacteria enhanced the expression of POD, SOD, and CAT genes related to the leaf protective enzyme system in F. taipaiensis P. Y. Li, with the groups treated with organophosphorus solubilizing bacteria exhibiting particularly notable improvements.

[image: images]

Figure 1: Differential expression of genes related to the protective enzyme system in leaves of F. taipaiensis P. Y. Li under different treatments
Note: Comparisons were made for the same variable under different treatment groups,different lowercase letters upon column indicate significant differences at 0.05 level.

3.7 Correlation Analysis

The correlation analysis between physiological and biochemical indices and the relative expression of POD, SOD, and CAT genes in F. taipaiensis P. Y. Li leaves were presented in Fig. 2. The analysis revealed several significant correlations: The expression of SOD was highly and positively correlated with CAT (r = 0.984, p < 0.01). POD expression showed a significant positive correlation with both CAT (r = 0.814, p < 0.05) and SOD (r = 0.848, p < 0.05). Carotenoid content was positively correlated with POD expressions (r = 0.705, p < 0.05), and also showed positive correlations with the relative expression of SOD (r = 0.823, p < 0.05). SOD activity correlated positively with carotenoid content (r = 0.802, p < 0.05). A substantial positive correlation was observed between POD activity and soluble protein content (r = 0.766, p < 0.05).
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Figure 2: Correlation analysis between different indicators
Note: Red in the figure indicates positive correlation, blue indicates negative correlation, and numbers indicate correlation coefficients.

4  Discussion

The impact of phosphate solubilizing microorganisms on plant growth is a significant area of study, primarily due to their ability to solubilize insoluble soil phosphorus, enhance the efficiency of phosphorus fertilizers, and increase phosphorus uptake in crops. This process not only improves the utilization of phosphorus fertilizers but also potentially leads to an increase in crop yields [25]. Among these microorganisms, phosphorus-solubilizing bacteria form a notable subgroup, making them a focus of scientific research.

Photosynthesis is crucial for plant growth and biomass accumulation, as it provides the necessary energy for these processes [26]. Studies have indicated that microbial fertilizers can improve plant photosynthetic characteristics, enhance photosynthetic efficiency, and promote the accumulation of photosynthesis products [27,28]. These enhancements are often reflected in improved agronomic traits like biomass, plant height, and stem thickness [29,30]. Leaves, being the primary sites of photosynthesis and crucial organs for plant growth, directly influence photosynthetic intensity. The size of the leaf area is particularly important as it determines the light-exposed area and consequently affects plant growth and development in its environment [31]. In this study, except for the Y12 group, all treated groups had a larger leaf area than CK, and other growth indices such as plant height, stem thickness, number of leaves, and leaf thickness were also higher.

The efficiency of plant photosynthesis and its intensity are closely linked to the interaction of various factors, including Pn, Gs, Ci, and others. Stomatal limitation on photosynthesis can vary; in some cases, an increase in Gs and Ci leads to a higher photosynthetic rate, reducing stomatal limitation. In other cases, a decrease in both Gs and Ci results in a reduced photosynthetic rate and increased stomatal limitation [32]. In this study, it was observed that only the Ci values of W2 and Y1 were lower than CK, with their stomatal limitation values slightly higher than CK. Conversely, all other groups surpassed CK in these indices. This suggests that the use of phosphorus-dissolving bacteria may reduce stomatal limitations, thereby enhancing the plant’s photosynthetic rate.

Chlorophyll, crucial for light absorption in photosynthesis, and carotenoids, essential in transferring light energy to chlorophyll, play significant roles in determining the photosynthetic intensity of plants [33,34]. This study observed that most treatment groups exhibited higher chlorophyll content compared to CK, indicating that the application of phosphate solubilizing bacteria can increase the content of photosynthetic pigments, enhance light capture, and consequently improve the plant’s photosynthetic capacity.

Soluble sugars, soluble proteins, and free proline are important osmoregulatory substances in plants. They contribute to osmoregulation, protect enzymatic activities like CAT and POD, stabilize proteins, and maintain essential physiological processes including photosynthesis [35]. In this study, increases in the content of soluble sugars were observed in three groups, soluble proteins in five groups, and free proline in all treated groups compared to CK. These findings highlight the biochemical effects of phosphorus-dissolving bacteria on plant physiology.

