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Editorial on the Research Topic 


Rhizosphere interactions: root exudates and the rhizosphere microbiome


The rhizosphere, a term introduced by Lorenz Hiltner in 1904, is defined as a thin layer of soil that surrounds and is influenced by plant roots (Philippot et al., 2013). It can be divided into several distinct zones, including the endorhizosphere, the rhizoplane, and the ectorhizosphere (Morgan et al., 2005). The rhizosphere is one of the key interfaces between plants and their environment, with intensive root-induced physical, chemical, and biological processes (Zhang et al., 2022). It is also considered a hotspot for plant-microbe interactions because plant roots release enormous amounts of photosynthetically fixed carbon into the surrounding soil. Root exudation typically creates a nutrient-rich rhizosphere microenvironment in which microbial activity is stimulated. Root exudates consist of a wide variety of primary and secondary compounds, including carbohydrates, amino acids, and organic acids, phenolics, flavonoids, auxins (Zhu et al., 2016). They provide a readily bioavailable supply of nutrients and energy for microbial growth and also act as a signaling messenger to shape the rhizosphere microbiome (Luo et al., 2020; Koprivova and Kopriva, 2022). The rhizosphere microbiome, referred to as the plant’s second genome, plays a crucial role in plant growth and health (Berendsen et al., 2012). The rhizosphere is colonized by a huge number of microorganisms and invertebrates, which exert either positive, negative, or neutral effects on plant growth and fitness. In recent years, there has been a growing interest in exploring plant-microbe rhizosphere interactions, termed rhizosphere cross-talk, in natural and agricultural ecosystems.

The number of records retrieved through Web of Science with keywords ‘rhizosphere interactions’ or ‘plant-microbe interactions’ or ‘rhizosphere crosstalk’ or ‘plant–soil feedbacks’ or ‘rhizosphere microbiome’ increased from 406 (1948–2000) to 1924 (2001-2010) and then to 11,451 (2011-2023) (data retrieved August 12, 2023). As a response to the importance of plant-microbiome rhizosphere interactions, we proposed the Research Topic “Rhizosphere Interactions: Root Exudates and Rhizosphere Microbiome”. This Research Topic aims to present current information on trends and methods utilized in the study of plant-microbe rhizosphere interactions and also highlights the multifaceted research approaches used to characterize root exudates, the associated rhizosphere microbiome, and interactions among the two. In this Research Topic, we have collected 22 original research articles that contribute to expanding our knowledge about the mechanisms of plant-microbe interactions and their significance for plant growth and soil health, the key factors framing the microbial community in the rhizosphere, and the applications of rhizosphere interactions for sustainable agriculture, forest, and environmental management.




Rhizosphere microbiome and plant health

Plants and their microorganisms have established intimate associations throughout the length of their evolutionary history. It is increasingly recognized that plants could be considered as ‘meta-organisms’ or ‘holobionts’, consisting of the plant itself plus the associated microbiota (Snelders et al., 2022). The rhizosphere microbiome can directly or indirectly influence plant growth, development, and health by modulating plant nutrient uptake and/or resistance to abiotic and biotic stress. Wang H. et al. indicate that the rhizosphere microbiome could regulate plant drought tolerance of Atractylodes lancea. Zhang J. et al. reveal the close relationships between the rhizosphere microbial community and corm rot disease resistance of Crocus sativus.

Among the beneficial microbes, plant growth-promoting rhizobacteria (PGPR) and fungi (PGPF) can facilitate a host’s growth and health through various mechanisms, including improving soil structure and nutrient availability, modulating/producing plant hormones, and preventing phytopathogens by direct antibiosis or inducing systemic resistance. For instance, the enrichment of PGPR, mediated by intercropping with maize, could significantly promote the growth of A. lancea (Peng Z. et al.). Zhang F. et al. demonstrate that PGPR members (i.e. Bacillus Megaterium) of the genus Bacillus benefit the competitive growth and successful invasion of Ambrosia artemisiifolia by increasing available nutrient levels. Recently, there has been an increasing interest in utilizing PGPRs for the biocontrol of soil-borne diseases (Wu et al., 2020; El-Saadony et al., 2022). Pu et al. indicate that pre-inoculation of arbuscular mycorrhizal fungi enhances disease resistance of Salvia miltiorrhiza to Fusarium wilt by inducing the expression of defense enzymes and defense-related genes. Han et al. find that the Pseudomonas strain ZL8 isolated from the sclerotium of Polyporus umbellatus exhibits broad-spectrum antifungal activity and could promote the growth of Salvia miltiorrhiza by inhibiting its wilting. In addition, it should be noted that the rhizosphere microbiome is reported to be vital for the accumulation of active ingredients and the quality formation of medicinal plants (Köberl et al., 2013). Chen J. et al. provide insights into relationships between root metabolism and rhizosphere microbiota of Angelica sinensis at different growth stages. Wang J. et al. find that the application of Burkholderia ambifaria LK-P4 could promote the growth and the content of specific active ingredients in Anoectochilus roxburghii.





Rhizosphere microbiome assembly and its driving factors

Given the importance of the rhizosphere microbiome for plant growth, an in-depth understanding of rhizosphere microbiome assembly and its driving factors is key to rhizosphere engineering for sustainable crop production. The composition and structure of the rhizosphere microbial community can be influenced by many factors, including plant domestication, plant genotype, plant development stage, plant compartment, root exudates, soil type, growth conditions, and agricultural practice (Edwards et al., 2015; Chen et al., 2019; Qu et al., 2020; Bai et al., 2022; Guo et al., 2022; Luo et al., 2022). For instance, Peng B. et al. reveal the strong effects of drip irrigation on the rhizosphere bacterial community of cotton as compared with traditional flood irrigation, and indicate that drip irrigation under plastic film mulch alters the core bacterial network module and suppresses soil nutrient cycling. Huang et al. indicate that on- and off-year management practices affect soil organic carbon sequestration by changing soil microbial communities of Phyllostachys edulis. Among the aforementioned driving factors, soil physicochemical properties including soil pH could directly or indirectly affect the structure and function of rhizosphere microbiota (Wei et al., 2018; Xun et al., 2019; Zhang et al., 2022). Lin et al. indicate that soil acidification results in significant changes in soil microbial community structure and the abundance of genes involved in the soil nitrogen cycle. Similarly, Lu et al. find that the excessive application of K2SO4 fertilizer increases soil acidification and alters the rhizosphere microbial community and functions. Recently it has been reported that cropping patterns such as monoculture, intercropping, and crop rotation exerted a strong effect on the rhizosphere microbiome assembly (Wu et al., 2020; Li et al., 2022; Zhou et al., 2023). For example, consecutive monoculture of blueberry, Chinese fir, and tobacco remarkably alter the assembly of microbial communities in the rhizosphere (Che et al.; Chen J. et al.; Wang P. et al.).

Root exudates, acting as substrates and signaling molecules for microbes, are another critical factor modulating the assembly of the rhizosphere microbiome (Chagas et al., 2018; Bai et al., 2022). On the one hand, root exudates are known to have specialized roles in plant–plant communication (Kong et al., 2018). Li J. et al. indicate that allelochemicals including benzoic acid and cinnamic acid derivatives secreted by allelopathic rice roots play important roles in inhibiting surrounding weeds. On the other hand, root exudates are the key regulators in plant-microbe cross-talk, and can modify both biological and physical interactions between roots and soil microorganisms by mediating various positive and negative plant-microbe interactions (Berendsen et al., 2012; Deng et al., 2023). Root exudates, particularly those containing specific secondary metabolites, play crucial roles in shaping the rhizosphere microbiome by recruiting or repelling different community members (Voges et al., 2018; Li et al., 2023). Sun et al. demonstrate that the root exudates of Flaveria bidentis could significantly increase the abundances of Bacillus frigoritolerans and Bacillus megaterium and promote their nitrogen-fixing and phosphate-solubilizing abilities, which further increases soil available phosphorus and nitrogen levels and promotes the invasiveness of F. bidentis. Li Q. et al. show that the dominant chemoattractants (i.e. 2,4-di-tert-butylphenol, methyl stearate, and arginine) in the root exudates mediate the rhizosphere bacterial community assembly of Casuarina equisetifolia L.

Increasing evidence has shown that plant allelopathy, replant disease, and interspecific facilitation in intercropping systems are facilitated by the integrative effects of plant-microbe interactions mediated by root exudates (Li et al., 2020; Mwendwa et al., 2021; Xu et al., 2021; Zhou et al., 2023). Yang et al. indicate that root exudates of Rehmannia glutinosa could stimulate the proliferation of Fusarium oxysporum, which alters the expression patterns of Leucine-rich repeat receptor-like protein kinases (RgLRRs), disorders the growth and development of R. glutinosa, and finally results in the formation of replant disease. However, intercropping with Achyranthes bidentata alleviates Rehmannia glutinosa replant disease by modulating root exudates and improving the rhizosphere microenvironment (Liu et al.). Furthermore, An et al. indicate that alfalfa cultivars affect rhizosphere microbial biomass and community composition. Li Q. et al. investigate the bacterial and fungal communities in multiple compartment niches of Casuarina equisetifolia L., and find that ecological niche selection shapes the assembly and diversity of microbial communities. Ultimately, the effects of plant domestication, plant genotype, plant development stage, and plant compartment on the assembly of rhizosphere microbiomes have also been reported to be associated with the changes in root exudation profile (Zhalnina et al., 2018; Oyserman et al., 2022; Yue et al., 2023). Therefore, a deeper understanding of the spatiotemporal dynamics of root exudates is vital in disentangling the chemical communication between plants and microbes and modulating the rhizosphere microbiome for plant fitness and sustainable agriculture.





Outlook and future challenges

Plants have evolved over millions of years, with surrounding microbiota including mutualists, pathogens, and commensals, through diverse signaling mechanisms. Despite great progress in understanding the assembly and functions of the rhizosphere microbiome, a huge gap still exists in the understanding of the complex mechanisms of plant–microbe cross-talk in the rhizosphere and the application of beneficial microbiomes for sustainable agriculture, horticulture, and forestry. More recently, remarkable progress related to the methods and technologies used when performing rhizosphere ecological research has been noted. For example, the use of metabolomics coupled with imaging technology has resulted in key information on the localization of the production and release of secondary plant products. Stable isotope probing (SIP) of DNA and RNA combined with high throughput sequencing has enabled the characterization of the active rhizosphere microbiome that utilizes root exudates for nutrient and energy requirements. Furthermore, the use of synthetic microbial communities (SynComs) has enriched our knowledge of plant-microbe and microbe-microbe interactions as well (Liu et al., 2019). It is optimistically recognized that a deeper and more fine-grained understanding of the precise mechanisms underlying the rhizosphere interactions between plants and other organisms will be achieved in the near future, thanks to advanced techniques such as high-throughput sequencing technologies, integrating omics approaches, system molecular biology, non-invasive in situ analyses, and high-performance computing.

To date, the construction and application of beneficial microbial consortia in agriculture production continue to present a great challenges. Many biocontrol agents are effective under experimental conditions but perform poorly in complex field environments, which is mainly attributed to poor rhizosphere colonization and persistence (Bai et al., 2022; Yang et al., 2023). Therefore, one future direction is to explore the environmental factors and microbial phenotypes required for colonization and persistence in the rhizosphere environment. In addition, it is necessary to disentangle the genetic basis of rhizosphere microbiome assembly and identify plant genes that regulate microbial colonization. Breeding for improved cultivars with beneficial microbial interactions is a potentially effective way to engineer the rhizosphere microbiome and promote plant growth and fitness. Overall, novel discernment of the biotic and abiotic factors that shape the rhizosphere microbiome will be crucial in harnessing the most beneficial microbiome to enhance agricultural productivity and ecosystem functions.
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Background: Allelochemicals secreted by allelopathic rice roots are transmitted to the receptor rhizosphere through the soil medium to inhibit the growth of the surrounding weeds. This research aimed to explore the relationships between the spatial-temporal distribution of rice roots in soil and weed-suppression ability at its seedling stage.

Results: This study first examined the root distribution of three rice cultivars in paddy soil in both vertical and horizontal directions at 3–6 leaf stage. Then, an experiment using rice–barnyardgrass mixed culture was conducted to analyze the allelopathic potential and allelochemical content secreted by rice roots in different lateral soil layers. The results showed that allelopathic rice had a smaller root diameter and larger root length density, root surface area density, and root dry weight density than those of non-allelopathic rice, in the top 5 cm at 5- and 6-leaf stages. In particular, there were significant differences in root distribution at the horizontal distance of 6–12 cm. Besides, allelopathic rice significantly inhibited the above-ground growth of barnyardgrass co-cultured at 12 cm lateral distance in situ, and the content of benzoic acid derivatives in allelopathic rice in a 6–12 cm soil circle was higher than that observed at 0–6 cm distance. Moreover, correlation analysis confirmed that the distribution of roots in the horizontal distance was significantly correlated with weed inhibition effect and allelochemical content.

Conclusion: These results implied that spatial distribution of allelopathic rice roots in paddy soil, particularly at the lateral distance, appears to have important impact on its weed-suppressive activity at the seedling stage, suggesting that modifying root distribution in soil may be a novel method to strengthen the ability of rice seedlings to resist paddy weeds.

Keywords: rice (Oryza sativa), root distribution, allelopathy, rice allelochemical, benzoic acid derivatives, cinnamic acid derivatives


INTRODUCTION

Allelopathy refers to a plant (including microorganisms) that releases chemicals into the surrounding environment that have a direct or indirect effect on another plant (Rice, 1984). Allelochemicals, derived from bioactive secondary metabolites released by allelopathic rice, can inhibit the growth and development of associated weeds to a certain extent without the introduction of synthetic compounds, and are widely considered as a sustainable approach of weed control by many scientists (Rice, 1984; Olofsdotter et al., 2002; Li et al., 2015, 2019; Zhang et al., 2018a, 2019b; Serra et al., 2021). Rice allelopathy is mainly manifested in the 3-6 leaf stage (Li et al., 2015; Zhang et al., 2020), and International Rice Research Institute pointed out in the Rice Planting Manual that weed control within 30 days of rice transplantation had little impact on rice yield (Vergara, 1992).

Dilday et al. (2000) observed that allelopathic rice varieties PI312777 and PI338046 had larger root biomass than that of non-allelopathic rice varieties Lemont and M-201. These findings, however, did not immediately attract the attention of researchers. In 2013, Gealy et al. (2013) used 13C isotopes to study the differences in the root distribution of 11 rice cultivars in a field test in Arkansas. Results show that the allelopathic cultivars typically produced a greater fraction of their total root mass near the surface at 0–5 cm of soil depth when compared to the breeding selections or the non-suppressive cultivars, which tended to distribute their roots more evenly throughout the soil profile. These findings raised an interesting prospect for the first time that root proliferation near the soil surface might enhance the weed-suppressive activity of allelochemical exudates released from roots. All the above-mentioned findings aroused great interest in us. In 2019, we studied the differences in the morphological traits of roots in different potential allelopathic rice cultivars at the seedling stage in a hydroponic system (Li et al., 2019), and the results showed that allelopathic rice cultivars had significantly higher root lengths with thinner diameters, more number of root tips, and greater root biomass, which were significantly positively correlated with allelopathic inhibition. These results seem to indicate that the root system of allelopathic rice does have some relationship with the allelopathic activity of rice. We hypothesized that the rice varieties with a different spatial-temporal distribution of roots show different allelopathic activity in the field soil, particularly in the horizontal direction of the soil layer, which may be related to its inhibitory effect on the growth of adjacent weeds.

The root system plays a very important role in the agro-ecosystems and provides information about soil and crops to promote appropriate adaptive responses. The function of the plant root system is closely related to root morphology and physiological characteristics, and often adapts to environmental changes through morphological changes and temporal and spatial distribution (Wu and Cheng, 2014; Novoplansky, 2019). The growth and development of the root system and its spatial and temporal distribution in the soil can determine the absorption of water and nutrients during the growth process of crops (Fan et al., 2016; Hu et al., 2020), and also directly affect the growth and final yield of above-ground crops (Forde and Lorenzo, 2001; Zhang et al., 2009; Jeong et al., 2013). The root system of rice has strong plasticity and can improve drought avoidance and optimize the distribution of limited water resources by increasing the deep rooting of the crop systems (Uga et al., 2013; Zhang et al., 2019a). There are no reports on whether the root system of allelopathic rice influences the root distribution characteristics and allelopathic metabolism of roots in the horizontal soil, and thus exerts an inhibitory effect on the surrounding weeds.

Our previous study designed an inhibitory-circle method that can reduce the relative contribution of plant–plant competition to the maximum possible extent (He et al., 2012; Li et al., 2015). In this method, rice accession and barnyardgrass were cultured together in the paddy soil under natural conditions. The highest allelopathic activity of allelopathic rice accession PI312777 was at the 5-leaf stage, and the suitable distance of rice seedlings and barnyardgrass was 12 cm apart in a circle, which might be related to the spatial and temporal distribution of allelopathic rice roots through our conjecture. Therefore, the objectives of this study were to (1) evaluate the spatial-temporal distribution patterns of allelopathic rice roots in paddy soil in both horizontal and vertical directions at different seedling stages, (2) compare the spatial distribution difference of phenolic acid content, an important class of rice allelochemicals secreted by rice roots, and (3) analyze the correlations among root parameters, the phenolic acid content in the soil, and weed-suppressive activity.



MATERIALS AND METHODS


Materials and Experimental Design

Two internationally recognized allelopathic rice cultivars, “PI312777” (PI) and “Taichung Native1” (TN), and one non-allelopathic rice cultivar, “Lemont” (Le) (Dilday et al., 2000), were used in this study. Mature barnyardgrass (Echinochloa crus-galli) seeds were collected from rice fields the year prior to the experiment and stored in a refrigerator for over 1 year.

The soil was collected randomly at a paddy field from the experimental site. The soil is typical silt loam with a pH of 6.42, organic matter of 258.1 mg kg−1, and a fertility status with a total N of 505.9 mg kg−1, available P of 51.2 mg kg−1, available K of 116.2 mg kg−1, and EC25 of 1.2 dS m−1. Soil samples were air-dried, mixed, and then sieved (2 mm mesh) to remove residual plant roots and branches to perform a series of experiments as described in the following section.

Two experiments were conducted in a greenhouse with 23–38°C night and daytime temperatures and 40–80% relative humidity maintained during the growing season in 2020. The seeds of rice varieties (PI, TN, and Le) and barnyardgrass were soaked in water for 24 h and pre-germinated in the sand.

Experiment 1 was conducted to evaluate the spatial-temporal distribution characteristics of the roots of allelopathic (PI and TN) and non-allelopathic (Le) rice cultivars. A total of 48 plastic pots (30 × 15 cm) containing 12 kg of soil described earlier were used for the experiment. Five pre-germinated rice seeds were spaced uniformly in the central area (1 cm diameter) of a pot, which was watered at a particular time every day to maintain soil moisture, and paddy weeds were removed manually during the experimental period. The experiments were conducted in a completely randomized design with four replicates for each cultivar at each leaf stage. When the rice seedlings were at the 3-, 4-, 5-, and 6-leaf stages, the seedlings were harvested, and their roots were collected for analysis as described in section Root Collection and Measurements.

Experiment 2 was conducted to determine allelopathic activity and temporal distribution difference of phenolic acid contents in allelopathic and non-allelopathic rice cultivars in soil. In order to intuitively and effectively observe the inhibitory potential of different cultivars on weeds, the established inhibitory-circle method was adopted for the study based on the results of experiment 1. A total of 32 plastic pots (30 cm diameter × 15 cm height) containing 12 kg of soil described above were used for the experiment. As shown in Supplementary Figure 1, five pre-germinated rice seeds were sown in the central area (1 cm diameter) of a pot, and water was added daily to the pot to maintain soil moisture. Paddy weeds were manually removed during the experimental period. When the rice seedlings grew to the 5-leaf stage, five germinated seeds of barnyardgrass were planted uniformly in a circle around the rice seedlings at 12 cm apart from the base of rice seedlings. The monoculture of five germinated barnyardgrass seeds without rice seedlings was set up as the control group. The experiments were conducted in a completely randomized design with eight replicates for each cultivar. At the 6-leaf stage, the roots were sampled from four randomly selected plastic pots of each rice cultivar as described in section Root Collection and Measurements. For the rest of the plastic pots of each rice cultivar, all barnyardgrass plants were harvested for allelopathic activity measurement as described in section Allelopathic Activity Measurement, and the soil of different plots was sampled for phenolic acid content analysis as described in section Quantification of Rice Allelochemicals in Different Soil Layers.



Samples and Measurements
 
Root Collection and Measurements

In the first experiment, when the rice seedlings grew to the 3-, 4-, 5- and 6-leaf stages, respectively, the above-ground parts of allelopathic and non-allelopathic rice cultivars were cut. The soil with rice roots was cut into 0–5 cm and 5–10 cm depth circles, and root samples of these two depth plots were collected in horizontal distance intervals of 0–3, 3–6, 6–9, 9–12, and 12–15 cm with the base of rice seedlings as the center as shown in Supplementary Figure 2.

In the second experiment, according to the results of experiment 1, root samples of different rice cultivars at the 6-leaf stage were sampled in the 0–5 cm soil depth as described above and collected in horizontal distance intervals of 0–6 and 6–12 cm with the base of rice seedlings as the center as shown in Supplementary Figure 3.

All soil samples with rice roots in the different parts of experiments 1 and 2 obtained above were soaked in tap water in the laboratory and then washed with a metal-sieve stack (pore size of 0.40 mm), and all roots were manually collected. Clean roots were immediately scanned by an Epson Expression 11000XL scanner (Seiko Epson Co., Nagano-ken, Japan) to yield a grayscale image. Root length (cm), root surface area (cm2), and average root diameter (RD, mm) were determined using the WinRHIZO software (Regent Instruments Inc., Quebec, Canada). After the analysis, root samples were oven-dried at 105°C for 30 min and at 80°C for 48 h to measure the root dry weight (Li et al., 2019). Then, we calculated root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) in different soil layers. RLD, RSD, and RWD were calculated as follows: RLD = L/V (cm cm−3), RSD = S/V (cm2 cm−3), and RWD = W/V (mg cm−3), where L is the root length, S is the root surface area, W is the root dry weight in each soil layer, and V is the volume of the core soil sampled in each layer (Jiang et al., 2016; Hu et al., 2020).



Allelopathic Activity Measurement

When the rice seedlings grew to the 6-leaf stages in the second experiment, all barnyardgrass samples co-cultured with allelopathic and non-allelopathic rice cultivars were harvested, and the plant height was measured. The above-ground parts of barnyardgrass were then cut and plant fresh weight was measured, and the parts were later oven-dried at 120°C for 30 min and at 80°C for 48 h to obtain their dry weight. To assess the allelopathic activity of rice cultivars, the inhibition percentage was calculated as follows: inhibition % = (1-T/C) × 100, based on the plant height, fresh weight, and dry weight of barnyardgrass co-cultured with three rice cultivars (T) and monoculture barnyardgrass in controls (C) (Li et al., 2015).



Quantification of Rice Allelochemicals in Different Soil Layers

The soil samples collected from experiment 2 at the 0–5 cm depth were taken at horizontal distance intervals of 0–6 and 6–12 cm with the base of rice seedlings as the center, as shown in Supplementary Figure 3. The samples from the same rice cultivar were mixed evenly, slightly air-dried, and sieved (<5 mm) after removing the plant fragments, and prepared for further extraction of phenolic acids.

The method for the extraction of phenolic acids from the soil, which are important rice allelochemicals, was based on the protocol proposed by Li et al. (2020) with slight modifications. Four replicates of soil (100 g) samples were collected, respectively, as described above and then placed into 250 mL conical flasks. Then, 100 mL of 0.25 mol L−1 of sodium citrate (pH 7.0) was added to the flask, which was then shaken for 2.5 h and centrifuged at 11,000 rpm for 10 min. The combined supernatant was filtered using a 0.45-μm filter for the quantitative analysis of phenolic acids.

The content of single phenolic acids in different soil layers was quantified using the external standard method by the solid-phase extraction and high-performance liquid chromatography (HPLC) as described previously (Li et al., 2019) with some modifications. The pH of the sample solutions acquired from each experiment was adjusted to 4.00 by adding phosphoric acid, and then NaCl was added to the solution to reach 8% (g/mL), which was filtered through a 0.45-μm membrane. The resulting filtrate was then loaded onto Cleanert PEP soild-phase extraction cartridges (Agela, China). The cartridge was eluted with water and then methanol, and the methanol fraction was concentrated with N2, which was resolved by 500 μL chromatographic methanol for quantitative analysis using HPLC. All samples were analyzed using an HPLC instrument (Waters e2695, Waters, USA) equipped with SunFireTW-C18 column (4.6 × 250 mm ID, 5 μm). The mobile phase was the mixture of methanol (A) and 1% phosphoric acid (B), and the gradient elution program was as follows: A/B (27/73, v/v), 10 min; A/B (50/50, v/v), 10 min; and A/B (73/27, v/v), 5 min. The mobile phase was eluted at a flow rate of 1.3 mL/min and detected at 280 nm. The injection volume was 10 μL and the column temperature was 30°C. Eight phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, p-coumaric, ferulic, salicylic, and cinnamic acid) were chosen as standards for the calibration curve. The concentration of single phenolic acids in each soil sample was quantified by interpolating the peak area on the HPLC chromatogram to a standard curve constructed from the peak area of the authentic phenolic acids (Li et al., 2020).




Statistical Methods

SPSS 22.0 was used for the statistical analysis of the data. Data were presented as mean ± standard error (SE) values from three replicates for each experiment or determination. Variance in the mean values of root parameters, allelopathic activity, and phenolic acid contents among the different rice cultivars was analyzed by two-way ANOVA using SPSS (Version 20, Chicago, IL, USA), followed by Tukey's honestly significant difference (HSD) test at p < 0.05. The correlations between weed-suppressive activity and phenolic acid contents and root parameters (n = 15) were analyzed by using the “Corrplot” package in R (Wei and Simko, 2017).




RESULTS


Spatial-Temporal Distribution Patterns of Allelopathic Rice Roots in Paddy Soil
 
Temporal Distribution of Root

Root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) of three rice cultivars showed the same trend at the seedling stages (Figure 1). In the 0–5 and 5–10 cm soil layers, RLD, RSD, and RWD of allelopathic rice PI and TN and non-allelopathic rice Le increased with leaf stages, reaching a maximum at the 6-leaf stage.


[image: Figure 1]
FIGURE 1. Root length density, root surface area density, and root dry weight density in the 0–5 and 5–10 cm soil layers at the 3–6 leaf stage. PI, allelopathic rice PI312777; TN, allelopathic rice Taichung Native1, and Le, non-allelopathic rice Lemont. Error bars indicate standard deviation.


Root length density differed significantly between allelopathic cultivars PI and TN and non-allelopathic rice Le, except that no significant difference was observed at the 3-leaf stage. In the soil depth of 0–5 cm, the RLD of allelopathic rice PI and TN was significantly higher than non-allelopathic rice Le (RLD = 2.213, 2.362, and 0.756 cm cm−3 for cultivars PI, TN, and Le, respectively) at the 6-leaf stage, while there were no significant differences between PI and TN. However, non-allelopathic rice had higher RLD than two allelopathic cultivars at the 6-leaf stage (RLD = 1.335, 1.326, and 1.583 cm cm−3 for cultivars PI, TN, and Le, respectively) in the 5–10 cm soil layers.

Similar trends for RSD and RWD were observed, except for no significant difference in RWD between allelopathic and non-allelopathic rice cultivars at the 4-leaf stage. At the soil depth of 0–5 cm, RSD and RWD of allelopathic rice PI and TN were significantly higher than those of non-allelopathic rice Le (RSD = 0.146, 0.156, and 0.078 cm2 cm−3 for cultivars PI, TN, and Le, respectively; RWD = 0.166, 0.189, and 0.127 mg cm−3 for cultivars PI, TN, and Le, respectively) at the 6-leaf stage.



Vertical Distribution of Root

Root length density (RLD) of three rice cultivars declined with increasing soil depth in the 0–10 cm soil layer at 3–6 leaf stages (Figure 1). Regardless of the leaf stages, the surface soil layer had a higher density of roots for allelopathic rice PI and TN. At the 6-leaf stage, the RLD number of PI and TN in 0-5 cm soil layer accounted for 62% and 64% of the total roots, respectively. However, RLD of non-allelopathic rice Le was higher in the 5–10 cm soil depth at different seedling stages, constituting 67% of the total root at the 6-leaf stage.

The root surface area density (RSD) and dry weight density (RWD) followed a similar trend in the 0–10 cm soil layer at 3–6 leaf stages (Figure 1). PI and TN had significantly higher RSD and RWD than Le in the 0-5 cm soil layer (p < 0.05). Approximately, 74 and 75% of root biomass of PI and TN (range: 69–81% and 70–85% for PI and TN, respectively) were concentrated in the upper soil (0-5 cm) during the seedling stages, which was significantly higher than Le, except for the 3-leaf stage. However, RSD and RWD values of Le in the 5–10 cm soil horizon were significantly higher than those observed in PI or TN.



Horizontal Distribution of Roots at Different Distances

The root diameter (RD) of three rice cultivars declined with increasing soil horizontal distance in the 0–5 cm soil depth at the seedling stages (Figure 2A). The roots at 0–3 cm horizontal distance from rice seedlings had the largest RD, followed by the roots collected from 3 to 6 cm distance. At distances > 6 cm, RD values of non-allelopathic rice Le at 6–9, 9–12, and 12–15 cm were significantly higher than that of allelopathic rice PI and TN at the 6-leaf stage (P < 0.05).


[image: Figure 2]
FIGURE 2. Root diameter (A), root length density (B), root surface area density (C), and root dry weight density (D) of three rice cultivars at different horizontal distances from the base of rice seedlings in the 0–5 cm soil depth at the seedling stages. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars at the same distance were indicated by different lowercase letters, according to Tukey's honestly significant difference test.


The distribution patterns in root length density (RLD) of three rice cultivars at different horizontal distances at the seedling stages is shown in Figure 2B. There was a trend toward increasing RLD with increasing leaf stages within each soil layer. At the 6-leaf stage, RLD at 0–3 cm distance was significantly higher for PI than observed in either TN or Le (RLD =13.9, 12.3, and 7.5 cm cm−3 for PI, TN, and Le, respectively). RLD was lower at distances > 3 cm from the base of rice seedlings; however, the distribution pattern was similar to that observed for the distance of 0–3 cm soil horizon. RLD of PI decreased from 2.8 cm cm−3 at 3–6 cm to 1.5 cm cm−3 at 6–9 cm and 1.2 cm cm−3 at 9–12 cm to 0.6 cm cm−3 at 12–15 cm distances from seedlings. At 4-, 5-, and 6-leaf stages, there were no significant differences between the RLD at 6–9 cm and 9–12 cm, but RLD of allelopathic rice was significantly higher than that of non-allelopathic rice (p < 0.05).

The root surface area density (RSD) and root length density (RLD) followed a similar trend at different horizontal distances from the base of rice seedlings in the 0–5 cm soil depth at the seedling stages (Figure 2C). At the 3-leaf stage, there were no significant differences in RSD with each distance among the three rice cultivars. However, RSD was significantly lower in Le than in PI or TN, and there was no significant difference between PI and TN. At the 6-leaf stage, RSD of allelopathic rice PI at 6–9 and 9–12 cm showed no significant differences, which was, however, significantly higher than RSD at 12–15 cm (RSD = 0.18, 0.09, 0.08, and 0.04 cm2 cm−3 at 3–6, 6–9, 9–12, and 12–15 cm, respectively)

Patterns of root dry weight density (RWD) of three rice cultivars at different horizontal distances at the seedling stages are shown in Figure 2D. Although allelopathic rice had higher RWD at 0–3 cm distance than non-allelopathic rice, there was no significant difference. RWD of PI declined from 0.13 mg cm−3 at 3–6 cm to 0.05 mg cm−3 at 6–9 cm and 0.04 mg cm−3 at 9–12 cm to 0.01 mg cm−3 at 12–15 cm distance from seedlings. Although there were no significant differences between RWD values at 6–9 cm and 9–12 cm for three rice cultivars, the RWD of allelopathic rice was significantly higher than that of non-allelopathic rice (p < 0.05).

Based on the above results, the root characteristics of allelopathic and non-allelopathic rice showed the most significant difference at the 6-leaf stage. According to the vertical distribution of roots, the roots of allelopathic rice were concentrated mainly in the top 0–5 cm soil layer, and their contents quickly decreased with depth, while highly significant differences were observed in the root measures of allelopathic rice at 0–5 cm depth. From the horizontal distribution of roots, the roots of seedling rice were mainly distributed in the circle layer of 6 cm from the growth center, while the soil at the lateral distance > 12 cm had few roots. No significant differences were observed in all four root measures between soil layers at distances 6–9 and 9–12 cm, but the roots of allelopathic rice were significantly higher than those of non-allelopathic rice. Therefore, to simplify the analysis, the sampled root lateral region in 0–5 cm top soil was divided into two circles (0–6 and 6–12 cm) to further study the effects of root distribution on rice allelopathy at the seedling stages in experiment 2.




Effects of Root Distribution in Soil on Rice Allelopathy at the Seedling Stages
 
Allelopathic Activity of Rice Toward Barnyardgrass In situ

Compared with barnyardgrass monocultures, the inhibitory rates on plant height, fresh weight, and dry weight of barnyardgrass at a 12 cm distance were 34.8, 64.9, and 64.5%, respectively, in PI, 32.7, 60.9, and 62.4%, respectively, in TN, and 12.3, 32.5, and 35.5% in Le, respectively (Figure 3). The results showed that two allelopathic rice cultivars highly suppressed the above-ground growth of barnyardgrass co-cultures at a 12 cm distance from rice seedlings, other than non-allelopathic rice.


[image: Figure 3]
FIGURE 3. Effects of three rice cultivars on barnyardgrass in situ. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars were indicated by different lowercase letters, according to Tukey's honestly significant difference test.




Lateral Distribution of Rice Roots in Two Soil Circles

In order to explore whether the above results (Figure 3) were related to the lateral distribution of rice roots, RLD, RSD, and RWD for two soil layers (0–6 and 6–12 cm circles) were averaged and analyzed. One-way ANOVA showed significant effects of rice cultivars and lateral distance (Table 1) and significant cultivars × lateral distance interaction (p < 0.05). The simple-effect analysis further showed significant differences in all the three root measures (p < 0.05) between 0–6 and 6–12 cm lateral distance, regardless of rice cultivars. Highly significant differences were observed in three root measures (p < 0.05) between allelopathic rice PI or TN and non-allelopathic rice Le at 0–6 cm soil circle. At a distance of 6–12 cm, no significant differences were observed in RLD and RSD between PI and TN, but the root measures of allelopathic rice were significantly higher than those of non-allelopathic rice.


Table 1. Effects of different rice cultivars and lateral distance on root distribution.
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Lateral Distribution of Rice Allelochemicals in Two Soil Circles

The inhibition of weeds by allelopathic rice mainly results from the production of rice allelochemicals. We detected the presence of eight phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, p-coumaric, ferulic, salicylic, and cinnamic acid), which are recognized as rice allelochemicals. The results showed that variation in the content of each phenolic acid in the three rice cultivars was inconsistent with the increase in lateral distance (Table 2). The reported phenolic acid compounds with allelopathic potential are mainly classified into benzoic acid derivatives and cinnamic acid derivatives. Based on the chemical structure, the sum of the contents of five phenolic acids (protocatechuic, p-hydroxybenzoic, vanillic, syringic, and salicylic acid) is termed as benzoic acid derivatives content, and the sum of the remaining three phenolic acids (cinnamic, p-coumaric, and ferulic acid) is defined as cinnamic acid derivatives content.


Table 2. The content of eight phenolic acids in two soil circles of different allelopathic rice varieties.
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As shown in Figure 4, the contents of both types of phenolic acids in the 6–12 cm soil circle were higher than those observed in the 0–6 cm soil circle in allelopathic rice, while the cinnamic acid derivative contents of non-allelopathic rice were slightly higher in the 6–12 cm soil layer. At the same time, although there was no significant difference in the benzoic acid derivatives content of the three rice cultivars at 0–6 cm lateral distance, the contents of two kinds of phenolic acids in the 6–12 cm soil layer of allelopathic rice were significantly higher than those of non-allelopathic rice. In addition, the total amount of all phenolic acids showed a similar trend at two different horizontal distances from the base of three rice seedlings.


[image: Figure 4]
FIGURE 4. Contents of benzoic acid derivatives and cinnamic acid derivatives in two soil circles of three rice cultivars. PI: allelopathic rice PI312777, TN: allelopathic rice Taichung Native1, and Le: non-allelopathic rice Lemont. Error bars indicate standard deviation. Significant differences (p < 0.05) between rice cultivars were indicated by different lowercase letters, according to Tukey's honestly significant difference test.




Correlation Between Root Distribution and Weed-Suppressive Activity and the Content of Rice Allelochemicals in Soil

We studied the correlations between weed-suppressive activity (% inhibition on plant height, fresh weight, and dry weight of barnyardgrass), rice allelochemicals in soil (the contents of benzoic acid derivatives, cinnamic acid derivatives, and total phenolic acids), and root parameters (RLD, RSD, and RWD) at two lateral distances (Figure 5). Overall, weed-suppressive activity and rice allelochemicals in the soil had positive correlations with RLD, RSD, and RWD at both distances, except for the content of benzoic acid derivatives in soil at 0–6 cm. At a 6–12 cm horizontal distance from the base of rice seedlings, weed-suppressive activity (IRH, IRF, and IRD) had a stronger correlation with the contents of allelochemicals (TBP, TCP, and TPA) and root measures (p < 0.05). Besides, RLD and RSD values at 6–12 cm were highly correlated with the contents of benzoic acid derivatives (TBP), cinnamic acid derivatives (TCP), and total phenolic acid (TPA) in soil (p < 0.05). These two root parameters simultaneously had a stronger correlation with the inhibition rate of rice on plant height (IRH), fresh weight (IRF), and dry weight (IRD) of barnyardgrass (p < 0.05).


[image: Figure 5]
FIGURE 5. Correlation plot between allelopathic activity, rice allelochemicals in soil, and root parameters at a lateral distance. IRH, rice allelopathic activity (% inhibition on plant height of barnyardgrass); IRF, rice allelopathic activity (% inhibition on fresh weight of barnyardgrass); IRD, rice allelopathic activity (% inhibition on the dry weight of barnyardgrass); TBP, the content of benzoic acid derivatives in soil; TCP, the content of cinnamic acid derivatives in the soil; TPA, total phenolic acid content in soil; RLD, root length density; RSD, root surface area density; and RWD, root dry weight density. The gradient of the legend is a function of the strength of the correlation; while the slope of the ellipse indicates a negative or positive correlation (i.e., toward the left is a positive correlation and toward the right is a negative correlation). The shape of the ellipse indicates the strength of the correlation; a diffuse shape indicates a weak correlation.






DISCUSSION

Roots play a vital role in connecting the plant to the soil, which can synthesize, accumulate, and secrete a diverse array of compounds referred to as root exudates that significantly impact the soil environment (Laliberté, 2017; Tsunoda and Dam, 2017). Root distribution in the soil (how many root segments of individual roots exist in each soil compartment) is the most crucial factor in determining the release of root exudates into the soil (Tajima, 2021). Allelochemicals secreted by the roots of allelopathic rice are transmitted to the receptor rhizosphere through the soil medium to inhibit the growth of the surrounding weeds (Li et al., 2020; Xu et al., 2021). In this study, it was found that the lateral distribution of roots in the soil of allelopathic rice at the seedling stage was related to its weed-suppressive effect in situ, which provided a new method for improving the inhibitory ability of allelopathic rice at the seedling stage and supplied a scientific basis for the application strategy of expanding the weed-suppressive range in the field by strengthening the root traits of rice cultivars.

Our hypothesis was that the spatial-temporal distribution of rice cultivars with different allelopathic activity in the underground soil may be different, which proved to be true for root length density (RLD), root surface area density (RSD), and root dry weight density (RWD) of three rice cultivars at 5- and 6-leaf stages (Figure 1), the leaf stages showing the strongest allelopathic activity (Li et al., 2015; Zhang et al., 2020). From the vertical direction of the soil layer, the roots of allelopathic rice were mainly concentrated in the upper layer of 0–5 cm, while the roots of non-allelopathic rice were mainly distributed in the soil at 5–10 cm depth (Figure 1), which was consistent with the experimental results of Gealy and Moldenhauer (2012) and Gealy et al. (2013). From the horizontal direction of the soil layer at 0–5 cm depth, the RLD and RSD values of allelopathic rice roots in each sampled soil layer were higher than those of non-allelopathic rice, particularly at the 5-leaf or 6-leaf stage (Figures 2B,C). However, the difference in the RWD values between the circle layers (0–3 and 3–6 cm) around the growth center was not significant (Figure 2D), which may be explained by the results that allelopathic rice has a small root diameter but long roots, while non-allelopathic rice has large root diameter but short roots (Figure 2A). When comparing our results to those of previous studies (Li et al., 2019), it must be pointed out that the root surface area of PI and Le showed no significant difference at the seedling stage in a hydroponic system. These contradictory results may be a consequence of the differences in the planting medium. RLD and RSD in crop plants play an important role in improving water and nutrient use efficiency in soil, and also play a unique role in the interaction between root exudates and microorganisms in the soil (van Dam and Bouwmeester, 2016; Hu et al., 2020). Data generated in this study revealed that the roots of allelopathic rice mainly proliferated in the upper soil profile, extending to the lateral direction as far as possible, while those of non-allelopathic rice mostly grew in the deeper soil layer. It was expounded that the main functions of the roots of two kinds of rice cultivars may be different in different soil varieties.

Soil is the natural substrate where roots grow, and therefore it is of more practical significance to explore the regulation of rice allelopathy by the characteristics of the rice root system in the underground soil. In order to simulate the actual rice planting conditions in the field, the study adopted the inhibitory-circle method established earlier (Li et al., 2015), whereby the rice was mixed with barnyardgrass in paddy soils at equal distances, resulting in the formation of weed-suppressive circles (Supplementary Figure 1). Based on the results of the horizontal distribution of rice roots in the current study, few roots were distributed at the lateral distance > 12 cm from the base of rice seedlings (Figures 2B–D). Meanwhile, the weed-suppressive effect is a combination of rice allelopathy and interspecific competition (Kong et al., 2008; Xu et al., 2021). Therefore, it was considered that the 6–12 cm distance between the rice seedlings and barnyardgrass was a suitable distance to reduce plant–plant interference from the competition as much as possible. Several studies have shown that roots of allelopathic rice always grew toward the roots of weeds (intrusive pattern), while the roots of all weeds tended to avoid growing toward the roots of rice (Zhang et al., 2018b; Xu et al., 2021), which implied that the roots of barnyardgrass at 6–12 cm horizontal distance might be negligible with the help of manual selection. Similar to Li et al. (2020), we found that allelopathic rice cultivars significantly inhibited the above-ground growth of barnyardgrass co-cultures at a 12 cm lateral distance in situ (Figure 3).