SOD, POD, and CAT form a crucial enzyme defense system in plants, protecting against damage from reactive oxygen species and other peroxide radicals [36]. The activities of these enzymes are linked to a plant’s ability to withstand stress. In this research, the activities of POD, SOD, and CAT in all treated groups exceeded those in CK, with mixed-addition groups showing higher enzyme activities than their single-addition counterparts. This observation is supported by qRT-PCR results, which indicated higher relative expression of these enzymes in the treatment groups compared to CK, and also demonstrated interactions among these enzymes. MDA is a byproduct of cellular membrane lipid peroxidation and serves as an indicator of membrane damage and a plant’s ability to repair itself [37]. The study revealed that MDA content in all treated groups was lower than in CK, with the most significant reduction observed in the mixed bacterial addition group. This suggests that the use of phosphorus-dissolving bacteria can reduce the damage caused by lipid peroxidation in plant membranes, thereby supporting normal plant growth and health.

The burgeoning field of rhizosphere microbiome research has unveiled its profound potential to influence plant health and development, as evidenced by several studies on Fritillaria species. Mu et al. [38] explored the relationship between rhizosphere microorganisms and alkaloid content in F. taipaiensis P. Y. Li. They found that as the plant aged, microbial diversity in the rhizosphere soil decreased, leading to continuous cropping challenges and reduced medicinal quality. This study laid a theoretical foundation for micro-ecological control strategies to counteract continuous cropping problems in F. taipaiensis P. Y. Li. Tang et al. [39] investigated the rhizosphere microorganisms of Fritillaria thunbergii. Their findings suggested a reciprocal interaction between the growth of F. thunbergii, soil factors, and rhizosphere microorganisms. The study highlighted the intrinsic link between bacterial species, diversity, and the accumulation of alkaloids in F. thunbergii, an aspect crucial for medicinal plant cultivation. Zhao et al. [40] isolated 23 strains of endophytic bacteria from Fritillaria ussuriensis Maxim, some of which showed potent antagonistic effects against Staphylococcus aureus. This discovery points to the rich endophytic bacterial resources in F. ussuriensis Maxim and their potential in medical applications. Yang et al. [41] focused on isolating bioprotective bacteria from Fritillaria przewalskii Maxim for rot disease control. Their research offers valuable insights for preventing and managing rot disease in F. przewalskii Maxim and related crops. With the advancement in high-throughput sequencing technology and macrogenomics, the rhizosphere microbiome, often regarded as the “second genome” of plants, has attracted significant attention. He et al. [42] proposed a concept linking microecology and the geoherbalism of traditional Chinese medicine (TCM), shedding light on the formation of geoherbalism from a TCM microecological perspective. Current research in TCM geoherbalism focuses on the influence of rhizosphere microorganisms on the formation of Dao-di herbs, particularly their secondary metabolites. However, the mechanisms underlying these interactions are still not fully understood. A comprehensive analysis of the composition of rhizosphere microorganisms and their interactions with host plants offers valuable insights. This understanding can enhance the quality of medicinal plants and promote efficient use of biological resources [43].

5  Conclusions

5.1 Application of Phosphate Solubilizing Bacteria during the Growth Process of Fritillaria taipaiensis P. Y. Li

This study concludes that applying phosphate solubilizing bacteria during the growth process of F. taipaiensis P. Y. Li significantly enhances chlorophyll content and boosts photosynthesis, a benefit that stands irrespective of stress conditions. The benefits of bacterial inoculation extend beyond these aspects to include improvements in cellular osmotic substances, the activity of protective enzymes in plants, and their genetic expressions, all showing varying degrees of enhancement. The application of phosphate solubilizing bacteria enhances nutrient accumulation in the rhizosphere, which is beneficial for the growth and biomass accumulation of F. taipaiensis P. Y. Li. Among the studied groups, W12 (containing B. cereus and S. plymuthica) and Y12 (containing two strains of B. cereus) demonstrated superior effects compared to their respective single strain additions, showing a more significant impact on plant growth. For large-scale artificial cultivation of F. taipaiensis P. Y. Li, it is suggested to consider applying these combinations of either inorganic or organic phosphorus-solubilizing bacteria. This approach not only promises to enhance production efficiency but also to preserve the ecological environment. Thus, it provides a valuable reference for advancing the industrialization of artificial cultivation practices for F. taipaiensis P. Y. Li.
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Table 1: The Setting of treatment groups and inoculation with phosphate solubilizing bacteria