Rice allelopathy is the result of an interaction effect between rice allelochemicals, including phenolic acids, and other allelochemicals, known as the “allelochemicals cocktail” (Li et al., 2020). The eight phenolic acids selected in our study are widely recognized as rice allelochemicals (Seal et al., 2004; Li et al., 2019, 2020; Zhang et al., 2019b, 2020). Usually, a single compound could not manifest the allelopathic effect of rice exudates on the target plants. In this paper, the sum of contents of eight phenolic acids in root exudates (Table 2) was expressed as the total phenolic acid contents in the root exudates of three rice cultivars (Figure 4). Recent studies have indicated that the allelopathic potential of benzoic acid derivatives, one kind of phenolic acid, was higher than that of cinnamic acid derivatives in a laboratory bioassay (Reigosa and Malvido, 2007; Li et al., 2020). This study highlighted that the contents of benzoic acid derivatives in the 6–12 cm soil circle were higher than those observed in the 0–6 cm soil circle in allelopathic rice, while that of non-allelopathic rice showed no significant difference (Figure 4), similar to other previous studies (Li et al., 2020; Zhang et al., 2020). The difference in the number of allelochemicals in soil layers at lateral distances of allelopathic rice may also be partly driven by soil microbial composition, because the rhizosphere microbiota could impact the transport of root exudate metabolites from rice to weed in soil, such as the adsorption and desorption of benzoic acid derivatives and cinnamic acid derivatives with soil matrix (Tharayil et al., 2006; Sun et al., 2014). In the follow-up study, we will further explore whether the distribution of allelopathy rice in the lateral soil can regulate the distribution of the rhizosphere microflora in soil and inhibit the adjacent weeds.

The correlation analysis confirmed that root distribution at the horizontal distance was significantly correlated with the allelopathic activity on the growth of barnyardgrass in situ and allelochemical contents secreted by root in the horizontal soil (Figure 5). These results implied that the spatial-temporal distribution of allelopathic rice roots in the paddy soil may have important impact on rice allelopathy at the seedling stages. Weston and Mathesius (2013) reported some flavonoids can accumulate at the root tip of white clover and were exuded into the soil from root cap cells, mediating allelopathic interactions in the plant rhizosphere. Although the current study did not accurately locate the release location of phenolic acid from rice roots as performed by Zhu et al. (2016), it is well-known that allelopathic rice mainly secretes phenolic acid allelochemicals through its roots (Li et al., 2019; Zhang et al., 2019b, 2020). Therefore, we can conclude that the distribution of allelopathic rice roots in the lateral distance was bound to affect the action distance of allelopathic substances secreted by roots, thus affecting their inhibitory effect on weeds. It is suggested that the growth of rice roots in the soil would be used as a regulation target for rice allelopathy. Several reports have shown that many plant hormones could regulate the growth and development of rice roots, particularly brassinolide, ethylene, and abscisic acid (Zhao et al., 2015; Cai et al., 2018). Consequently, more in-depth work is needed to identify inducing agents for effectively improving the allelopathic potential of traditional or improved rice cultivars, via screening for regulators of root distribution.



CONCLUSION

Enhancing the weed-suppressive activity of rice at its seedling stage may be an important strategy to apply rice allelopathy for controlling paddy weeds. This study showed that allelopathic rice cultivars had small root diameter and larger root length density, root surface area density, and root dry weight density in the top 5 cm of the vertical soil profile at 5- and 6-leaf stages. In particular, there were significant differences in root distribution at the horizontal distance of 6–12 cm between allelopathic rice and non-allelopathic rice. Furthermore, these root traits had strong correlations with the phenolic acid content at the lateral 6–12 cm of the soil layer and weed-suppressive activity in situ, suggesting that strengthening root traits or modifying the distribution of rice roots in soil may be a novel method to enhance the ability of rice seedlings to resist paddy weeds. However, additional studies involving the mechanism of regulating rice–weed interactions by the spatial distribution of rice roots in paddy soil are required.
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The microbes in the rhizosphere (or mycorrhizosphere) could promote plant growth, however, it is unclear whether mycorrhizosphere microbes could fight multiple fungal pathogens. In this study, twenty-one bacterial strains distributed in 6 genera, including 5 Pseudomonas strains, were isolated from mycorrhizal samples of Polyporus umbellatus that rely on other fungi during their life cycles. Further screening and pot experiments showed that the Pseudomonas strain ZL8 not only inhibited the growth of phytopathogenic fungi, but also promoted the growth of Salvia miltiorrhiza through inhibiting its wilting. In addition, strain ZL8 was found to have the ability to dissolve phosphate, produce IAA and siderophore. Nineteen compounds were identified from the fermentation broth of strain ZL8, of which 2,4-diacetylphloroglucinol (DAPG) had a significant inhibitory effect on phytopathogenic fungi with a minimum inhibitory concentration of 3.12–25 μg/mL. Molecular docking predicted that DAPG could bind to myosin I at two unique sites, which may be responsible to the inhibition of fungal growth. The evaluation results showed that strain ZL8 can be used to develop a dual-purpose biocontrol agents and biofertilizer. These results also provide new insights into the discovery and utilization of new resources for biocontrol agents and biolfertilizers.

Keywords: PGPB, Pseudomonas spp., biocontrol agents, biofertilizer, Fusarium spp., DAPG


INTRODUCTION

In recent years, the yield and the quality of many crops and medicinal plants, as well as vegetables and fruits have decreased because of plant diseases caused by soil-borne pathogens (Daria et al., 2020), including fungi. Fungal pathogens cause a range of serious plant diseases, such as Fusarium wilt, and are responsible for the most of the diseases in agricultural ecosystems, including some of the most devastating plant disease epidemics in history (Lee et al., 2002). There are two main ways to deal with the effects of these diseases: One is to develop disease-resistant plants, and the other is to use chemical fungicide to control the spread of pathogens (Kamal and Brian, 2006). However, these two methods have the disadvantages of long cycle and drug resistance of pathogens. A practical and sustainable strategy for dealing with phytopathogenic fungal diseases is therefore the application of biological control agents (BCAs). A proximate, practicable and sustainable strategy against phytopathogens is to replace the chemical control with the biocontrol. Biocontrol is the application of microbial antagonists (such as biocontrol agents; BCAs) to suppress plant diseases (Kamal and Brian, 2006; Saira et al., 2019).

Biological control agents (BCAs) have gained increasing attention for the control of plant pathogens to achieve agricultural sustainability without requiring the overuse of hazardous fungicide. Indeed, several bacteria have been isolated from plants and fungi, most of which belong to the genera Bacillus and Pseudomonas and exhibit satisfactory biological activity and marked biocontrol potential (Axel et al., 2012; Meyer et al., 2016; Mohamad et al., 2018). Pseudomonas is a diverse genus known for its environmental ubiquity and ability to produce a wide range of bioactive metabolites that are suitable as biocontrol agents (Weller, 1988). Moreover Pseudomonas is considered one of the most characterized biocontrol plant growth promoting bacteria (Singh et al., 2016). The well-characterized antibiotics produced by Pseudomonas include phenazine derivatives, quinolones, pyoluteorin, pyrrolnitrin, 2,4-diacetylphloroglucinol (DAPG), and pederin (Gross and Loper, 2009).

Pseudomonas are aerobic, motile, rod-shaped Gamma proteobacteria, which predominantly inhabit soil and aquatic environments (Inmaculada et al., 2015). In their natural habitats, they form mutualistic and antagonistic relationships with other prokaryotes, plants, fungi, and perform many ecological functions generally beneficial to agriculture (Dieter and Geneviève, 2005).

Among them, Pseudomonas is involved in bioremediation, plant growth promotion, and biocontrol (D’aes et al., 2010; de Alencar et al., 2017; Mauchline and Malone, 2017). DAPG is a low molecular weight, nitrogen-free, and non-volatile phenolic polyketone derived from phloroglucinol (Shanahan et al., 1992; Weller, 2007; Troppens et al., 2013). DAPG-producing Pseudomonas spp. is predominantly found in the rhizosphere of major dicotyledonous and monocotyledonous crops, such as banana, cotton, cucumber, maize, pea, tobacco, tomato, and wheat (de Souza et al., 2003; Saravanan and Muthusamy, 2006; Sumant et al., 2015; Raksha et al., 2019), and has been used as biocontrol agents when applied to these crops. The biocontrol agent is for root diseases such as the take-all of wheat (Fenton et al., 1992), potato soft rot (Cronin et al., 1997), and tomato crown and root rot (Duffy and Défago, 1997).

Another important feature of the bacteria is the direct promotion of plant growth. Plant growth-promoting bacteria (PGPB) live near plants and play a key role in the transformation of inorganic compounds, making nitrogen, phosphorus and potassium available for plant growth (Olanrewaju et al., 2017). Furthermore, these PGPB have beneficial effects on plant growth and yield by producing plant growth regulators such as indole-3-acetic acid (IAA), and gibberellic acid (Ali et al., 2019).

Due to their environmental friendliness and inability to induce resistance in pathogenic microorganisms, there is growing interest in developing new biocontrol agents from medicinal resources. Polyporus umbellatus, belonging to Polyporaceae in the class of Basidiomycetes has been used as medicine fungus in China for more than 2500 years (Xing et al., 2015). It is well known that the growth of P. umbellatus sclerotia depends on a symbiotic relationship with the forest pathogenic fungus Armillaria gallica (Kikuchi and Yamaji, 2010; Xing et al., 2013; Liu et al., 2015). In the progress of symbiosis establishment, the rhizomorph of A. gallica adheres and invades sclerotia of P. umbellatus and the P. umbellatus sclerotia launch effective defense responses to fend off A. gallica invasion (Liu et al., 2015). A. gallica is well known as a contributor to carbon cycling via woody tissue breakdown (Alveshere et al., 2020) and is used in P. umbellatus sclerotia cultivation in China. One potential source for biological control agents is the sclerotium of P. umbellatus, which has antiviral and antibacterial activity in the treatment of animal and human diseases.

Salvia miltiorrhiza is widely used in China and other Asia countries to treat cardiovascular diseases. More than 200 individual compounds have been isolated and characterized from S. miltiorrhiza, exhibiting various pharmacological activities targeting different pathways for the treatment of cardiovascular diseases in various animal and cell models (Wang et al., 2017). But in the process of cultivation of S. miltiorrhiza, the wilt disease is very serious. Wilt disease of S. miltiorrhiza leads to a reduction in the biomass of plant shoots and roots and a decrease in active components (Yang et al., 2013).

Biofertilization and biocontrol are distinct characteristics of heterogeneous PGPB that can be used to develop formulations to control pathogens, increase yield and food production by reducing reliance on the chemical fertilizers and fungicide (Sessitsch et al., 2010; Bhattacharyya and Jha, 2012). Therefore, this paper isolates and identifies bacteria from P. umbellatus sclerotia by independent and dependent culture methods, and analyzes the effects of the isolated bacteria on the growth of plant pathogens, as well as on the growth and disease resistance of S. miltiorrhiza. The genomes of the isolated bacteria are sequenced and analyzed biosynthesis of secondary metabolites, and their secondary metabolites with antifungal activity were isolated and identified. A future objective is to develop a dual-use inoculum with biofertilizer and BCA potential for commercial use in sustainable agriculture.



MATERIALS AND METHODS


Collection of Sample and Isolation of Microorganisms

Sclerotia samples of P. umbellatus were collected from Ningshan, Shannxi Province, China (33°309″N, 108°828″E). The surface of sclerotia sample was sterilized with 70% ethanol, 2% hypochlorite (w/v) solution, and sterile water, and dilutions were spread on Luria-Bertani (LB) and incubated at 30°C for 5 days. Surface sterilization was considered effective when no microbial growth was observed in the medium.

One gram of surface-sterilized sclerotia samples were homogenate with 9 mL of sterile water. One mL of the suspension obtained was used to prepare serial dilutions. The dilutions 10–3 to 10–7 were selected for bacterial isolation. An aliquot of 100 μL from each of the dilutions was spread, respectively, on yeast mannitol agar (YMA), LB agar, and nutrient agar (NA) plates. All plates were incubated aerobically at 30°C for 2–5 days. All morphologically distinct colonies were picked and purified on LB agar plates by repeated subculturing.



Diversity of Bacterial Community

Total genomic DNA was extracted from the sclerotium samples using the CTAB method. The 16S rRNA genes were amplified using the specific primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al., 2011). Polymerase chain reaction (PCR) reactions were carried out using Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States). PCR products were purified with the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, United States) following the manufacturer’s recommendations. The library quality was assessed on a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States). The library was sequenced on an Illumina HiSeq 2500 platform, and 250-bp paired-end reads were generated.

FASTQ files from each sample were processed using Cutadapt version V1.9.1 software1 (Langille et al., 2013) for preliminary quality control of raw data. The clean sequencing reads were clustered into operational taxonomic units (OTUs) with 97% identity using UPARSE version 7.0.1001 software2 (Haas et al., 2011). According to the algorithm principle, sequences with the highest frequencies were selected as the representative sequences of OTUs.

QIIME2 software (Hall and Beiko, 2018) and the SSU rRNA database (Wang et al., 2007) of SILVA 1323 (Edgar, 2013) were used to perform species annotation analysis of the OUT sequences (set threshold 0.8–1) to obtain taxonomic information and statistics of the community composition of each sample at each classification level (kingdom, phylum, class, order, family, genus, and species). MUSCLE version 3.8.31 software (Quast et al., 2013)4 was used to perform rapid multiple sequence alignment to obtain the phylogenetic relationships of all OTU sequences.

The 16S sequence datasets reported in this paper have been deposited in the Genome Sequence Archive in National Genomics Data Center, China National Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA004358) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA004358.



Phylogenetic Analysis

Genomic DNA of the isolate was extracted according to the method of Welington et al. (Araujo et al., 2002). The 16S rRNA gene was amplified by PCR using a pair of universal primers, 27F (5′-CAGAGTTTGATCCTGGCT-3′) and 1492R (5′-AGGAGGTGATCCAGCCGCA-3′), as previous described (Baik et al., 2008; Liu et al., 2022). The DNA gyrase subunit B (gyrB) gene was amplified with primers up-1 (5′-GAAGT CATCATGACCGTTCTGCAYGCNGGNGGNAARTTYGA-3′) and up-2r (5′-AGCAGGATACGGATGTGCGAGCCRTCNACR TCNGCRTCNGTCAT-3′) (Yamamoto and Harayama, 1995; Duan et al., 2021). The PCR mixture (50 μL) contained 2 μL of DNA template, 25 μL of 2 × M5 HiPer Taq Mix (Mei5bio, Beijing, China), 20 μL of ddH2O, and 2 μL of each primer (10 μM). 16S rRNA and gyrB genes were amplified in a thermal cycler (Applied Biosystems, United States) according to the following protocol: initial denaturation at 94°C for 10 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, 1 min extension at 72°C and 10 min extension at 72°C.

The PCR product was purified and sequencing was performed by the Sanger method (RuiBiotech Co., Ltd, Beijing, China). Then, the almost-complete 16S rRNA and gyrB gene sequences were compiled and calculate the genetic distance with program CLUSTAL X (Kim et al., 2014). The sequences obtained were identified using the EzBioCloud platform5 (Yoon et al., 2017). The phylogeny of 16S rRNA and gyrB sequences was reconstructed by the neighbor-joining (NJ) with MEGA 7.0 software package (Tamura et al., 2011).



Draft Genome Sequencing, Assembly, and Annotation

Pseudomonas agarici strain ZL8 genome was sequenced using a Pacbio sequel II and DNBSEQ platform (BGI, Shenzhen, China). Four SMRT cells Zero-Mode Waveguide sequencing arrays were used by the PacBio platform to generate the subreads set. PacBio subreads (< 1 kb in length) were removed. The program Canu is used for self-calibration. Draft genomic units are uncontroversial sets of fragments assembled using Canu, a high-quality set of corrected circular consensus sub-reads. To improve the accuracy of genome sequences, single-base correction was performed using GATK.6 The antiSMASH 6.0 pipeline (Blin et al., 2021) with relaxed assay strictness identified regions for the biosynthesis of secondary metabolites from the P. agarici strain ZL8.

The whole genome sequence data reported in this paper have been deposited in the Genome Warehouse in National Genomics Data Center (NGDC) (Chen et al., 2021; CNCB-NGDC Members and Partners, 2022), Beijing Institute of Genomics, Chinese Academy of Sciences/China National Center for Bioinformation, under accession number GWHBJCV00000000 that is publicly accessible at https://ngdc.cncb.ac.cn/gwh.



Analysis of Morphological, Physiological, and Biochemical Taxonomic

Morphological, physiological, and biochemical characterizations, such as growth in different bacteriological media, temperature, and the Gram responses were performed according to the method of Li et al. (2020). Biochemical features were performed using the MIDI (Sherlock) and GENIII MicroPlates (Biolog) systems. MIDI were used to check the availability of 28 fatty acids sources and GENIII MicroPlates (Biolog) were used to check the availability of 71 carbon sources as described in the manufacturer’s instructions (Duan et al., 2021).

The tricalcium phosphate solubilizing ability of strain ZL8 was assessed using Pikovskaya (PVK) medium (Li et al., 2018). Strains ZL8 was screened for the ability of nitrogen fixation in nitrogen-free medium (Ashby) (Sen and Sen, 1965; Li et al., 2018). Strain ZL8 was tested with Salkowski’s reagent, which is commonly used to detect indoles (Li et al., 2018). The siderophore produced by strain ZL8 was determined by a chromoazurine S (CAS) assay (Himpsl and Mobley, 2019).



Evaluation of Plant Growth-Promoting Abilities

Pot experiments were used to evaluate the plant growth promoting ability of strain ZL8. S. miltiorrhiza seeds were surface sterilized in 75% ethanol for 1 min and then in 10% hydrogen peroxide for 10 min; then, the seeds were rinsed 10 times with sterile water and germinated in an autoclaved commercial vermiculite-soil mixture for 3 days. The seedlings with uniform growth were transferred to plastic pots (9 cm in diameter, and 10 cm in depth) containing an autoclaved commercial vermiculite-soil mix. S. miltiorrhiza seedlings were inoculated with 20 mL of prepared bacterial suspension (1 × 108CFU⋅mL–1) culture as bacterial treatments or with the same volume of sterile water as control. The 30-day-old plants were harvested, and fresh weight, plant and root length of S. miltiorrhiza seedlings was measured.



Evaluation of Antifungal Activity in vitro

The in vitro antagonistic activity of strain ZL8 against the 9 fungal phytopathogens were tested in a double culture assay (Figure 3) as described by Sakthivel and Gnanamanickam (Sakthivel et al., 1986). A fungal disc (6 mm in diameter or length) was placed in the center of a potato dextrose agar (PDA) plate. Bacterial isolates were streaked 2 cm from the agar plug. Plates inoculated with fungal discs and sterile water were used as controls. Plates were incubated in the dark at 25°C; cultures containing A. gallica rhizomorphs were grown for 15 d, while those containing pathogen mycelium were grown for 7 d. Using the equation, results were expressed as the percent inhibition of fungal growth in the presence and absence of strain ZL8 (Montealegre et al., 2003). All experiments were performed in triplicate.
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FIGURE 1. Bacterial diversity of Polyporus umbellatus sclerotia. (A): Bacterial abundance in P. umbellatus sclerotia. (B): Proportion of six genera bacteria isolated from P. umbellatus sclerotia.
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FIGURE 2. Phylogenetic tree of the strain ZL8 and its close relatives based on 16S rRNA gene sequencing. Dendrograms were generated by the neighbor-joining method. Cellvibrio japonicus Ueda 107T was used as outgroup. The bar indicates sequence divergence. Percentage bootstrap values of more than 50% (from 1000 replicates) are indicated at the nodes.
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FIGURE 3. Effect of the isolated bacterial strain on the growth of fungi. (A): Fungi treated with Pseudomonas strain ZL8; (B): untreated fungi used as the control group; (C): strain ZL8 inhibition rate for fungi. F.s: Fusarium solani (pathogen of Salvia miltiorrhiza root rot), F.o S: F. oxysporum (pathogen of S. miltiorrhiza wilt), F.o f.: F. oxysporum f. sp. Cubense (pathogen of panama disease), B.c: Botrytis cinerea (pathogen of tomato gray mold), M.f: Monilinia fructicola (pathogen of peach brown rot), B.d: Botryosphaeria dothidea, F.o F: Fusarium oxysporum f. sp. niveum (pathogen of Fusarium wilt), C.s: Cochliobolus sativus (pathogen of weat common rot), A.g: Armillaria gallica.