No. Circumstance

CK Without adding bacteria

Wi Bacillus cereus

w2 Serratia plymuthica

Wi2 Bacillus cereus and Serratia plymuthica
Yl Bacillus cereus

Y2 Bacillus cereus

Y12 Bacillus cereus and Bacillus cereus
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Table 3: Growth indexes of F. taipaiensis P. Y. L1 plants under different treatments

No. Plant height Stem thickness = The number of  Leaf area Leaf thickness
(cm) (mm) leaves (cm®) (mm)
CK  4.755+£1.028d 0.710 £0.084b 5.833 £1.169b 1.662 £ 0.312bc  0.312 £ 0.043c
Wi 8.247 £0.962ab  0.975 £ 0.216a 7.667 £ 1.751ab 1.963 £0.514ab  0.497 = 0.063ab
W2 8.475 £1.548ab  1.167 £0.117a  8.000 £ 1.789ab  2.286 + 0.296a 0.467 = 0.064b
W12  8.717 £ 1.009a 1.175 £0.094a 8.500 +£ 1.871a  2.041 £0.350ab  0.563 £ 0.086a
Y1 8.083 £0.721ab  1.083 £0.098a 7.167 £ 1.169ab  1.789 £ 0.298abc  0.382 £ 0.029c
Y2 7.108 £1.009b¢ 1.120+0.127a 6.833 £ 1.169ab  1.685 £ 0.425bc  0.383 £+ 0.059c¢
Y12  6.262 +£0.863cd 1.003 £0.194a 7.000 = 1.095ab 1.417 £ 0.316¢ 0.385 + 0.022¢

Note: Data are mean + SD. Different letters in the same column indicate significant differences at p < 0.05 levels by LSD test, the
same as below.
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Table 6: Protective enzyme system and MDA content of F. taipaiensis P. Y. Li

No. POD Activity SOD Activity CAT Activity MDA Content
(U/g'min) (U/g'min) (U/g'min) (umol/g)
CK 172.273 + 14.085d 193.232 + 16.472¢ 247.090 £+ 13.868d 0.036 + 0.007a
Wi 183.085 + 8.721cd 219.747 + 4.466b 360.867 = 9.692¢ 0.017 £ 0.001c¢
w2 196.225 + 8.319bc 230.478 + 18.929b 375.650 + 6.287bc 0.028 + 0.008b
W12 205.882 + 15.758b 277.958 £ 19.759a 390.376 = 7.675b 0.027 + 0.005b
Y1 177.486 + 11.989d 229.454 + 21.621b 435.306 + 24.873a 0.029 + 0.007ab
Y2 233.401 + 8.819a 231.906 + 24.591b 394.363 + 7.936b 0.032 £ 0.002ab
Y12 184.277 + 8.297cd 245.360 + 9.513b 455.401 + 26.098a 0.013 £ 0.003¢
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Table 4: Results of photosynthetic parameter index measurement of F. faipaiensis P. Y. L1

No.