[image: image]



Evaluation of Controlling the Wilt Disease of Salvia miltiorrhiza Seedlings

There were four control treatments in this experiment namely pathogenic fungi (Fusarium oxysporum, F.o), biocontrol (F.o + ZL8), control (ZL8) and sterile water (CK). The inoculation test was carried out when the S. miltiorrhiza seedlings reached the 2-leaf stage. The spore suspension of F. oxysporum (5 × 106 CFU⋅mL–1, 20 mL) was added to the pot. After 7 days, the suspension of ZL8 strain (1 × 108 CFU⋅mL–1, 20 mL) was added to the pot of biocontrol group, and then 20 mL of ZL8 strain suspension was added every 7 d for a total of 3 times. Meanwhile, the other groups added an equal volume of sterile water. Each group was repeated 15 times. 30 days after sowing, the plants were rated for root rot severity using a scale of 0 to 4: 0, healthy; 1, stem or root yellowing 1–10%; 2, stem or root yellowing 11–50%; 3, stems or roots yellowing 50–100%; 4, plant death (Leeman et al., 1996; Khabbaz and Abbasi, 2014).

At the time of rating, the total fresh mass was determined. All experiments were repeated at least twice. Biocontrol efficiency (B) were calculated using the following formula: B(%) = (A−C)/A×100. In the formula, A is the disease index of the seedlings group added only with strain ZL8, and C is disease index of the biocontrol agent group added with F.o and strain ZL8.



Characterization of Antifungal Metabolites in Fermentation of the Strain ZL8

Strains stored at -80°C were streaked on LB agar plates and grown in an incubator at 28°C for 18 h. A single colony was picked and placed in five 500 mL Erlenmeyer flasks containing 100 mL of LB broth, incubated overnight at 28°C with shaking at 200 rpm to prepare the first broth. Then 500 mL of this first broth was transferred to a sterile 15 L fermenter containing 4.5 L LB broth at 30 °C, 1 vvm aeration for 12 h, shaking at 200–300 rpm. Then 3 L of second broth was transferred to a 50 L sterile fermenter containing 27 L of LB broth, and fermented for 72 h under the same culture conditions. A total of 150 L of bacterial fermentation broth was obtained.

The bacteria precipitate and the supernatant of the fermentation broth were separated by a continuous flow centrifuge, then the supernatant was extracted three times with ethyl acetate (EtOAc), and the organic solvent was removed under reduced pressure to obtain 21.0 g of a crude residue. The precipitate was sonicated three times with methanol (MeOH) and the organic solvent was evaporated to dryness under vacuum to give a crude residue 28.0 g. The combined crude extracts were subjected to silica gel (200–300 mesh) vacuum liquid chromatography using a gradient of petroleum ether/EtOAc to obtain five fractions (A–F). Fraction A was loaded in a silica gel (200–300 mesh) column and eluted with a gradient of petroleum ether/CH2Cl2 to yield eight fractions (A1–A8).

Fraction A1 (8.5 g) was purified after sequential chromatographies on silica gel (petroleum ether/CH2Cl2) to yield compounds 2 (19.8 mg) and 19 (12.0 mg). Fraction A3 (6.4 g) was further chromatographed in a Sephadex LH-20 column using acetone as mobile phase, followed by repeat cromatography on silica gel columns eluting with petroleum ether/CH2Cl2 to yield compounds 4 (8.0 mg), 5 (3.0 mg), 6 (4.0 mg), and 17 (6.0 mg). Fraction B was loaded onto a silica gel (200–300 mesh) column and eluted with a gradient of petroleum ether/EtOAc to yield five fractions (B1-B5). Compounds 7 (8.0 mg), 9 (4.2 mg), 10 (3.1 mg), 11 (3.8 mg), 12 (4.0 mg), and 13 (68.8 mg) from fraction B1 (8.6 g) after silica gel chromatography with petroleum ether/acetone as mobile phase and recrystallized. The constituents of fraction B2 (3.7 g) were separated after silica gel with petroleum ether/EtOAc as mobile phase and a subsequent washing in a Sephadex LH-20 column (CH2Cl2/MeOH, 1:1, v/v). It yielded compounds 8 (7.0 mg), 14 (4.6 mg), 15 (3.3 mg), and 18 (4.0 mg). Compounds 1 (4.1 mg), 2 (2.8 mg), and 16 (3.0 mg) were obtained from fraction B3 (2.8 g) in silica gel with petroleum ether/acetone as mobile phase, followed by a Sephadex LH-20 column (CH2Cl2/MeOH, 1:1), and semi-preparative HPLC with MeOH/H2O as mobile phase.

Compound 1. White solid, 4.1 mg. 1H NMR (600 MHz, CD3OD): δ 5.79 (1H, s), 2.62 (6H, s). 13C NMR (150 MHz, CDCl3): δ 205.4, 172.8, 170.4, 105.1, 95.8, 33.2. HR-ESI-MS: m/z ([M + H]+) calcd for C10H10O5 211.0606, found 211.0595.

Compound 2. White solid, 2.8 mg. 1H NMR (600 MHz, CD3COCD3): δ 8.51 (3H, s), 5.96 (3H, s). 13C NMR (150 MHz, C3D6O): δ 159.3, 95.5. HR-ESI-MS: m/z ([M + H]+) calcd for C6H6O3 127.0395, found 127.0378.

Compound 3. Yellow powder, 5.0 mg. 1H NMR (600 MHz, CD3OD): δ 7.86 (2H, d, J = 8.7 Hz), 6.82 (2H, d, J = 8.7 Hz), 4.31 (2H, dd, J = 4.5, 9.8 Hz), 1.36 (3H, t, J = 7.1 Hz). 13C NMR (150MHz, CD3OD): δ 168.3, 163.4, 132.7 (X2), 122.3, 116.2 (X2), 61.7, 14.7. HR-ESI-MS: m/z ([M + H]+) calcd for C9H10O3 167.0708, found 167.0713.

Compound 4. White powder, 8.0 mg. 1H NMR (400 MHz, CD3OD): δ 6.97 (2H, d, J = 8.0 Hz), 6.68 (2H, d, J = 8.0 Hz), 3.64 (1H, t, J = 7.1 Hz), 2.66 (1H, t, J = 7.1 Hz). 13C NMR (100 MHz, CD3OD): δ 156.5, 130.9 (X2), 130.8 (X2), 116.1, 64.5, 39.2. HR-ESI-MS: m/z ([M + H]+) calcd for C8H10O2 139.0759, found 139.9866.

Compound 5. Colorless crystal, 3.0 mg. 1H NMR (600 MHz, CD3OD): δ 7.88 (2H, d, J = 8.6 Hz), 6.81 (2H, d, J = 8.6 Hz). 13C NMR (150 MHz, CD3OD): δ 163.3 (X2), 133.0 (X2), 116.0(X2).

Compound 6. Colorless oil, 4.0 mg. 1H NMR (600 MHz, CD3OD): δ 6.61 (1H, d, J = 8.6 Hz), 6.59 (1H, d, J = 2.8 Hz), 6.54 (1H, dd, J = 8.6, 2.8 Hz), 3.67 (3H, s), 3.54 (2H, s). 13C NMR (150 MHz, CD3OD): δ 174.6, 151.0, 149.6, 123.2, 118.6, 116.6, 115.6, 52.4, 36.5.

Compound 7. White powder, 8.0 mg. 1H NMR (600 MHz, CD3OD): δ 6.20 (1H, d, J = 2.5Hz), 6.15 (1H, d, J = 2.5 Hz), 3.89 (3H, s), 2.44 (3H, s). 13C NMR (150 MHz, CD3OD): δ 173.4, 166.2, 163.8, 144.5, 112.4, 105.7, 101.7, 52.1, 24.2. HR-ESI-MS: m/z ([M + H]+) calcd for C9H10O4 183.0657, found 183.0648.

Compound 8. Colorless crystal, 7.0 mg. 1H NMR (600 MHz, CD3OD): δ 7.08 (2H, d, J = 8.2 Hz), 6.74 (2H, m), 3.48 (2H, s); 13C NMR (150 MHz, CD3OD): δ 176.3, 157.3, 131.3 (X2), 126.7, 116.2 (X2), 41.0. HR-ESI-MS: m/z ([M - H]+) calcd for C8H8O3 151.0395, found 151.0358.

Compound 9. White powder, 4.2 mg. 1H NMR (600 MHz, CD3OD): δ 7.04 (2H, d, J = 8.5 Hz), 6.70 (2H, d, J = 8.5 Hz), 4.34 (1H, t, J = 9.0 Hz), 4.04 (1H, m), 3.55 (1H, m), 3.35 (1H, m), 3.06 (2H, m), 2.09 (1H, m), 1.80 (2H, m), 1.21 (1H, m). 13C NMR (150 MHz, CD3OD): δ 170.8, 166.9, 157.7, 132.1, 127.6, 116.2, 60.1, 57.9, 45.9, 37.7, 29.4, 22.7. HR-ESI-MS: m/z ([M + H]+) calcd for C14H16N2O3 261.1239, found 261.1230.

Compound 10. White acicular crystal, 3.1 mg. 1H NMR (600 MHz, C5D5N): δ 8.39 (2H, d, J = 7.9 Hz), 7.36 (2H, t, J = 16.6 Hz), 7.03 (2H, d, J = 8.3 Hz), 6.78 (2H, t, J = 15.0 Hz). 13C NMR (150 MHz, C5D5N): δ 171.4, 152.3, 134.0, 132.3, 116.8, 115.5, 111.8.

Compound 11. Colorless acicular crystal, 2.8 mg. 1H NMR (600 MHz, CDCl3): δ 7.30 (5H, m), 3.66 (2H, s). 13C NMR (150 MHz, CDCl3): δ 178.2, 133.6, 129.6, 128.8, 127.5, 41.4. HR-ESI-MS: m/z ([M - H]+) calcd for C8H8O2 135.0446, found 135.0412.

Compound 12. Yellow solid, 4.0 mg. 1H NMR (600 MHz, CDCl3): δ 11.91 (1H, br s, OH), 7.43 (5H, m), 3.75 (2H, s). 13C NMR (150 MHz, CDCl3): δ 178.3, 133.1, 129.2, 128.5, 127.2, 40.9.

Compound 13. Pale yellow crystal, 68.8 mg. 1H NMR (600 MHz, CD3OD): δ 7.81 (1H, dd, J = 8.1 Hz), 7.22 (1H, m), 6.72 (1H, dd, J = 8.1 Hz), 6.56 (1H, m). 13C NMR (150 MHz, CD3OD): δ 171.8, 152.9, 135.2, 132.8, 117.9, 116.8, 111.9. HR-ESI-MS: m/z ([M + H]+) calcd for C7H7NO2 138.0555, found 138.0561.

Compound 14. Pale yellow solid, 4.6 mg. 1H NMR (600 MHz, CD3OD) δH: 7.52 (1H, d, J = 7.8 Hz), 7.31 (1H, d, J = 8.1 Hz), 7.07 (1H, m), 7.04 (1H, s), 7.00 (1H, m), 3.05 (2H, t, J = 8.8 Hz), 2.67 (2H, t, J = 8.8 Hz). 13C NMR (150 MHz, CD3OD) δC: 177.7, 138.4, 128.7, 123.0, 122.5, 119.7, 119.4, 115.3, 112.4, 36.4, 22.1.

Compound 15. White crystal, 3.3 mg. 1H NMR (600 MHz, CDCl3) δH: 4.66 (2H, s), 4.31 (1H, s), 2.49 (6H, s), 2.38 (3H, s). 13C NMR (150 MHz, CDCl3) δC: 149.5, 147.5, 147.4, 146.6, 60.8, 21.3, 21.2, 19.2. HR-ESI-MS: m/z ([M + H]+) calcd for C8H12N2O2 153.1028, found 153.0526.

Compound 16. White solid, 3.0 mg. 1H NMR (600 MHz, CD3OD): δ 7.95 (1H, s), 6.50 (1H, s), 4.41 (2H, s). 13C NMR (150 MHz, CD3OD): δ 177.0, 170.6, 147.5, 141.1, 110.9, 61.3.

Compound 17. White solid, 6.0 mg. 1H NMR (600 MHz, D2O): δ 7.58 (1H, s), 6.98 (1H, d, J = 3.4 Hz), 6.53 (1H, m), 3.33 (3H, s). 13C NMR (150 MHz, D2O): δ 166.7, 149.0, 145.1, 115.0, 111.6, 48.8. HR-ESI-MS: m/z ([M + H]+) calcd for C6H6O3 127.0395, found 127.9787.

Compound 18. White solid, 4.0 mg. 1H NMR (600 MHz, CD3OD): δ 7.91 (1H, s), 6.46 (1H, s), 4.37 (2H, s). 13C NMR (100 MHz, CD3OD): δ 177.0, 170.4, 147.5, 141.0, 110.8, 61.2. HR-ESI-MS: m/z ([M–H]+) calcd for C6H6O4 141.0188, found 141.0145.

Compound 19. Pale yellow oil, 12.0 mg. 1H NMR (600 MHz, CDCl3): δ 2.42 (1H, dd, J = 16.0 Hz), 2.29 (1H, dd, J = 16.0 Hz), 1.32 (10H, m), 1.11 (2H, m), 0.88 (3H, t, J = 7.3 Hz), 0.74 (1H, m), -0.12 (1H, q, J = 5.0 Hz). 13C NMR (150 MHz, CDCl3): δ 180.3, 33.9, 32.1, 30.0, 29.4, 29.0, 22.8, 15.7, 14.3, 11.3, 11.0. HR-ESI-MS: m/z ([M–H]+) calcd for C11H20O2 183.1385, found 183.1362.



Antimicrobial Assays

The final fermentation broth, the EtOAc and MeOH extracts, and isolated metabolites were dissolved in DMSO to a concentration of 10 mg/mL. They were tested against the phytopathogenic fungi (Supplementary Table 3) by the filter paper method (Zhang et al., 2009). Ketoconazole and DMSO were used as positive and negative controls, respectively. Test fungi were activated in PDA medium. Next, a single pathogenic fungal colony was inoculated into a fresh PDA culture plate, and sterilized filter paper was placed on the plate. Finally, test sample was placed on the filter paper, then plates were incubated at 28°C for 2–3 d, and the size of the zone of inhibition was recorded.

The extracts and isolated compounds were also tested for resistance to the pathogens shown in Supplementary Table 4 by using the filter paper method. In this case, bacteria are activated in LB medium. Then, 200 μL of the bacterial broth was inoculated into warm (45 °C) LB agar medium on an inverted Petri dish. After cooling, the sterilized filter paper was placed on the culture plate. The test samples were then placed on the filter paper and the plate was incubated overnight at 37°C. Finally, the size of the inhibition zone was recorded. Ciprofloxacin and DMSO were used as positive and negative controls, respectively.

The minimum inhibitory concentration (MIC) of each compound against fungi was determined using a two-fold dilution method. The pathogenic fungi stored at 4°C were inoculated in PDA for activation. Next, each fungal plate was divided into equal-sized pieces using the block method and 2–3 pieces of fungus-containing medium were inoculated into 100 mL of potato dextrose broth. The cultures were incubated on a shaker at 28°C and 160 rpm for 2–3 d. After incubation, 1 mL of the fungal culture was diluted in 100 mL of potato dextrose broth, followed by adding 198 μL of diluted fungal suspension to the first row of the 96-well plate and 100 μL to the remaining rows. Next, 2 μL of the extract or solution of the isolated compound were added to the first row of wells and diluted 2-fold. The final concentrations of the samples were 100, 50, 25, 12.50, 6.25, 3.12, 1.56, and 0.78 μg/mL. The 96-well plate was incubated at 28°C for 48 h, 60 h, and 72 h, and the MIC values were recorded.



Molecular Docking of TRI101 and 2, 4-Diacetylphloroglucinol

Molecular docking was performed using AutoDock Vina to predict binding modes of the compounds and obtain the binding affinity of DAPG for sites I and II of TRI101 (Zhou et al., 2020). The crystal structure of F. graminearum TRI101 (PDB ID: 6ui4) was downloaded from the RCSB Protein Data Bank (PDB), while the structure of DAPG was generated by Chem3D. TRI101 was prepared for docking with polar hydrogens added and Kollman charge was used, while the structure of DAPG was prepared by using Gasteiger charges. Both proteins and ligands are converted to pdbqt format and contain atomic coordinates, partial charges and solvation parameters. The energy range is set to 4, and the exhaustiveness is set to 8.



Assessment of Antagonists for Their Commercial Value

The system established by Zheng et al. (2011) was used to evaluate the potential of the ZL8 as biocontrol and plant growth-promoting agents. Briefly, three categories were used using a point-based system: Category A provides scores for in vitro antagonistic activity against fungal pathogens based on the percent zone of inhibition (< 70% for 1 point, < 80% for 2 points and ≥ 80% for 3 points). The category B assigned 1 point for the presence of each of a biocontrol trait (antibiotics and siderophore), while the category C assigned 1 point for exhibiting plant growth promotion traits (phosphate solubilization, production of IAA, Nitrogen fixation). For the biocontrol strain, the points obtained are summarized and their commercial value was assessed (Ali et al., 2019).




RESULTS


Bacterial Diversity Associated With Polyporus umbellatus Sclerotia

The bacteria associated with sclerotia of P. umbellatus were characterized by 16S rRNA gene sequencing. The 35 most abundant genera belonged to 5 bacterial phyla, of which were 3 Acidobacteria, 3 Actinobacteria, 2 Bacteroidetes, 5 Firmicutes, and the rest belonged to the Proteobacteria. A total of 13 genera had relative abundances greater than 1%, including Bacillus, Pseudomonas, Burkholderia, Rhizobium, and Bradyrhizobium. In P. umbellatus sclerotia, the dominant genera were Acinetobacter and Pseudomonas, with relative abundance of 4.32% and 2.13%, respectively (Figure 1A).



Bacterial Strains Isolated From Polyporus umbellatus Sclerotia and Phylogenetic Analysis

The strains isolated from P. umbellatus sclerotium include six genera: Burkholderia, Pseudomonas, Dyella, Luteibacter, Paebibacillus, and Paraburkholderia (Figure 1B). Among them, Pseudomonas (23.81%) and Burkholderia (38.10%) were the bacteria with comparative advantage. Using BLAST, we identified five strains of Pseudomonas. To accurately determine the taxonomic status of strain ZL8, 16S rRNA and gyrB genes were sequenced. A similarity search was performed on 16S rRNA gene sequence of strain ZL8 in EZBioCloud, and it was found that strain ZL8 is likely belong to the genus Pseudomonas, and is the most closely related to Pseudomonas agarici (99.41%) and Pseudomonas asplenii (99.11%). A phylogenetic tree of strain ZL8 and its relatives based on 16S rRNA (Figure 2) and gyrB genes (Supplementary Figure 1) was constructed using MEGAX neighbor-joining method, which indicated that ZL8 isolate clustered with Pseudomonas agarici.



Morphological and Biochemical Characteristics and Cellular Fatty Acids

Strain ZL8 is a rod-shaped Gram-negative bacterium. Its colonies are round and white with regular and translucent edges on TSA medium at 28°C (Supplementary Figures 5, 6). The characteristic C16:0 fatty acid of the genus Pseudomonas was present in this strain (Supplementary Table 1), similar to other Pseudomonas major fatty acid profiles (e.g., C10:0 3-OH, C12:0 2-OH, and C12:0 3-OH) (Lick et al., 2020). Biolog GENIII test provides phenotypic characteristics (Supplementary Table 2) also confirmed that strain ZL8 belongs to Pseudomonas.



Antifungal Activity of Pseudomonas spp.

Five strains of Pseudomonas spp. were isolated and purified from the sclerotia of P. umbellatus. Antagonistic activity assays showed that Pseudomonas strain ZL8 inhibited the growth of A. gallica rhizomorphs and the mycelium of other pathogens (Figure 3). After strain ZL8 was co-cultured with A. gallica, the growth of the latter was significantly inhibited. Specifically, the rhizome length of A. gallica was 21.70% of the control without bacteria, thus showing a 78.30% reduction in length. The growth of other pathogens was also significantly inhibited, with the inhibition rate of all pathogens exceeded 44% (Figure 3 and Supplementary Table 5), indicating that strain ZL8 exhibited a significant inhibitory effect on plant pathogens.

The fungal growth inhibition observed in the co-culture experiments could be due to nutrient competition or the production of antifungal compounds (Thissera et al., 2020). To understand the mechanism of inhibition, strain ZL8 was grown under submerged fermentation and then the broth was filtered. Bacterial fermentation supernatants were collected on 1, 3, 4, and 6 d for co-cultivation of A. gallica rhizomorphs. After 4 d of fermentation, the bacterial broth had the most significant inhibitory effect on the growth of A. gallica rhizomorphs. A. gallica rhizomorph length in the treatment group was significantly reduced to 18.40% of that recorded in the unfermented control group. In addition, the number of rhizome branches and rhizome diameter of A. gallica in the control group were significantly larger than those in the treatment group (Supplementary Figure 3). These results are consistent with the co- cultures of bacteria and A. gallica, suggesting that this bacterium can produce metabolites that inhibit fungal growth.



Effect of ZL8 Bacteria on the Growth of Salvia miltiorrhiza

The results of the antifungal experiment between strain ZL8 and phytopathogenic fungi showed that strain ZL8 had obvious inhibitory effect on the pathogenic fungi in vitro. The pot experiments were further carried out to evaluate the antifungal effect of the strain ZL8 on plants. The phenotype results of S. miltiorrhiza seedlings treated with different conditions showed that the disease symptoms in the F.o group were obvious (Figure 4I), and almost all plants had withered and fallen leaves, and the disease index was 58.33%. However, strain ZL8 and F.o group had only a few plant disease (Figure 4I), and the disease index was 20%, that is, the control efficiency of strain ZL8 against S. miltiorrhiza wilt was 65.71%.
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FIGURE 4. Effects of ZL8 inoculation on seedling growth of Salvia miltiorrhiza. (A): Fresh weight, (B): root fresh weight, (C): shoot fresh weight, (D): plant hight, (E): root length, (F): lateral root, (G): shoot dry weight, (H): root dry weight, and (I): Phenotype of S. miltiorrhiza with different treatment groups. Seedlings were taken image and biomass were measured after 30 days inoculate to bacterials suspension and double-sterile distilled water, respectively. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).


The biomass of S. miltiorrhiza seedlings showed that the fresh weight, root fresh weight, aerial part fresh weight, plant height and dry weight of S. miltiorrhiza in the pathogen-treated group were lower than those in the control group (Figures 4A–H), and significantly decreased 66.83%, 69.45%, 66.11%, 37.04%, and 56.05%, respectively. The biomass of S. miltiorrhiza in the group treated with strain ZL8 and F.o increased significantly compared with the group treated with only F.o, and recovered to the same level as the control group. The results of biomass were consistent with the phenotypic results, indicating that the strain ZL8 had the effect of inhibiting the withering of S. miltiorrhiza.

Meanwhile, the phenotype and biomass of S. miltiorrhiza showed that only the ZL8-treated group grew faster and the biomass significantly increased compared with the control group (Figure 4). This result indicated that strain ZL8 also had the effect of promoting the growth of S. miltiorrhiza. Then, the appropriate inoculation amount of strain ZL8 was determined through experiments, and it was found that the ZL8 broth diluted 100 times was the best concentration to promote the growth of S. miltiorrhiza (Supplementary Figure 8).

In order to further study the reason why strain ZL8 promotes the growth of S. miltiorrhiza, experiments were carried out on the ability of strain ZL 8 to dissolve phosphorus, fix nitrogen, and produce siderophore and IAA. The results showed that strain ZL8 could produce about 36.5 μg/mL IAA from LB cultures. Strain ZL8 also produces siderophore, which is consistent with the gene cluster analysis of secondary metabolites in the genome. Strain ZL8 was unable to grow on the nitrogen-free Ashby medium, but strain ZL8 was able to dissolve phosphate (Supplementary Figure 4).



Genes Associated With Plant-Interaction Life Style in Pseudomonas agarici Strain ZL8

Based on the genome sequence of P. agarici strain ZL8 (7.21 Mb), the biosynthetic gene clusters was further analyzed. The antiSMASH 6.0 pipeline with relaxed assay strictness identified 13 regions for the biosynthesis of secondary metabolites from the P. agarici strain ZL8 (Supplementary Figure 2). It contains gene clusters for DAPG biosynthesis with 100% similarity to the reference gene cluster from Pseudomonas genomospecies (Supplementary Figure 2). It also contains gene clusters for putisolvin (100% of genes showing similarity), arylpolyene (APE Vf, 45% similarity), L-2-amino-4-methoxy-trans-3-butenoic acid (40% similarity), pyoverdin (29% similarity), lankacidin C (13% similarity), malleobactin A-D (7% similarity).



Separation and Identification of Compounds From ZL8 Fermentation Products

P. agarici strain ZL8 was cultured under submerged fermentation, and secondary metabolites were extracted and isolated from the fermentation broth. A total of 19 compounds were characterized (Figure 5), 14 of which had benzene ring structures; nine of these benzene ring-containing compounds were found to contain hydroxyl groups and, therefore, were considered to be phenolic.
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FIGURE 5. Structure of compounds 1–19.


The compounds are identified as follows: DAPG (1), a characteristic compound of a plant growth-promoting Pseudomonas with antifungal activity (Raksha et al., 2019); phloroglucinol (2), the precursor of DAPG; ethyl p-hydroxybenzoate (3); p-hydroxyphenethyl alcohol (4); catechol (5); 2, 5-dihydroxyphenylacetic acid methyl (6); methyl orsellinate (7); p-hydroxyphenylacetic acid (8); and 9 as cyclo (L-Pro-L-Tyr). All nine compounds were found to contain phenylhydroxyl structures. Four other compounds that also contained a benzene ring but no phenolic hydroxyl groups were identified as follows: compound xanthone (10), phenylacetic acid (11), N-benzyl carbamate (12), and anthranilic acid (13). Finally, five compounds without a benzene ring structure were identified: 2-hydroxymethyl-3,5,6-trimethylpyrazine (15), 5-hydroxy-2-hydroxymethyl-4H-pyran-4-one (16), methyl-2-furoate (17), 5-(hydroxymethyl) furan-3-carboxylic acid (18), and cis-2-(2-hexylcyclopropyl)-acetic acid (19). Among them, compounds 17 and 18 contain furan rings. The structural characterization of these products by MS and NMR analyses is provided in Supplementary Figures 9–60.



Compound 1 Specifically Inhibits Fusarium spp.

Based on the filter paper method, all compounds were screened for their resistance to the test (pathogenic) fungi (Verticillium dahliae Kleb, Alternaria mali, Rhizoctonia solani, Sclerotinia sclerotiorum, Gibberella saubinetii, Cordyceps militaris, Corynespora cassiicola, Fusarium. oxysporum Dahl-1, Fusarium sp. Dahl-2, and Fusarium. solani Dahl-3) and bacteria (Micrococcus lysodeikticus, Bacillus subtilis, Bacillus cereus, Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Salmonella paratyphi, Salmonella typhimurium, Pseudomonas aeruginosa, and Escherichia coli). The EtOAc and water fractions of the compounds exhibited significant antifungal activity (Table 1); however, these fractions had no inhibitory effect against nine bacteria (Supplementary Table 7). These results suggest that the metabolites produced by P. agarici strain ZL8 have specific inhibitory effects on fungi.


TABLE 1. Antifungal activity of extracts from the fermentation broth of the bacteria isolated from Polyporus umbellatus.
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Analysis of the antifungal activity of each isolated compound showed that compound 1 was inhibitory against a variety of phytopathogenic fungi (Table 2 and Supplementary Table 6), with MIC values between 3.12 and 12.5 μg/mL. Compound 1 exhibited the strongest antifungal effect against Fusarium (MIC 6.25–25 μg/mL). The MIC for F. solani Dahl-3, F. oxysporum Dahl-1, and Fusarium sp. Dahl-2 were 12.5%, 25%, and 25% of ketoconazole, respectively (Table 2). This indicated that Fusarium was 4–8 times more sensitive to compound 1 than the ketoconazole-positive control group. Compound 1 is expected to specifically inhibit the growth of Fusarium spp.


TABLE 2. Inhibitory effects of diacetylphloroglucinol (DAPG) against fungal pathogens.
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To test this hypothesis, the inhibitory activity of compound 1 against five other Fusarium spp. was tested. Compound 1 exhibited satisfactory antifungal activity against four strains of Fusarium spp., with MIC value 4–8-fold lower than ketoconazole (Table 2), supporting the special inhibitory activity of DAPG against Fusarium spp.



Assessment of ZL8 for Commercial Value as a Biofertilizer and/or a Biopesticide

Pseudomonas agarici strain ZL8 were rated for their antagonistic, biocontrol and plant growth-promoting potentials (Table 3). The data showed that the biocontrol strain ZL8 achieved 29 points out of a total of 32 points. The rating system is based on in vitro assessment of biocontrol capabilities and is directly related to the performance of strains in plant growth chamber studies. Therefore, strain ZL8 was rated as a strain with commercial potential based on Zhang’s rating system.


TABLE 3. Assessed potentials of ZL8 as biocontrol and PGPR agents.
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DISCUSSION

Many bacteria found around plant roots (rhizosphere and/or mycorrhizosphere) have the ability to promote plant growth and are therefore known as plant growth-promoting bacteria (PGPB) (Sessitsch et al., 2010; Liu et al., 2022). Few studies have reported the ability of PGPB to promote plant growth and its antagonistic potential against a variety of fungal pathogens. Therefore, this study aimed to explore the potential of antifungal agents to control a broad host-range fungal pathogens while exerting stimulatory effects on plant growth.

Biocontrol agents with broad-spectrum antimicrobial activity are more promising under field conditions than biocontrol agents with antagonistic activity against only one or two pathogens (Zhang et al., 2017; Saira et al., 2019). Biocontrol agents were found from the sclerotia of the fungus Polyporus umbellatus, which are partially or completely dependent on mycorrhizal fungi for their life cycle (Liu et al., 2015; Lu et al., 2019) and are presumed to have a library of antifungal agents. In this study, 21 bacteria in 6 genera were isolated, and a bacterium of the genus Pseudomonas exhibits strong antagonistic activity against phytopathogenic fungi.

Pseudomonas is an important non-pathogenic biocontrol agent that has been extensively studied and found to elicit antagonistic activity against several pathogens, including F. oxysporum f. sp. Cucumerinum (Chin-A-Woeng et al., 1998; Mcspadden et al., 2000), Colletotrichum lagenarium, Phytophthora capsici, Pythium aphanidermatum, Pythium ultimum, Sclerotinia sclerotiorum, F. oxysporum f. sp. cucumerinum, Corticium sasakii, Rhizoctonia solani (Liu et al., 2007), and Gaeumannomyces graminis var. tritici (Chin-A-Woeng et al., 1998). In this study, P. agarici strain ZL8 has strong inhibitory activity against the growth of 9 plant pathogens, and the inhibition rate of in vitro co-culture screening tests reached 45.69–82.62%. Strain ZL8 also has a control effect on S. miltiorrhiza wilt, and the control efficiency of pot experiments is 65.71%.

Pseudomonas agarici strain ZL8 has broad-spectrum antifungal activity and potential as a biocontrol bacteria. The strain ZL8 was identified as Pseudomonas agarici with a genome of 7.21M. Among the 13 regions identified by secondary metabolite biosynthesis, DAPG and putisolvin biosynthesis with 100% similarity to the reference gene cluster from other Pseudomonas genome (Supplementary Figure 2). Putisolvin, including putisolvin I and putisolvin II, have the ability to reduce surface tension, inhibit biofilm formation and break down biofilms of Pseudomonas species including P. aeruginosa (Irene et al., 2004; Dubern et al., 2008). These two gene clusters for DAPG and arylpolyene biosynthesis (45% similarity, Supplementary Figure 2) have been identified as contributing to the biocontrol activity of Pseudomonas bijieensis (Dutta et al., 2020).

Phloroglucinols is a phenolic compounds produced by Pseudomonas spp., plants, and algae (de Souza et al., 2003). More than 60 phloroglucinol derivatives have been described and reported with antiviral, antibacterial, antifungal, antihelminthic, phytotoxic, antitumor, and plant growth regulating activities (de Souza et al., 2003). DAPG, a derivative of phloroglucinol, has antifungal activity and can inhibit soil-borne diseases (Meyer et al., 2016). DAPG-producing Pseudomonas generally exhibited higher plant protective activity than biocontrol Pseudomonas that did not produce DAPG (Rezzonico et al., 2007). In this study, we found that strain ZL8 contained a DAPG biosynthesis gene cluster, and isolated DAPG from the fermentation broth of strain ZL8, and we also found that DAPG has broad-spectrum antifungal activity and was the most potent inhibitory compound against Fusarium spp. 4–8-fold higher than the positive control group.

To further analyze the mechanism by which DAPG inhibits the growth of Fusarium, molecular docking was performed using DAPG with sites I and II of protein crystal structures of Fusarium TRI101 (PDB ID: 6ui4) (Supplementary Figure 7B) and TRI101 is related to the growth and pathogenicity of Fusarium (Zhou et al., 2020). The lowest binding energies obtained for sites I and II were 5.9 and 5.8 kcal/mol, respectively, indicating that DAPG has a higher binding affinity for site I than for site II. DAPG is mainly surrounded by hydrophobic bonds formed by internal pocket residues, including Ile67, Tyr68, Ser77, Pro80, Phe81, Gly136, Glu139, Ala140, Arg143, Ser287, Ile290, and Ala291. DAPG formed hydrogen bonds with polar residues in the cluster inside the site I pocket, such as Phe8, Arg82, and Tyr87, with bond distances of 2.7 Å, 2.5 Å, and 2.4 Å, respectively. In addition, molecular docking studies showed structural evidence of the drug similarity of DAPG and its binding mode to site I.

Fusarium belong to the familiar group of filamentous fungi in agriculture and forests. This group includes many species that cause devastating diseases in major crops, such as wheat, maize, rice, and barley, causing severe yield losses and mycotoxin contamination in infected grains (Zhou et al., 2020). Myosins consists of a superfamily of ATP-driven molecular motors involved in a variety of cellular processes, including muscle contraction, vesicular trafficking, cytokinesis, organelle movement, and sensory transduction. Myosins are grouped into 35 classes based on sequence homology, of which myosin II is the conventional myosin responsible for muscle contraction (Ross et al., 2008; Hartman and Spudich, 2012). Furthermore, only a single class I myosin exists in all Fusarium species (Zhou et al., 2020). In this study, DAPG has a unique inhibitory effect on Fusarium, and molecular docking results show that DAPG binds to two class I myosin sites, providing a basis for further research on the antifungal mechanism of DAPG.

Pyoverdine is a complex mixed-type siderophore containing hydroxamate and catecholate groups (Schalk et al., 2011; Bouizgarne, 2013) synthesized by strains of P. putida, P. syringae, and P. aeruginosa (Bouizgarne, 2013). The strain ZL8 genome contains the for Pyoverdine biosynthetic gene cluster with a similarity of 29% (Supplementary Figure 2) compare with Pseudomonas protegens (Stintzi et al., 1999). In the chrome azurol S (CAS) assay, strain ZL8 was found to have the ability to produce siderophore. In addition, strain ZL8 has the ability to produce IAA and dissolve phosphate. In general, plant growth-promoting bacteria have the ability to produce siderophores, as well as the ability to produce growth IAA, phosphate solubilization and nitrogen fixation (Karimi et al., 2012; Ali et al., 2019). This indicates that strain ZL8 has the potential to become a plant growth-promoting bacteria.

Previously reported commercial value assessment strategy (Zheng et al., 2011) have been used to evaluate some fungi (Zheng et al., 2011) and bacteria (Karimi et al., 2012; Ali et al., 2019) as biocontrol agents and biofertilizers. The biocontrol agent potential and biofertilizer ability of strain ZL8 were evaluated using this system and scored 29 points (out of 32 points), indicating that strain ZL8 has commercial value as a biocontrol agent and biofertilizer.



CONCLUSION

In the current study, various fungi-associated (mycorrhizal-like) bacteria, including Pseudomonas agaricus ZL8, were isolated from the sclerotia of P. umbellatus. Strain ZL8 has a significant inhibitory effect on phytopathogenic fungi, and has an inhibitory effect on S. miltiorrhiza wilt indicating that strain ZL8 can be used as a biological control of phytopathogenic fungi. At the same time, it was also found that strain ZL8 has the effect of promoting plant growth, significantly increasing the biomass and growth rate of plants, and its mechanism of promoting plant growth is to solubilize phosphate, produce siderophore and IAA. Furthermore, the antifungal mechanism of strain ZL8 is the production of DAPG, which has broad-spectrum resistance to plant pathogens. This study provides support for the development of P. agaricus ZL8 for biocontrol agents and bio fertilizers, and also provides new insights into the discovery and utilization of new resources for biocontrol agents and biolfertilizers.
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Successive planting and monoculture, as common forest management methods, are widely used globally, especially in Chinese fir plantations in the subtropical areas of southern China. Although soil fertility depletion and productivity decline caused by successive planting have been widely reported, the underlying mechanism is still ambiguous. In this study, the composition and diversity of soil microorganisms (rhizosphere and bulk soils) in Chinese fir seedlings exposed to successive planting soils (first-generation Chinese fir seedings, FCP. second-generation Chinese fir seedings, SCP. third-generation Chinese fir seedings, TCP) and broadleaf tree species soil (Phoebe zhennan S. Lee et F. N. Wei, CK) were examined with high-throughput sequencing technology. Our findings revealed that the diversity and richness of bacterial and fungal communities were remarkably reduced in TCP than FCP and SCP, and were remarkably different between FCP and SCP. At the phylum level, the fungi with greatest relative abundance were Basidiomycota (5.74–32.88%) and Ascomycota (57.63–87.38%), while the bacteria with the greatest relative abundance were Acidobacteria (23.16–31.17%) and Proteobacteria (24.71–29.32%) for all treatments in both soil types. Additionally, the relative abundance of some pathogens (Penicillium and Burkholderia) was significantly higher in TCP than in FCP and SCP, suggesting that the presence of pathogens is an important factor in increasing the incidence of soil-borne sickness. Moreover, changes in fungal and bacterial communities were predominantly driven by soil dissolved organic carbon (DOC), DOC/DON ratio (DOCN), NO3–-N, microbial biomass carbon (MBC), and MBC/MBN ratio (MBCN). Overall, the long-term monoculture of Chinese fir promotes the microecological imbalance of rhizosphere and bulk soil, and remarkably reduced soil microbial community diversity. These results can provide a scientific support for the implementation of future management measures for fir plantations (e.g., fertilization, addition of microbial fungicides, and construction of mixed forests).

KEYWORDS
successive planting, soil microbial community, high-throughput sequencing, soil nutrient environment, Chinese fir


Introduction

Chinese fir (Cunninghamia lanceolata Lamb. Hook.) is considered one of the most valuable indigenous timber species in southern China owing to its stiff stem shape, outstanding timber characteristics, fast growth and high yield (Yan et al., 2021). The Ninth National Forest Resources Survey showed that the fir plantation forest has an area of 1.48 × 106 ha and a storage volume of 7.75 × 109 m3, covering for 1/4 and 1/3 of the national forest area and storage volume, respectively, both ranking first in China (Cui and Liu, 2020). The timber market is often short in supply with the rapid development of China’s economy. However, the main Chinese fir afforestation practice is to create single planting, successive planting, and short-term rotation with a limit of 20 or 25 years (Miao et al., 2019). These practices lead to many ecological problems, such as land failure and the decline of forest productivity (Tian et al., 2011a; Farooq et al., 2019). The causes for the reduction in productivity can be attributed to the loss of soil nutrition (Yang et al., 2016), the autotoxicity of root systems (Sun and He, 2019), and alterations in microbiological community structure (Wu et al., 2017). However, comprehensive and in-depth research on rhizosphere and bulk soil microbial communities and their interaction mechanisms in successively planted Chinese fir and its application to the management of fir plantations are lacking.

Many scholars worldwide have carried out much research on successive planting, but their results are not similar. For example, There was no decline in productivity between the second and third generations of Pinus patula plantations in the Swiss Usutu forest (Evans, 1999). The net primary productivity of Chinese fir has dropped remarkably between first rotation and second rotation (Tian et al., 2011b). A recent study showed that with the increase of stand age, the nitrogen cycling in C. lanceolata plantations is determined by biological processes (Ma et al., 2007; Wu et al., 2017).

Microbes are very sensitive to variations in the environment and available nutrients (Huhe et al., 2017). Xia et al. (2012) found that the content of MBC and the quantities of bacteria in bulk soil decreased significantly compared with rhizosphere soil in Chinese fir plantations. Meanwhile, the increase of pathogenic fungal caused by Chinese fir replant has also been reported. Luo et al. (2020) found that the number of Fusarium in rhizosphere soil of Cunninghamia lanceolata increased significantly with the increase of successive planting algebra. The successive planting of Chinese fir decreases soil pH, available phosphorus (AP), available nitrogen (AN), soil microbial biomass carbon (MBC), and microbial biomass nitrogen (MBN) (Xian et al., 2020), which may lead to changes in microbial community structure and diversity. Liu et al. (2010) showed that continuous planting of fir altered microbial communities related to nitrogen cycling and two functional genes (by DGGE), the Shannon index revealed that monospecific C. lanceolata plantations had lower bacterial diversity and two functional gene diversities (nifH and amoA) than mixed stands, but the opposite was observed for fungal diversity. Li et al. (2005) also found that bacterial and actinomycete populations decreased with successive plantings of fir, but fungal populations increased (DGGE). However, previous techniques for studying soil microbial composition in successive Chinese fir have focused on denaturing gradient gel electrophoresis (DGGE), phospholipid fatty acids (PLFAs), and community-level physiological profiles (Wu et al., 2017). Since the detection resolution of these technologies is severely constrained at the taxonomic level, it is not possible to perform extensive research on the soil microorganisms in the successive planting of Chinese fir.

Overall, climate (Yang and Wu, 2020), soil fertility (Camenzind et al., 2018), management measures (Hartmann et al., 2012), and geographical situation (Li et al., 2019) will affect the soil microbial community. Therefore, the results of successive planting on soil microbial community vary greatly because of the complexity and diversity of factors. For example, the successive planting of Eucalyptus reduced the number of soil microbial communities (measured by PLFA) and enzyme activity, but it eased with the increase in forest age (Chen et al., 2013). However, the diversity of soil fungi increased in Casuarina equisetifolia plantations (Zhou et al., 2019). In addition, autoinhibition and allelopathy caused by continuous planting of Chinese fir have also been reported. Chen et al. (2014) showed that the extracts of leaf litter, fine roots and root exudes had significant inhibition on the growth of Chinese fir germinant, and the inhibition increased with continuous planting. This inhibition effect was greater in rhizosphere soils than bulk soils.