Pn (umol'm %s ') Gs (umol'm %s') Ci (umol'm s ")

Tr (mmol'm *s ") Ls

CK
Wl
w2
W12
Y1
Y2
Y12

5.663 £0.050d  0.048 = 0.004f
12.970 £ 1.660a  0.133 + 0.008b
11.800 + 1.055abc 0.071 £ 0.005¢ef
12.617 £0.232a  0.121 + 0.001bc
10433 £0.207c  0.765 £ 0.041a
10.578 £ 1.645bc  0.080 + 0.000de
11.950 £ 0.944ab 0.102 £+ 0.023cd

183.333 £ 5.854abc 0.540 + 0.058¢
204.333 £ 36.686a 2.500 £ 0.244a
176.000 + 15.937bc 1.895 + 0.241b
206.667 £ 6.055a  2.297 £0.021a
168.500 + 11.862c 1.627 + 0.158b
195.667 +19.704ab 1.923 + 0.462b
184.000 + 4.472abc 1.917 + 0.300b

0.547 £ 0.014abc
0.496 £ 0.091c¢
0.565 + 0.039ab
0.490 + 0.015¢
0.584 + 0.029a
0.517 + 0.049bc
0.546 + 0.011abc

Note: The full name of Pn is net photosynthetic rate, Gs is stomatal conductance, Ci is intercellular CO, concentration, Tr is
transpiration rate, Ls is stomatal limiting values.





OEBPS/Images/phyton-logo.png





OEBPS/Images/logo.png





OEBPS/Images/table-7.png
Table 7: Determination of soluble sugars, proteins, and free proline content in the leaves of F taipaiensis

P. Y. Li

No.

Soluble sugar (umol/g)

Soluble protein (mg/g)

Free proline (ug/g)

CK
Wi
w2
W12
Yl
Y2
Y12

0.605 £ 0.002b
0.504 £ 0.008¢
0.748 £ 0.091a
0.596 £ 0.013b
0.699 £ 0.014a
0.541 £ 0.007¢
0.726 £ 0.014a

11.432 £ 1.061d
11.810 £+ 0.230cd
12.632 + 0.588bc¢
14.031 + 0.560a
10.890 + 0.582d
13.071 + 0.453b
11.796 £+ 0.662cd

534.654 £ 3.283¢
778.861 £5.138a
634.554 + 4.807d
539.545 £ 5.403¢
663.695 £ 6.447c
688.078 £ 9.292b
689.389 £ 7.454b






OEBPS/Images/table-2.png
Table 2: Real-time PCR primers

Gene name Primer name Primer sequence (5'—3’)

SOD SOD-F TTCAGTTTCTTAGTGACAATAGGCG
SOD-R GGTCTTAGTCTGGATACGGCAA

POD POD-F TTTCCTTTCCATTCACCCG
POD-R AAGACCCTTCCCTTTGTTCG

CAT CAT-F TATTCCACAACAACGAAAGCAC
CAT-R GGACCCGAATCCGTTAGTATG

ISPH ISPH-F AGGATCAAATCACGGGAGGC
ISPH-R ATCAATCCTCCAAGTCGCCC
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Table S: Determination of photosynthetic pigment content in F. faipaiensis P. Y. L1

No.  Chlorophyll Chlorophyll Carotenoids Chlorophyll Total chlorophyll
a (mgg ) b (mgg ) (mg-g ") a/b (mg:g )

CK  0.922+0.034b 0.308 £0.039b  0.263 +£0.019bc  0.160 + 0.027abc  1.230 + 0.009b
W1  0.947 £ 0.005ab 0.342 +0.010a  0.265 + 0.005bc ~ 0.148 + 0.004c 1.290 £ 0.015a
W2 0.962 +£0.017ab 0.288 + 0.004bc  0.262 + 0.008¢c 0.178 £ 0.008a 1.247 + 0.018ab
W12 0978 £0.050a 0.305+0.016b  0.288 £ 0.008a 0.172 £0.012ab  1.280 + 0.059ab
Y1 0.850 £ 0.039c  0.270 £ 0.017c  0.273 £ 0.005abc  0.168 £ 0.010ab  1.122 + 0.045¢
Y2 0913+£0.037b 0317 +0.019ab 0.280 £ 0.018ab ~ 0.153 £ 0.014bc  1.230 £ 0.032b
Y12 0.960 £ 0.041ab 0.315+0.021ab 0.288 +£0.012a 0.163 £ 0.010abc  1.275 + 0.053ab

Note: The indicators in the table are measured using fresh leaves, and the unit “g” represents the fresh weight of the leaves, the same

below.
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