This research applied a high-throughput sequencing method to explore the variations in rhizosphere and bulk soil microbial communities, clarify the characteristics of soil microbiome inside successive planting of Chinese fir, and reveal the main environmental factors that cause alterations in soil microbial communities. In particular, we supposed that: (1) successive planting will reduce the diversity of rhizosphere soil bacteria and fungi, and soil microbial community structure will also change accordingly; (2) changes in soil microbial community structure are related to soil nutrients [e.g., dissolved organic carbon (DOC), dissolved organic nitrogen (DON), available phosphorus (AP)] and/or environmental factors (e.g., bulk density, soil moisture content). Our study will advance knowledge of microbial diversity and community structure in response to successive planting and offer theoretical guidance for long-term management of Chinese fir plantations.



Materials and methods


Sampling site

The soil sampling site was located in fir plantations with different successive generations in An Caoxia, Xiahou Village, Wangtai Town, Nanping City, Fujian Province (117° 57′ E, 26° 28′ N, Figure 1). The area has an altitude of about 200 m, a middle subtropical monsoon climate with a mean annual temperature of 18.9°C, total annual average precipitation of 1,969 mm, an average annual evaporation of 1,143 mm, and an average annual relative humidity of 83%. The soil is red soil developed by granite with a thickness above 100 cm and a loose surface layer. The first-generation fir plantation was planted in 1919 from clear cutting. The second-generation fir plantation, 500 m away from the first-generation fir plantation, was established in 1997 after slash burning first-generation fir plantation that was established in 1970 after the felling of evergreen broadleaved forests. The third-generation fir plantation, which is 1.3 km away from the first-generation fir plantation and 600 m away from the second-generation fir plantation, was established in 1996 after clear cutting the second-generation fir plantation that was built in 1971 after cutting the first-generation fir plantation, this plantation established from the natural evergreen broad-leaved forest in the 1930s. The Phoebe zhennan plantation was established in 1975 and is 1.2 km away from the first-generation fir plantation. Three sample plots (20 m × 20 m) were set up for each stand type to investigate stand basic information (Supplementary Table 1). Five sample points were selected for each sample plot by S-shaped sampling method. The top layer of dead branches and leaves were removed, and the soil in the 0–40 cm layer was collected and transported to Fujian Agriculture and Forestry University to be mixed and used as the substrate for potting experiments.
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FIGURE 1
Location of soil sampling site with varying generations at the Wangtai Town, Nanping City, Fujian Province, China. CK, Nanmu plantation; FCP, first-generation plantation; SCP, second-generation plantation; TCP, third-generation plantation.




Experimental design

The well-mixed successive planted fir soil was used as the culture substrate and was packed into pots of uniform size (28 cm × 30 cm). Fir seedlings of the same size (35–40 cm in height and 1.5–2.0 cm in diameter) were planted in pots. These fir seedlings are all excellent species selected by the subject group in the previous stage (Luo et al., 2019) and three replicates per treatment. Each replicate has 10 plants, total 120 plants. The cultivation site was the backyard of Laboratory 2, Science and Technology Park, Fujian Agriculture and Forestry University, and the cultivation period was 2 years, during which only normal watering and weeding management were carried out.



Soil sample collection and labeling

Soil samples were taken after 2 years, the soils that are firmly attached to the root surface and collected after the roots have been shaken were identified as rhizosphere soils (Phillips and Fahey, 2006), while bulk soil was defined as root-free soil. Rhizosphere and bulk soil samples were labeled as “r” and “nr.”



Soil sample analysis


Method for determining soil chemical properties

The collected soil samples were divided into three parts and exposed to 4°C (for soil DOC, DON, microbial biomass, NO3–-N), normal temperature (for soil TC, TN, AP, NH4+-N) and –80°C (for high-throughput sequencing). Soil total carbon (TC) and total nitrogen (TN) were examined using an element analyzer (VARIO MAX, Germany). Chloroform fumigation leaching was used to recover soil MBC and MBN (Vance et al., 1987). Soil mineral nitrogen (NH4+-N and NO3–⁣–N) was isolated by leaching with 1 M KCl solution and then determined by a fully automated interrupted chemical analyzer (Smartchem 200, AMSAliance, Italy). DOC and dissolved organic nitrogen (DON) were obtained by water leaching (2:1 water-to-soil ratio) and examined by a TOC analyzer equipped with a TN unit (TOC-LCPH, Shimadzu Scientific Instruments, Japan). Soil available phosphorus (AP) was determined by sodium hydroxide fusion-molybdenum antimony colorimetric (Liu et al., 2017).



Soil total DNA extraction

Using the PowerSoil® DNA Isolation Kit from MOBIO, United States, the total DNA of soil microorganisms was extracted according to the manufacturer’s instructions. DNA quality was determined by combining NanoDrop (DNA purity assay), Qubit (DNA concentration assay), and agarose gel electrophoresis (RNA integrity assay).



PCR amplification of soil bacterial 16S rRNA and fungal ITS regions

The V3–V4 region of 16S rRNA was amplified using a specific primer with a barcode. The bacterial V3–V4 region primers were: 341F: CCTAYGGGRBGCASCAG and 806R: GGACTACNNGGGTATCTAAT. The fungal ITS2 region was amplified by using the specific primers: F: GCATCGATGAAGAACGCAGC and R: ATATGTAGGATGAAGAACGYAGYRAA.

Soil bacterial 16S rRNA (V3–V4) and the conserved fragments of the fungal ITS2 region were amplified. The extracted microbial genomic DNA was assayed for DNA concentration and quality by NanoDrop. The target fragments were amplified by a two-step PCR method. The first step of PCR amplification obtains the target fragment of the corresponding region. The PCR reaction system (25 μL) comprised 0.75 μL of forward primer, 0.75 μL of reverse primer, 0.5 μL of dNTP, 5 μL of GC, 5 μL of buffer, 0.1 μL of Q5 polymerase (NEB), and 12.9 μL of ddH2O. The PCR reaction procedure was: 95°C for 5 min; 15 cycles of 95°C for 1 min, 50°C for 1 min, and 72°C for 1 min; and an extension of 72°C for 7 min. The second step of PCR amplification adds the index to distinguish the samples. The PCR reaction program was: 10 cycles of 98°C for 30 s, 98°C for 10 s, 65°C for 30 s, and 72°C for 30 s and an extension of 72°C for 5 min. The amplified product was detected by 2% agarose gel electrophoresis. The PCR product was purified by AMpure magnetic beads, and NanoDrop was used for quantification and quality assessment. The samples were mixed with the same mass. Then, the target band was recovered by gelatinization. The mixed sample library was subjected to Agilent 2100 Bioanalyzer detection and quantitative PCR test and then sequenced using Hiseq2500 PE250.




Data processing

UCLUST (Caporaso et al., 2010) in QIIME software (Edgar, 2010) was applied to aggregate the tags at 97% similarity level obtain operational taxonomic units (OTUs). Then, the OTUs were classified through the Silva taxonomic database to obtain species at each level composition and their relative abundance.

Alpha diversity (Shannon, Chao1, and ACE) was calculated by Mothur (V.1.34.0)1 (Kemp and Aller, 2004). The number of sequences present in the samples was clustered at the 97% similarity level to generate the community richness index (Chao1, ACE) and diversity index (Shannon), which were used to compare the diversity index between samples.



Statistical analysis

Two-way analyses of variance (ANOVAs) were performed to determine the effects of successive generations, soil types (rhizosphere and bulk soil) and their interactions on soil abiotic properties and microbial attributes (OTUs, Shannon, ACE, Chao1). To determine the differences between soil abiotic characteristics, microbial biomass, microbial diversities, and relative abundance of microbial most abundant phyla, genus, and alpha diversity index, one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference tests were performed. Using the “ape” and “vegan” packages in R software, principal coordinate analysis (PCoA) based on the Bray-Curtis distance, and PERMANOVA (Adonis) were used to visualize the community structure among different successive generations. Redundancy analysis (RDA) was utilized to elucidate the correlation between soil microbial composition with environmental factors based on OTU relative abundance data (Canoco5).2 Then, the significance of RDA correlations was examined using the Monte Carlo permutations test (999 permutations). All statistical analysis was completed by R v 3.6.2.




Results


Soil abiotic properties

Two-way ANOVA with repeated measurements showed a substantial connection among successive planting generations and soil types on soil nutrients, such as MBC and NO3–-N (Supplementary Table 2, P < 0.01). Different control practices (CK and replant) prominently changed the soil nutrients, except for TN, DON, and MBN. Soil types also affected DOC, DOCN, MBC, MBCN, NH4+-N, and AP (Supplementary Table 2, P < 0.01). In the rhizosphere soil, the TCN, MBCN, TC, TN, MBC, MBN, DON, and NO3–-N contents showed varying degrees of decline in TCP compared with FCP and SCP (Table 1). DON and NO3–-N contents of the TCP were significantly lower than in FCP by 49.18 and 53.62%. TC and TCN of the TCP were significantly lower than in the SCP by 41.30 and 51.13% (Table 1). In the bulk soil, although the TC, TCN, and DON decreased in varying degrees in TCP than in FCP, the differences were not noticeable. However, TC and TCN in TCP were remarkably lower than those in SCP, by 27.84 and 25.87%, respectively (Table 1). MBC, MBCN, and NO3–-N in SCP were notably lower than those in FCP (Table 1), by 106.31, 121.49, and 121.57%, respectively.


TABLE 1    Soil abiotic properties in Chinese fir seedings with different successive planting generations (rhizosphere and bulk soil).

[image: Table 1]



Diversity of soil microbial community

A total of 338,331,182 and 29,688,104 high-quality 16S rRNA and ITS gene sequences were obtained by flowing quality filtering and chimera detection, and the average lengths of the sequences were 448 and 347, respectively. In all sample, the number of 16S rRNAs were 58,691–71,937, and the number of ITS varied from 12,976 to 17,449 (Supplementary Table 3). These sequences were categorized as OTUs (97% similarity). The OTU numbers of all soil bacterial and fungal samples were 5,408–9,631 and 970–1,533, respectively (Supplementary Table 3).

Two-way ANOVA with repeated measurements showed that successive planting generation and soil type affected the diversity indices of bacteria and fungi, such as Chao1, ACE, and Shannon indices (Supplementary Table 4). In the rhizosphere soil, except for the ACE index, Chao1 in TCP decreased significantly by 38.86% compared with FCP, whereas the Shannon index was markedly lesser in TCP compared with FCP and SCP, decreased by 1.61 and 5.01% (Table 2). The Shannon index of fungi was markedly lesser in TCP compared with FCP and SCP, decreased by 2.91 and 8.92%. Chao1 index, and ACE index were lower in TCP than in SCP, but no obviously change was observed between SCP and TCP apart from the OTUs (Table 3). In bulk soil, except for the Shannon index in TCP, which was considerably lower than that in SCP, the other indices did not substantially decrease in TCP than in SCP, but were lower in SCP than in FCP (Table 2). The fungal alpha diversity showed that the Shannon index, and ACE index in TCP were significantly lower than those in SCP (Table 3).


TABLE 2    Alpha diversity indices of soil bacteria in different successive planting generations.
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TABLE 3    Alpha diversity indices of soil fungi in different successive planting generations.
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Soil microbial community composition

The bacterial communities with supreme relative abundances at the phylum level were Acidobacteria (23.17–31.17%) and Proteobacteria (24.71–29.31%), followed by Actinobacteria (5.72–14.85%) and Planctomycetes (4.55–12.51%) (Figure 2 and Supplementary Figure 1). The relative abundance of Acidobacteria was in the order: FCP > TCP > SCP > CK, and the difference between successive generations was significant (Figure 2). In comparison, the relative abundances of Proteobacteria and Actinobacteria showed an increasing trend with successive generations (Figure 2 and Supplementary Figure 1).


[image: image]

FIGURE 2
Relative abundance of predominant bacterial community in successive generations within rhizosphere soil at the phyla level. Other stands for undefined categories. Value show means ± standard error (n = 3). Different lowercase letters show significant differences. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings. r, rhizosphere soil.


Among all treatments at soil types, the fungal communities with the highest relative abundance at the phylum level were Ascomycota (57.63–97.38%) and Basidiomycota (5.74–32.89%) (Figure 3 and Supplementary Figure 2). The different successive generations had different effects on bacteria and fungi at the phylum level. Particularly, in all soil types, the relative abundance of Ascomycota was noticeably lower in TCP than in SCP (Figure 3 and Supplementary Figure 2), but its relative abundances in FCP and SCP were not substantially different (Figure 3). Compared with FCP and TCP, the relative abundance of Basidiomycota was markedly lesser in SCP but was not significant difference between FCP and TCP in bulk soils (Supplementary Figure 2). In addition, Glomeromycota and Zygomycota differed remarkably in FCP and SCP at the phylum level, whereas Chytridiomycota had no visible differences among all treatments (Supplementary Figure 2). In the rhizosphere soil, the relative abundance of Basidiomycota was obviously higher in TCP and CK than in FCP and SCP, but no significant difference was found between FCP with SCP (Figure 3). Moreover, the relative abundances of Chytridiomycota and Zygomycota did not remarkably change with the replant (Figure 3).


[image: image]

FIGURE 3
Relative abundance of predominant fungal community in successive generations within rhizosphere soil at the phyla level. Other stands for undefined categories. Value show means ± standard error (n = 3). Different lowercase letters show significant differences. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings. r, rhizosphere soil.


The bacteria with the highest relative abundances at the genus level were Candidatus Solibacter, Candidatus Koribacter, and Rhodoplanes (Figure 4 and Supplementary Figure 3), whereas the highest relative abundance of fungi at the genus level was found in Trichoderma and Cryptococcus (Figure 5 and Supplementary Figure 4).
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FIGURE 4
Relative abundance of predominant bacterial community in successive generations within rhizosphere soil at the genus level. Other stands for undefined categories. Value show means ± standard error (n = 3). Different lowercase letters show significant differences. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings. r, rhizosphere soil.



[image: image]

FIGURE 5
Relative abundance of predominant fungal community in successive generations within rhizosphere soil at the genus level. Other stands for undefined categories. Value show means ± standard error (n = 3). Different lowercase letters show significant differences. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings. r, rhizosphere soil.


Following PCoA analyses, the ordination diagram for the soil samples under the CK treatment and successive planting of fir showed independent clusters, and PERMANOVA analysis revealed significant differences in the microbial community structure between treatments (Figures 6, 7 and Supplementary Table 7).
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FIGURE 6
Principal coordinate analysis (PCoA) for bacterial in different fir seedings and soil types (using combined rhizosphere soil and bulk soil data). Data were obtained from different successive planting generations and soil types CK, Nanmu seedings; FCP, first generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; r, rhizosphere soil; nr, bulk soil.



[image: image]

FIGURE 7
Principal coordinate analysis (PCoA) for fungal in different fir seedings and soil types (using combined rhizosphere soil and bulk soil data). Data were obtained from different successive planting generations and soil types CK, Nanmu seedings; FCP, first generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; r, rhizosphere soil; nr, bulk soil.




Correlation between soil microbial diversity and chemical properties

Based on the RDA characteristic values, axes 1 and 2 explained 60.28 and 19.16% of the variation in the bacterial community of the two soil types, respectively (Figure 8). In addition, Monte Carlo permutation tests indicated the significant impacts of key soil abiotic properties on the structure of the bacterial and fungal community (Supplementary Table 6). RDA results elucidated that MBC, MBCN, NO3–-N, DOC, and TC were the key supporters of the shift in soil bacterial communities (Figure 8). MBC, MBCN, DOC, DOCN, and AP were remarkably negatively correlated with the diversity indices (Chao1, ACE, and Shannon indices), and TC, TCN, and NO3–-N were remarkably positively correlated with the diversity indices in rhizosphere soil (Supplementary Table 5). Moreover, TC, DON, and AP were substantially negatively correlated with the diversity indices (Chao1, ACE, and Shannon indices), and MBC, MBCN, NH4+-N, and NO3–-N were considerably positively correlated with the diversity indices in bulk soil (Supplementary Table 5).
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FIGURE 8
Redundancy analysis (RDA) explains the impact of environmental variables (arrows) on the structure of bacterial community in different seedings and soil types (using rhizosphere soil and bulk soil data). The values for axis 1 and axis 2 are the percentages explained for the correspondent axes. Data were obtained from different successive planting generations and soil types (CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; r, rhizosphere soil; nr, bulk soil).


Similarly, the RDA results showed that axes 1 and 2 explained 43.88 and 16.84% of the variation in the fungal communities of the two soil types, respectively (Figure 9). All of soil abiotic components, namely, MBC, MBCN, NO3–-N, DOC, DON, and DOCN occupied the largest proportion of the alteration in soil fungal communities (Figure 9). TC, TCN, DOCN, and NH4+-N were remarkably positively correlated with the diversity indices (Chao1, ACE, and Shannon indices), and MBC, MBCN, DON, NO3–-N, and AP were remarkably negatively correlated with the diversity indices in rhizosphere soil (Supplementary Table 5). DOCN, NH4+-N, TC, TN, and TCN were remarkably positively correlated with the diversity indices (Chao1, ACE, and Shannon indices), and MBC, MBCN, NO3–-N, and AP were notably negatively correlated with diversity indices in bulk soil (Supplementary Table 5).
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FIGURE 9
Redundancy analysis (RDA) explains the impact of environmental variables (arrows) on the structure of fungal community in different seedings and soil types (using rhizosphere soil and bulk soil data). The values for axis 1 and axis 2 are the percentages explained for the correspondent axes. Data were obtained from different successive planting generations and soil types (CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; r, rhizosphere soil; nr, bulk soil).





Discussion


Effects of successive planting on soil microbial community diversity

Forest ecosystems differ because of stand structure, litter properties, and seasonal changes (Ren et al., 2017). These differences may affect soil bacterial and fungal communities. Soil microbial diversity including richness indices (Chao1, ACE) and diversity indices (Shannon, Simpson) (Du et al., 2017). The results of the current study indicate that the richness and diversity indices of bacteria and fungi in rhizosphere soils were lower in TCP than in FCP and SCP (Tables 2, 3). Our research results are partially in line with a previous study, which revealed that as Cunninghamia lanceolata replants, bacterial diversity declines, but the fungal diversity becomes richer within SCP and TCP compared with FCP in rhizosphere soil (Wu et al., 2017). By contrast, some researchers reported a decline in fungal diversity in the pure planted stands of C. equisetifolia, which is in line with our study (Zhou et al., 2019). The opposite outcomes for fungi may be attributed to the use of different research methods. Wu et al. (2017) used PLFAs to study changes in soil microorganisms, whereas Zhou et al. (2019) used the pyrophosphate sequencing technique. Although PLFA is a fast quantitative analysis method for soil microbial structure, new-generation sequencing technologies are more credible in exploring microbial communities (Liu et al., 2020), as they deliver information at a higher quality and resolution, and they not constrained by certain microbial taxa (Wang et al., 2022), such as PLFA. In addition, this study also found that bacterial (Shannon index) and fungi diversity (ACE index) was inferior in the rhizosphere soil than in the bulk soil (Tables 2, 3). This outcome may be influenced by plant root activity (Cao et al., 2017), which resulted in the critical distinction among the physicochemical properties of rhizosphere and bulk soils. For example, DOC and NO3–-N contents in rhizosphere soil were remarkably lower than those in bulk soil (Table 1), which further led to alterations in the composition of the rhizosphere soil’s microbial community (Sun et al., 2020). For a long time, biodiversity has been seen as a decisive driver of ecosystem function, whereas the biodiversity of the subsurface has long been neglected because of its high redundancy. Increasing evidence shows that the missing microbial diversity will damage a variety of ecosystem activities, such as litter breakdown (Veen et al., 2021) and nutrient uptake (Xu et al., 2021). Prior analysis has shown that soil biodiversity can promote litter decomposition, minimize nutrient leaching, and contribute to the maintenance of nutrient turnover in the surface and subsurface parts of the microbial community (Ritter et al., 2018). Most former studies believed that the decline in productivity in fir plantations is attributed to the decline in soil nutrients (Farooq et al., 2019), but the problem cannot simply be solved by fertilization (Wu et al., 2017). This finding also demonstrates the importance of microbes in resolving this problem. Our research results answered the previous hypothesis by showing that the richness and diversity of bacteria and fungi decreased in TCP compared with those in FCP and SCP (Tables 2, 3). Unexpectedly, for the most part, no remarkable rise or decline in soil TN and MBN contents was observed in FCP and SCP (Table 1). However, soil NO3–-N in SCP and TCP remarkably decreased compared with that in FCP at both sampling soils (Table 1). Therefore, soil nitrogen, especially mineral nitrogen, may be a more restricted nutrient than TC and AP in the subtropical regions of China, considering its unavailability in C. lanceolata plantations (Yu et al., 2021).



The change of soil bacteria and fungi community composition

Deep sequencing results showed that Basidiomycota and Ascomycota were the principal groups among the fungal phyla, and Acidobacteria, Proteobacteria, Actinobacteria, and Planctomycetes were the dominant groups among the bacterial phyla (Figures 1, 2). These results were consistent with previous studies (Wang et al., 2018; Liu et al., 2020). Our studies suggest that the relative abundances of the dominant communities at the fungal phylum level changed considerably with successive planting (Figure 3 and Supplementary Figure 2). Related studies showed that Mucoromycota was the first immigrant among the fungal communities, followed by Ascomycota (Torres et al., 2005), which is regarded as a degrader of cellulose or sugar fungi, but has restricted ability to degrade lignin (Osono, 2007). However, Basidiomycota dominated the subsequent litter decomposition because of its ability to degrade recalcitrant lignin in the litter (Osono, 2020).

The litterfall of Chinese fir has its own morphological and chemical features that result in its slow decomposition and nutrient cycling processes (Wang et al., 2019). Fungi have an important role in promoting litter decomposition and carbon cycling in forest ecosystems due to their broader ability to take up carbon (Lodato et al., 2021). In this study, the minimum relative abundance of Ascomycota and the maximum relative abundance of Basidiomycota in the TCP (Figure 3) suggest that potential change in the carbon composition of fir plantation forests over time. Specially, stubborn carbon pooling occurred in the soil as the successive generations increased and caused an elevation in the relative abundance of lignin degraders (Basidiomycota) and a decrease in the relative abundance of sugar fungi (Ascomycota). The results suggested that the successive planting of Chinese fir plantations reduce the source of soil carbon, which was manifested by the remarkably lower soil TC content in TCP compared with those in FCP and SCP (Table 1). This finding is consistent with prior research, which found that the soil carbon metabolic activity in the successive rotations of fir plantations is in the order: FCP > SCP > TCP (Wu et al., 2017).

Penicillium was found in the two soil types and was remarkably higher in TCP than in FCP and SCP (Figure 5 and Supplementary Figure 4). Studies have shown that Penicillium can cause plant diseases. For example, the green and blue mold caused by Penicillium digitatum and Penicillium italicum are the two main diseases of citrus after picking that cause great economic losses (Chen et al., 2019). In addition, we also found that the relative abundances of Trichoderma in SCP and TCP were markedly lower than that in FCP (Figure 5). According to earlier reports, Trichoderma can act as an inhibitor of soil fungal diseases (Fiorentino et al., 2018; Zhang et al., 2018).

This study found that the relative abundance of Acidobacteria ranks at the top of the bacterial categories in rhizosphere and bulk soils (Figure 2 and Supplementary Figure 1). Earlier works have shown that Acidobacteria is the primary taxon in highly acidic soils (4 < pH < 5) (Lauber et al., 2009), which is consistent with our study. Successive planting had a remarkable impact on the relative abundance of primary bacterial phyla (Acidobacteria, Proteobacteria, and Actinobacteria), which is most likely related to soil pH. Previous studies by our group showed that soil pH decreased from 3.97 to 3.84 with the increases of successive generations, soil pH was markedly lower in TCP than in FCP and SCP, and the difference in soil pH between FCP and SCP was significant (Wei et al., 2016). The rest of the studies also showed that soil pH is a key factor affecting soil bacterial communities (Mayerhofer et al., 2021). This study found that the relative abundances of Actinobacteria and Proteobacteria in the rhizosphere soil of TCP was higher than those of FCP, and the same situation also occurred in the bulk soil (Figure 2 and Supplementary Figure 1). The former may be due to a large amount of litter in the TCP, because Actinobacteria can use lignin-derived compounds to participate in litter decomposition (Kirby, 2005), while the latter may be associated with a broader ecological niche, Proteobacteria are most common in terrestrial soils (Kim et al., 2021). Burkholderia was found in the two soil types and was remarkably higher in TCP than in FCP and SCP (Figure 4 and Supplementary Figure 3). Some studies have shown that Burkholderia can cause onion stem rot (Yuan et al., 2007; Tsuji and Kadota, 2020). Notably, inadequate or incorrect taxonomic annotation of species in international DNA databases due to current technical limitations has greatly limited our identification of bacteria and fungi.



Environmental factors influencing soil microbial community structure

RDA, correlation analysis and Monte Carlo permutation tests showed that changes in the nutrient environment of successive seedings had different effects on the changes in soil bacterial and fungal communities (Figures 8, 9 and Supplementary Tables 5, 6). In general, soil NO3–-N, DOC, DOCN, MBC, and MBCN played an extremely important role in driving changes in soil microbial communities, but the bacterial and fungal communities differed in size and direction.

Soil DOC were important in shaping the microbial community composition (Cookson et al., 2007), and Pearson correlation analysis showed that DOC was significantly and negatively correlated with bacterial community alpha diversity in rhizosphere soils (Supplementary Table 5). We speculate that this may be caused by a significant increase in the relative abundance of Actinobacteria. Relevant studies point out that Actinobacteria tend to utilize recalcitrant carbon sources and are insensitive to DOC uptake (Verzeaux et al., 2016).

In additions, the DOC content of rhizosphere soils in SCP and TCP was significantly higher than that in FCP (Table 1), which may be related to the plant root activity (Philippot et al., 2013; Ren et al., 2018). Chinese fir in SCP and TCP are in the fast-growing and productive period at this time, and their root activity is higher than that in FCP, so they will produce a large amount of root exudates. According to related studies, plant root exudates contain low molecular mass compounds and sugar polymer, which can be used as carbon sources by rhizosphere microorganisms (Philippot et al., 2013). Thus, resulting in significantly higher DOC content of rhizosphere soils in SCP and TCP than in FCP.

Although soil MBC accounts for only 2% of SOC, MBC is important for soil carbon conversion and cycling. In the present study, the content of MBC in rhizosphere soil is higher than that in bulk soil (Table 1). Obviously, the greater diversity and richness of microbial and activity in rhizosphere soils is clearly the cause of this (Baldrian, 2017). The sequencing results showed that the bacterial and fungal richness index (Chao1 index) was 6.82 and 0.82% higher and the diversity index (Shannon index) was 0.66 and 5.03% higher in the rhizosphere soil than in the bulk soil. Moreover, we also found a significant negative correlation between MBC and bacterial and fungal communities, indicating that MBC is an important factor limiting microbial activity. This opinion is supported by Jing et al. (2020). They pointed out that MBC is an essential factor affecting microbial enzyme activity in temperate forest soils. Nitrogen is the most important nutrient element for life activities; NH4+–N and NO3–-N are the most convenient available nitrogen source for microorganisms (Huhe et al., 2017). Our study showed that NO3–-N was strongly positively correlated with the bacterial community, and NH4+-N was strongly positively correlated with the fungal community (Supplementary Table 5).




Conclusion

Overall, the study provides a clear indication of the decline in bacterial and fungal diversity in TCP compared with those in FCP and SCP. Our findings suggest that successive planting remarkedly alters the relative abundance of major bacterial and fungal groups. Moreover, the presence of pathogenic microorganisms (Penicillium and Burkholderia) and the reduction of beneficial fungi (Trichoderma) combined with the scarcity of available nitrogen. The combination of these factors is a key factor to the decrease in the productivity of continuous C. lanceolata plantations. MBC, DOC, nitrate nitrogen (NO3–-N) and stoichiometric ratio (MBCN, DOCN) also remarkably shaped bacterial and fungal communities.
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SUPPLEMENTARY FIGURE 1
Relative abundance of the most abundant bacterial group in different treatments in bulk soil at the phylum level. Others represented unclassified groups. Data are means ± standard error (n = 3). Significant differences are indicated with distinct lowercase letters. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; nr, bulk soil.

SUPPLEMENTARY FIGURE 2
Relative abundance of the most abundant fungal group in different treatments in bulk soil at the phylum level. Others represented unclassified groups. Data are means ± standard error (n = 3). Significant differences are indicated with distinct lowercase letters. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; nr, bulk soil.

SUPPLEMENTARY FIGURE 3
Relative abundance of the most abundant bacterial group in different treatments in bulk soil at the genus level. Others represented unclassified groups. Data are means ± standard error (n = 3). Significant differences are indicated with distinct lowercase letters. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; nr, bulk soil.

SUPPLEMENTARY FIGURE 4
Relative abundance of the most abundant fungal group in different treatments in bulk soil at the genus level. Others represented unclassified groups. Data are means ± standard error (n = 3). Significant differences are indicated with distinct lowercase letters. CK, Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP, third-generation seedings; nr, bulk soil.


Footnotes

1     https://mothur.org/wiki/download_mothur/

2     http://www.canoco5.com
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In the long-term growth process, alfalfa rhizosphere forms specific microbiome to provide nutrition for its growth and development. However, the effects of different perennial alfalfa cultivars on changes in the rhizosphere soil characteristics and microbiome are not well understood. In this study, 12 perennial alfalfa cultivars were grown continuously for eight years. Rhizosphere samples were tested using Illumina sequencing of the 16S rRNA gene coupled with co-occurrence network analysis to explore the relationship between alfalfa (biomass and crude protein content), soil properties, and the microbial composition and diversity. Redundancy analysis showed SOC and pH had the greatest impact on the composition of the rhizosphere microbial community. Moreover, microbial diversity also contributes to microbial composition. Soil properties (AP, EC, SOC and pH) exhibited a significant positive correlation with soil bacterial communities, which was attributed to the differences between plant cultivars. Partial least squares path modeling (PLS-PM) revealed that microbial biomass and community composition rather than diversity, are the dominant determinants in the rhizosphere soil nitrogen content of perennial alfalfa. Our findings demonstrate that the soil microbial biomass and composition of rhizosphere bacterial communities are strongly affected by cultivar, driving the changes in soil nitrogen content, and variances in the selective capacities of plants.
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alfalfa cultivars, soil properties, rhizosphere soil microbial community, microbial diversity, soil nitrogen


Introduction

Alfalfa (Medicago sativa L.) is a perennial forage legume with high yield and good nutritional quality that is widely considered important and cultivated (Annicchiarico, 2015). Owing to the high value in nutrients beneficial to livestock performance, alfalfa is known as “the queen of forage crops”(Hrbackova et al., 2020). The quality of alfalfa is mainly based on its protein content and fiber which affect animal feed digestibility and nutrient intake (Yang et al., 2021). Alfalfa being legume plants can fix nitrogen naturally through symbiotic nitrogen fixation (Fonouni-Farde et al., 2016). This characteristic can affect the content of crude protein, biomass of alfalfa plants, and soil N content. The crude protein content of alfalfa is relatively high (over 20% in its stems and leaves; Elfaki and Abdelatti, 2016), with significant differences generally found among different cultivars (Wang et al., 2022).

The rhizosphere is a critical hotspot for biogeochemical transformation and harbors one of the most complex, diverse, and active plant-associated microbial communities (Zhalnina et al., 2018), which is strongly influenced by both roots and the surrounding soil (Tkacz et al., 2020a). Rhizosphere effect describes the enrichment and activity of microbial cells near growing roots (Cúcio et al., 2016; Sasse et al., 2018). Previous studies have reported that some microbes are parasitic in plants and can interact with each other (Shelake et al., 2019). Rhizosphere microorganisms can also be recruited by the plant host to perform essential roles that contribute to soil nutrient cycling, healthy root growth, and plant community development in the soil ecosystem (Song et al., 2019). Therefore, plant growth and development are strongly affected by the responses of the rhizosphere microbial community, as it contributes directly in nutrient acquisition, defense, and abiotic stress responses (de Faria et al., 2021). Bulk soil is the main source of microbes colonizing the root rhizosphere, and plant genotype partially drives the selection of rhizosphere microorganisms (Mendes et al., 2018b). As a rich source of nutrients for soil microorganisms, plants affect the input and metabolism of microbial nutrition owing to differences in the distribution of core rhizosphere microorganisms of each plant variety (Zhang et al., 2021). Hence, understanding the influence of rhizosphere soil characteristics through differences in alfalfa cultivars is important for improving animal husbandry development and the soil N cycle (Samaddar et al., 2021).

The diversity and abundance of bacteria in plant rhizosphere soils are affected by several factors. Plants release root exudates, which significantly influence microbial responses, root architecture, and nutrient uptake (Wen et al., 2021). Cultivars can differ greatly in root exudate structure and release patterns, and therefore can strongly affect microbial activity and community structure. Previous reports have shown that changes in soil microbial diversity and structure are depend on plant species, soil physiochemical characteristics, and land use types (Mitchell et al., 2010; Brereton et al., 2020; Rossmann et al., 2020; Tkacz et al., 2020b; Xu et al., 2020). Soil bacterial communities are shaped by several soil factors (Llado et al., 2018), especially pH (Mod et al., 2021), along with other edaphic factors such as soil electrical conductivity (EC), soil organic carbon (SOC; Yashiro et al., 2016), total and available phosphorus (Dai et al., 2020). The diversity, composition, and biomass of soil microbial communities play key roles in nutrient acquisition, cycling, and movement patterns. Soil microbial biomass is a reserve of soil nutrients and has an excellent ability to decompose organic matter and convert complex N-rich organic matter into ammonia (Tao et al., 2019). Therefore, any changes in microbial responses can strongly affect crop growth.

A previous study reported the composition of naturally occurring rhizosphere bacterial populations and their metabolic activities differed between transgenic and unmodified alfalfa plants grown in the field (Tesfaye et al., 2003). While long-term planting of switchgrass did not significantly change the structure of the soil microbial community (He et al., 2017). To further explore these dynamics, the effects of plant genotype on the bacterial communities in maize (Aira et al., 2010), soybean (Sugiyama et al., 2014), rice (Shenton et al., 2016), common bean (Mendes et al., 2018a,b) and lima bean (Sousa et al., 2020) have been well studied. In addition, the mulberry and alfalfa intercropping system changed the soil physical and chemical properties and soil bacterial community (Zhang et al., 2018). However, little is known about the relationships between perennial alfalfa cultivars, rhizosphere soil properties, and soil bacteria. Plant–microbe–soil feedback can influence plant growth and the nutrient cycle, which play a fundamental role in plant community establishment and success (Baxendale et al., 2014). These interactions contribute to the nutrient acquisition of alfalfa and substantially increase the fitness of the host and of various soil properties.

Therefore, we determined the bacterial community composition as well as physiochemical properties and enzyme activities in rhizosphere soils of 12 perennial alfalfa cultivars. The goal of this experiment was to assess the effects of different cultivars on soil bacterial community diversity, composition, and networks. Finally, compared these effects to the relative influence of nitrogen content in long-term plant-soil histories. Differences in microbial enrichment in the alfalfa cultivars were observed based on the identification of the rhizosphere microbial community (Ma et al., 2020). In addition, the physiochemical properties of the rhizosphere soil were determined to explore the relationship between the microbial community composition and diversity. Our results illustrate how plant and soil microbes play a role in nitrogen content and which of these plant-mediated changes are most important in response to soil nitrogen content.



Materials and methods


Sample site and experimental design

The study was conducted at the experimental station of Northwest A&F University, located in Yangling Shaanxi (34°16′ N, 108°4′ E). The area has a warm temperate monsoon semi-humid climate with a mean annual temperature of 12.9°C and total annual precipitation of approximately 600 mm, and approximately 60% of the precipitation occurs between July and September. The soil type was Lou (Eum-Orthic Anthrosol; Zhong et al., 2020).

The planting area was 60 m × 18 m, dozens of alfalfa cultivars have been cultivated since 2012 under a green harvest management, between the different cultivars were separated by 1 m ridges. Before planting, the plots were plowed and homogenized to reduce soil variability. Clean cultivation, compound fertilizer (dissolved in water) and hand weeding are conventional practices for alfalfa cultivation in this region. Alfalfa sampled in this study was mowed three times per year and did not show evidence of pest attack, disease, or nutritional deficiency. After 20 days of cutting in July 2020, the alfalfa entered the budding stage (Fan et al., 2018). Twelve alfalfa cultivars samples (Table 1) were selected from dozens of alfalfa cultivars in the same growth stage, refers to budding stage.


TABLE 1    The twelve cultivars of alfalfa for this study.

[image: Table 1]

In this study, the plots had 18 m2 of each alfalfa cultivar, being 6 m2 the usable area for soil sampling. Before soil sampling, we used the five-point sampling method, as previously described (Navarrete et al., 2015). Five samples were obtained at five cardinal points around the root of alfalfa, and collection was carried out by digging an area of 10 × 10 × 40 cm (length × width × depth) after removing the litter layer. A soil drill was used to obtain mixed samples of soil and roots, and fine roots were picked out. Soil that adhered to the roots was collected and mixed to form a composite sample for each plot. Five plants (biological replicate) were selected randomly from the plots of each cultivar of alfalfa, generating a total of 60 samples (12 alfalfa cultivars × five repeats). Before collecting the next soil sample, the residue on the shovel was wiped with sterile paper, and the sample was disinfected to avoid contamination between treatments. All samples were passed through a sterile 2 mm sieve before use. All soil samples were obtained and stored at –80°C for further analysis.



16S rRNA gene sample preparation, sequencing, and analysis

In total, 60 samples from the alfalfa rhizosphere were used for lumina-based 16S rRNA gene sequencing. Microbial DNA was extracted using the DNeasy 96 PowerSoil Pro QIAcube HT Kit (QIAGEN, Germany). The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified using the primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT; Xu et al., 2016). PCR was performed as follows: 95°C for 3 min; 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s; and 72°C for 10 min. 10°C until it was halted by the user. The products were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). The amplicons were pooled in equimolar concentrations and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) according to standard protocols at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).



Growth and nutrition index of alfalfa

During harvesting, the total fresh weight of each plant (biomass of the aerial part of the plant), called aboveground biomass (BM), was collected to account for plant tissue nutrient characteristics. The crude protein content (CP) of alfalfa leaves was determined by H2SO4-H2O2 digestion using Kjeldahl nitrogen (Mulvaney et al., 1992).



Soil physiochemical properties

Soil characteristics such as pH, EC, and total phosphorus (TP), available phosphorus (AP), soil organic carbon (SOC), total nitrogen (TN), ammonium nitrogen (AN) and nitrate nitrogen (NT) were determined following standard methods (Jing et al., 2015). In brief, soil pH and EC were determined using a 5:1 water-to-soil ratio. TP was determined using HClO4-H2SO4 digestion molybdenum antimony anticolorimetry. AP was determined by Na2CO3 extraction using molybdenum–antimony inverse colorimetry. SOC was determined using the KCr2O7-H2SO4 external heating method. TN was determined using the semi-micro Kjeldahl method. AN and nitrate nitrogen (NT) were determined by 2 mol/L KCl extraction continuous flow analyzer (Wang et al., 2014).



Soil microbial biomass and extracellular enzyme activities

Soil microbial biomass carbon (MBC) and nitrogen (MBN) were determined using the chloroform fumigation extraction method followed by K2SO4 soil extraction (Vance et al., 1987), and a total organic carbon analyzer was used for analysis. Urease activity (URE) was determined by sodium phenolate sodium hypochlorite colorimetry using urea as the substrate. Leucine peptidase (LAP) and β-1,4-n-acetylglucosaminidase (NAG) activities were measured using a modified microplate fluorescence method (Saiya-Cork et al., 2002), and soil enzyme activity [nmol/(g⋅h)] was expressed as the matrix conversion rate of 1 g sample per unit time. Nitrogen fixation rates (NAT) were measured using acetylene conversion to ethylene (ARA), as previously described (Tao et al., 2019). The C2H4 concentration of each gas sample was measured using a gas chromatograph (Trace GC UL tra, Thermo Fisher, United States). ARA was determined using gas chromatography (SRI Instruments).



Data analyses

Data were tested for normality (Kolmogorov–Smirnov test) and homoscedasticity (Levene’s test). One-way analysis of variance (ANOVA) followed by Tukey’s HSD test (P < 0.05) was used to evaluate differences in plant crude protein content, aboveground biomass, soil properties, microbial diversity, and relative abundance of bacteria among the 12 cultivars. Tukey post hoc comparisons were used for all univariate analyses using SPSS v 25.0 (SPSS: IBM Corp). We performed redundancy analysis (RDA) to identify the effects of plants and soil on microbial community composition (Oksanen et al., 2013). SPSS 25.0 software was used to perform a Spearman correlation analysis of soil properties and phylum-level bacterial composition. The Spearman correlation coefficients of the top 50 most abundant bacterial genera, soil properties, and plant characteristics were calculated and displayed on the heat map. The relationship between microbial community composition, diversity attributes, and soil nitrogen was assessed using the corrplot package in R.

Network analysis was performed on the alfalfa rhizosphere microorganisms and soil properties based on strong and significant correlations (non-parametric Spearman’s correlation, P < 0.01, and absolute value of r > 0.6). Low-abundance genera were eliminated from the taxonomy table when they comprised less than 0.01% of the total relative abundance across all samples before network analysis. Statistical analysis of the network was carried out in the R environment, and correlation networks were visualized using the Gephi software (Bastian et al., 2009).

Structural equation modeling (SEM; Grace et al., 2012) was used to better understand the relationship between plant and soil variables and their impact on total nitrogen. Structural equation modeling was performed using the online software PLS (Ringle et al., 2015) based on the principle of the partial least squares path model. The priori SEM was originally constructed based on the bivariate correlation of plant and soil variables, in which direct and indirect pathways were considered. The normality of variables, linearity between variables, and non-multicollinearity between variables were verified before operating the model. To obtain the most concise model, insignificant and uninformative weak paths were removed from the final model. The maximum likelihood chi-square test was used (χ2, P > 0.05), Tucker-Lewis index (TLI ≥ 0.90), comparative fit index (CFI ≥ 0.90), the goodness of fit (GFI ≥ 0.90), and mean square error of root evaluation model fitting approximation (RMSEA < 0.10). The significance level was set at P < 0.05.




Results


Crude protein and biomass changes in alfalfa cultivars

Significant differences were found among alfalfa cultivars for crude protein and biomass (fresh weight per plant; Figure 1). The crude protein content ranged between 20.20 and 25.05 g kg–1 (Figure 1A), and the aboveground biomass ranged from 141.03 to 422.08 g plant–1 (Figure 1B). Crude protein of plants was highest in Fr, and comparatively lower in Zm and Mf compared to the other cultivars (P < 0.05). The cultivar producing largest biomass was Mf; and, Zm, Ns, Mz, and Sd were much lower than those of the other cultivars.
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FIGURE 1
Average values of twelve alfalfa cultivars: (A) Crude protein content of alfalfa above ground (CP), (B) Aboveground biomass of alfalfa (BM, g plant– 1), fresh weight per plant. One-way analysis of variance, followed by Tukey’s honestly significant difference test was performed (P < 0.05). Different lowercase letters indicate significant differences among mean values in different cultivars. The alfalfa cultivars from high mean value to low mean value are shown from left to right.




Differing rhizosphere soil properties of alfalfa cultivars

Soil physiochemical characteristics were also significantly affected by cultivars. The pH values were moderately alkaline and generally remained consistent among cultivars; with the highest and lowest pH values found in Ns (8.24) and Mf (8.03), respectively (Table 2). The SOC contents were highest in Mf (11.86 g kg–1) and lowest in Ns (8.70 g kg–1), and were significantly different (P < 0.05; Table 2). The AP and TP contents showed similar trends, except for Sb and Sd, which had higher TP and lower in AP levels compared to other cultivars for all cultivars, except Sb and Sd, which had higher TP and lower AP levels compared to other cultivars (Table 2). In addition, significant changes in EC were found in some cultivars (Table 2).


TABLE 2    The rhizosphere soil properties in different alfalfa cultivars.
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Nitrogen content and microbial biomass in plant rhizosphere soil

The total nitrogen content of all soil samples ranged between 0.94 and 1.25 g kg–1 (Figure 2A). TN contents of Mf were significantly higher than Mz, Sd and Ns (P < 0.05). The soil NO3–-N (NT) content varied widely among different cultivars, ranged between 11.28 and 23.53 mg kg–1 (Figure 2B). NH4+-N (AN) content ranged between 3.29 and 4.22 mg kg–1 (Figure 2C). Md had the highest AN content and lowest NT content. Mf had the highest MBN content (21.98 mg kg–1; Figure 2D). Mz showed the lowest content of MBN and MBC compared to the other cultivars (Figure 2D and Supplementary Figure 1D).
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FIGURE 2
Average values of nitrogen in soil: (A) total nitrogen (TN, g kg–1), (B) nitrate nitrogen (NT, mg kg–1), (C) ammonium nitrogen (AN, mg kg–1) and (D) microbial biomass nitrogen (MBN, mg kg–1) of different alfalfa cultivars. Data were obtained from five biological replicates. One-way analysis of variance, followed by Tukey’s honestly significant difference test was performed (P < 0.05). Statistical classes sharing a lowercase letter are not significantly different. The alfalfa cultivars from high mean value to low mean value are shown from left to right.




Taxonomic classification, microbial rhizosphere community diversity, and community composition

The number of bacterial sequences varied from 38,220 to 73,626 per sample (mean: 55,209), and the average read length of the bacteria was 418 bp. For downstream analysis of the bacterial sequences, the datasets were rarefied to 3,312,565 valid sequences. Among the valid sequences obtained from alfalfa soil samples, an average of 7592 OTUs were obtained. The Sobs index showed that the total number of OTUs in addition to Wf was significantly different from that of other alfalfa cultivars (Figure 3A); among them, the total number of OTUs in Md was the highest and that in Zm was the lowest (Supplementary Figure 3A). There were significant differences between the two cultivars Mf and Sd. In terms of Simpson index (Figure 3B), only Ns and Fr were significantly higher than Sd. The Chao1 index was significantly higher in Sb, Fr, and Sd than that in Ns and Zm. According to the Shannon index, only Ns and Sd differed significantly (Figure 3C). No significant difference was found in the ACE index among the 12 alfalfa cultivars in this study (Figure 3D).
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FIGURE 3
Average values of twelve alfalfa cultivars on bacterial alpha-diversity of OTU: (A) Sobs index, (B) Simpson diversity, (C) Chao richness, (D) Shannon diversity, (E) Ace richness, (F) Coverage index. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001.


From all alfalfa cultivars in this study, we identified ten bacterial phyla: Actinobacteria (25.91%), Proteobacteria (22.79%), Acidobacteria (17.03%), Chloroflexi (10.10%), Firmicutes (5.46%), Myxococcota (3.77%), Bacteroidetes (2.91%), Gemmatimonadota (2.58%), Methylomirabilota (2.30%), Planctomycetota (1.78%) and others (5.35%; Supplementary Figure 2). For each alfalfa cultivar, the percentage of the total reads corresponding to each phylum (Figure 4A). Significant differences were observed in Actinobacteriota, Gemmatimonadota and Entotheonellaeota in bacterial phyla of different alfalfa cultivars (Supplementary Figure 3). At a genus level (Figure 4B), the most abundant genus in the rhizosphere soil of all alfalfa cultivars was an unknown genus, followed by Vicinamibacterales and Vicinamibacteraceae which belong to the Acidobacteriota phylum.
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FIGURE 4
Taxonomic profiles of twelve alfalfa cultivars at the phylum (A) and genus (B) level, with higher relative richness are shown in the form of percentage in the figure, the remainder were combined and lumped in a category designated as “Other.” Different colors represent different species, and the length of each bar represents the proportion contributed by each species.




Correlations between physiochemical properties, microbial biomass, bacterial community composition and diversity

RDA (Figure 5A) was used to quantify the variations in plant and soil properties and its relationships with soil microbial community composition and structure. It was revealed that soil properties (pH, SOC, and TP) and microbial diversity were more influential on soil bacterial communities than plant crude protein and biomass. RDA supported the driving forces of soil properties on bacterial communities at the phylum level (Figure 5A) and showed a correlation between the two variables. The pH value was positively correlated with Acidobacteria, Chloroflexi, and Gemmatimonadota but negatively correlated with Bacteroidetes. TP content was positively correlated with Firmicutes and Gemmatimonadota but negatively correlated with Actinobacteria; however, available P content was negatively correlated with Gemmatimonadota and positively correlated with Firmicutes. SOC was negatively correlated with Acidobacteria, Chloroflexi, and Gemmatimonadota but positively correlated with Bacteroidota (Supplementary Table 3).


[image: image]

FIGURE 5
(A) Redundancy analysis (RDA) shows relationships between plant (BM and CP), soil physiochemical characteristics (pH, SOC, EC, AP, TP), microbial communities. The values of axes 1 and 2 are the percentages explained by the corresponding axis. Analysis of the level of contribution of soil, plant characteristics and bacterial diversity to changes in bacterial communities. (B) Correlation heat map of the top fifty genera and soil properties, the R value is shown in different colors in the figure. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001.


Spearman correlation of plant characteristics, soil properties, and microbial biomass in genus taxa, and the results are displayed as heat maps (Figure 5B). Agromyces, Lysobacter, Sphingomonas, Ensifer and Novosphingobium showed an extremely positive correlation with EC and SOC, in which Ensifer belongs to Rhizobiales. Nocardioides showed a significant positive correlation with SOC and Bradyrhizobium belongs to Rhizobiales. In our study, we found that most bacteria, such as Gemmatimonadaceae, RB41, Rokubacteriales, Gaiella, Vicinamibacteraceae, Rubrobacter, and JG30-KF-CM45, demonstrated an extremely significant positive correlation with pH, whereas Vicinamibacteraceae, RB41, Gemmatimonadaceae, and Rubrobacter were significantly negative correlated with SOC. MBN was significantly negatively correlated with Roseiflexaceae, Gemmatimonadaceae, Gaiella, Geminicoccaceae, and Rokubacteriales (Figure 5B).



Correlations between soil nitrogen content, bacterial community composition, and diversity

TN and NT were significantly negatively correlated with Acidobacteria, Chloroflexi, and Gemmatimonadota. NT was significantly negatively correlated with Firmicutes, Myxococcota, and Entotheonellaeota. In contrast, AN was significantly positively correlated with Proteobacteria and Bacteroidetes. The bacterial alpha diversity indices indicated no significant effects on TN and AN content (Figure 6). The exception was NT, which showed the same results as the cultivars in the relationship with bacterial diversity. The major factor affecting nitrogen content is the dominant bacterial community in terms of bacterial diversity, with differences in total and inorganic nitrogen.
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FIGURE 6
Spearman correlation coefficients between the soil nitrogen content, soil microbial diversity and soil microbial communities. *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01, ***P ≤ 0.001.




Soil bacterial community responses to nitrogen content in alfalfa

Based on partial least squares path models, we established that plants, soil, and microbiota were significantly associated with both direct and indirect effects on the response to soil nitrogen through our hypothesized pathways, involving the plant index, soil properties, microbial biomass, microbial composition, and diversity. The results revealed that the rhizosphere soil properties were positively associated with the plant index (Figure 7). Moreover, most soil properties had a significantly positive effect on microbial biomass and composition, including SOC, EC, and AP, except for the pH value. Soil microbial biomass had a direct positive correlation with the soil total nitrogen content. Interestingly, most microbial communities were shown to have a direct negative effect on soil nitrogen content, including Acidobacteria, Chloroflexi, Gemmatimonadota, and Methylomirabilota, whereas Proteobacteria and Bacteroidetes had direct positive effects on soil nitrogen content. Notably, soil microbial diversity appeared to have weaker correlations with plant and soil nitrogen content than with soil microbial biomass and composition.
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FIGURE 7
Partial least squares path models (PLS-PM) of the drivers of soil nitrogen content. Path analysis results for direct and indirect effects of the plant, rhizosphere soil properties, microbial biomass and composition on soil nitrogen content. The asterisks denote statistically significant differences among different alfalfa cultivars (*P < 0.05, **P < 0.01). Numbers on arrows are path coefficients indicating a positive (positive number) in red or negative effect in green (negative number).





Discussion


Effects of plant cultivars on soil properties

In natural ecosystems, plants grow in their native soil, and the characteristics of the soil near plant roots are modified by a range of plant growth processes, which in turn affect the rhizosphere microbiota (Philippot et al., 2013). Plant genotypes have a significant effect on the phylogenetic structure of root-associated microbiota (Hamonts et al., 2018). Under the same environmental conditions and soil, plant genotype is the main factor affecting the structure and function of rhizosphere microbiome (Zhang et al., 2017). By changing the properties of the surrounding soil, plants can modify their growth environments (Hu et al., 2018). Based on previous research, we hypothesized that differences in alfalfa cultivars induce changes in soil properties, which can significantly affect the soil nitrogen content and structure of rhizosphere microbial communities. We examined 12 different alfalfa cultivars from the same area with the same growth period, cutting method, cutting time, and similar initial soil. Some differences were observed in the crude protein and biomass per plant among the different alfalfa cultivars (Figure 1), which might be related to the productivity of plants, since it depends on the ability to acquisition of water and nutrients from the soil. In other words, the chemical characteristics of a plant species affect the properties of the surrounding soil (Song et al., 2019). In addition, Plants can directly alter the soil microbiome by secreting and releasing bioactive molecules and metabolites (Pang et al., 2021). Root exudates may differ between plant species, different growth stages, and even between the same plant species (Micallef et al., 2009; Li et al., 2013; Dietz et al., 2019), therefore, root exudates from the twelve alfalfa cultivars might have led to changes in soil physiochemical properties (Zhang et al., 2020), and most likely contributed to the effects on soil microbial activity and biomass (Gomez-Sagasti et al., 2021).



Effects of rhizosphere soil properties on soil microorganisms

Plant–soil feedback is associated with maintaining or changing the soil community, and soil rhizosphere bacteria can be influenced by both soil physiochemical properties and enzyme activities (Bani et al., 2018). We illustrated that, among specific perennial alfalfa cultivars, there were differences in changing soil properties and the recruitment of microorganisms. Hence, this is a fact that plants indirectly affect nutrient cycling by affecting the activities of soil decomposers and the decomposition of organic matter (Henneron et al., 2020). The critical roles of pH and SOC in shaping the bacterial community structure are characterized well (Figure 5A; Ling et al., 2016; Qu et al., 2020). The pH value can be increased or decreased by plant roots owing to the release or absorption of ions (Hinsinger et al., 2009), which gives rise to differences in soil pH values between species and even cultivars in the plant rhizosphere (Table 2). All these changes indicates that although the soil was uniform before sowing, but after years of growth of different cultivars has caused significant alterations in soil properties. Soil pH has significant effects on alfalfa rhizome microecosystems (Xiao et al., 2017), which mainly causes different microorganisms to favor different optimal pH values. The strong correlation between soil pH and microbial distribution could be due to the relatively narrow growth tolerance exhibited by most bacterial taxa (Xue et al., 2017). Soil organic carbon act as the soil carbon pool, provide rich carbon sources for the activities of microorganisms (Gan et al., 2013). This may coincide with the results that the rhizosphere soil properties directly affect the soil microbial biomass (Figure 7). RDA showed that soil properties (pH, SOC, and EC) and enzyme activity (NAT and URE) were the primary factors influencing bacterial community composition (Figure 5A). Meanwhile, soil microbial biomass is the source and sink of plant nutrients and actively participates in the nutrient cycle, representing the active part of the soil nutrients (Jia et al., 2017; Henneron et al., 2020). Taken together, these results indicate that soil properties, especially pH and SOC play a vital role in determining the bacterial community composition in perennial alfalfa.



Microbial biomass and community can directly regulate soil nitrogen content

The composition of the soil microbial community is considered an important component of the plant–soil feedback process (Bever et al., 2012). Soil microbial biomass nitrogen content is a reflection of soil microorganisms on nitrogen mineralization and fixation (Li et al., 2018) and further affects the content of total nitrogen and inorganic nitrogen in the soil. Concurrent with changes in MBN and MBC, the SEM model revealed a positive correlation with TN content (Figure 7). Our research indicates that soil bacterial diversity has a minimal effect on soil nitrogen (Figures 6, 7), possibly because all cultivars are closely related and belong to the legume family. Microbial species interactions are crucial to the structure and dynamics of soil bacterial communities (Chai et al., 2019). Thus, we further used co-occurrence network analysis to explore the complexity of the connections within the rhizosphere microbiomes of the different perennial alfalfa cultivars. First, the network complexity of the root system has a profound impact on nitrogen content. The higher content of TN in Mf indicates that the overall impact of the root network on the crude protein was much greater than the soil properties (Supplementary Figure 4). In Ws, the dominant bacteria belonging to Myxococcota, Chloroflexi, Entotheoellaeota, Bacteroides, and Acidobacterita had lower network complexity and accounted for a lower proportion of the composition of the total bacterial community. In Ns and Fr, the dominant bacteria belonged to Proteobacteria, Actinobacteria, Chloroflexi, and Myxococcota, which play an important role in the composition of the whole bacterial community. Nevertheless, the TN content of Md was the lowest, which demonstrated stronger correlations in this ecological network, possibly because the number of negative correlations was the highest among the edges compared with the other cultivars, implying that inter-competitive exclusion occurred within the bacterial community (Feng et al., 2017). The results showed that the dominant microbial population plays a dominant role in the rhizosphere. The most abundant phyla studied in the co-occurrence network were Acidobacteria and Proteobacteria, indicating that these generalists are adapted to a variety of environments (Xue et al., 2017). Proteobacteria are capable of inducing nitrogen fixation in symbiosis with plants (Emmert and Handelsman, 1999). The high abundance of Proteobacteria confirms that this phylum seems to benefit from the characteristics of leguminous plants (Sousa et al., 2020) and exhibited the variation by cultivar in our study (Figure 6). Plants can alter their rhizosphere microbiomes by influencing nutrient availability (Bell et al., 2015). These results indicate that rhizosphere microbial community composition, rather than diversity, plays a dominant role in affecting soil nitrogen. Similar to our findings (Figure 6), different biological and chemical drivers of each lima bean genotype influence the bacterial structure (Sousa et al., 2020). In this study, a significant relationship between bacterial community structure and soil total nitrogen content was also observed, indicating that variables associated with bacterial community composition may be crucial determinants of total nitrogen content (Figure 7).

Our results suggest that the differences in perennial alfalfa cultivars influenced soil physiochemical properties and further influenced soil microbial composition and biomass (Figure 7). The ability of plants to establish beneficial rhizosphere bacterial communities may be an important aspect of plant adaptability and should be considered an intrinsic plant trait that may be selected (Bell et al., 2015). The community structure of a certain cultivar in the rhizosphere showed a relatively low abundance, which may be due to its low ability to change the community structure of rhizosphere bacteria. The dynamics of soil microbial communities are likely determined by plants and the mediation of soil nutrient availability (Cabugao et al., 2017). We postulated that the difference in alfalfa may have unintentionally co-selected, affecting the recruitment of beneficial cultivar-specific microbiota, and finally affecting the soil nitrogen content. Further investigations are required to reveal the mechanisms underlying this specific microbial recruitment process.




Conclusion

This study reported differences in the rhizosphere soil microbial community and soil nitrogen content among different perennial alfalfa cultivars. According to the PLS-PM analysis, changing soil properties indirectly affected microbial biomass and community composition. Soil pH and SOC had a strong correlation with bacterial composition and diversity. Microbial biomass and soil total nitrogen are positively correlated, and some key microbial species play a major role. This study provides insight into the distributional patterns and drivers of soil total nitrogen in rhizosphere soil of perennial alfalfa and improves our understanding of the relationship between alfalfa, physiochemical properties and microbial.
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Rhizosphere bacterial diversity and community structure are important factors involving in plant growth. However, the exact process of how plant rhizosphere bacterial community structures is assembled remains unclear. To investigate the role of bacterial chemotaxis to rhizosphere secretions in the establishment of rhizosphere microbial community in Casuarina equisetifolia, we screened bacteria strains derived from the rhizosphere of Casuarina equisetifolia L. using top three chemicals of the plant root exudates (2,4-di-tert-butylphenol, methyl stearate, and arginine) as chemoattractant. Among 72 bacterial strains, five showed strong chemotaxis to 2,4-di-tert-butylphenol, six to methyl stearate, and eleven to arginine, with the highest bacterial chemotaxis occurring at a concentration of 60 μM. This indicates that arginine is a more important chemoattractant than 2,4-di-tert-butylphenol, methyl stearate in the establishment of rhizosphere microbial community in Casuarina equisetifolia. Bacterial community assembly analysis using different chemoattractants and chemoattractants-plus-bacteria combinations were then performed by burying laboratory prepared bags of sterlized soil into C. equisetifolia forest. Bacteria diversity and enrichment analyses using 16S rDNA sequencing at 7 and 14 days after burying showed that arginine-plus-Ochrobactrum sp. and Pantoea sp. treatment exhibited the greatest similarity to the natural forest bacterial community. Our date provides new insights into how chemoattractants and chemotactic bacteria strains shape the rhizosphere microbial community of C. equisetifolia, which constitutes foundational information for future management of these communities.
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Introduction

Plants secrete signaling molecules to attract beneficial microorganisms to aggregate in the rhizosphere and colonize specific plant chambers, forming a second genome; they then apply their immune systems and provide specific nutrients and habitats to promote growth or prevent soilborne diseases (Lugtenberg and Kamilova, 2009; Cordovez et al., 2019). Thus, the study of the growth and development of plants via plant microorganisms is increasingly viewed as a feasible approach (Geddes et al., 2015), but the prerequisite is a basic understanding of how plants regulate the assembly of rhizobacterial communities.

Some studies have shown that root exudates (REs) can mediate interactions between rhizosphere components (Vives-Peris et al., 2020), and recruit beneficial soil bacteria to shape rhizosphere microbiomes (Feng et al., 2019). Some specific compounds can also act as signaling molecules that regulate rhizosphere microbial activity (Sasse et al., 2018; Wang et al., 2019). For example, nitrogen deficiency in legumes increases in the flavonoids content of REs in order to attract rhizobia for colonization and thereby increase nitrogen availability (Badri and Vivanco, 2009). However, the mechanisms by which REs promote microbial aggregation remain largely unknown.

Bacterial chemotaxis to rhizosphere exudates may be the main mechanism driving microbial aggregation (Erhardt, 2016). Chemotaxis, the movement of organisms toward or away from chemicals, is an important adaptive behavior in motile bacteria. Bacteria use chemotaxis to participate in host colonization (Erhardt, 2016; Johnson and Ottemann, 2018), biofilm formation (He and Bauer, 2014), and quorum sensing (Rader et al., 2011) when forming symbiotic relations with plants (Scharf et al., 2016). Chemotaxis allows bacteria to obtain more favorable environmental conditions as well as better sources of carbon and nitrogen. Generally, chemicals that promote chemotaxis in bacteria are small molecules such as organic acids, fatty acids, amino acids, lipids, and secondary metabolites (Feng et al., 2019). For example, Bacillus amyloliquefaciens T-5 showed strong chemotaxis toward malic acid, citric acid, succinic acid, and fumaric acid, which are produced by plants to recruit bacterial biocontrol agents for pest and disease resistance (Tan et al., 2013). Pseudomonas fluorescens WCS365 showed strong chemotaxis toward small-molecule organic acids (such as citric acid, succinic acid, and fumaric acid) and amino acids (such as aspartic acid, glutamic acid, and isoleucine) secreted by tomato roots, which serves to promote the growth and development of the plant (de Weert et al., 2002). However, whether REs can act as chemoattractants and how they affect the assembly of plant rhizobacteria communities are poorly understood.

Casuarina equisetifolia L. was introduced in Guangdong Province, China, at the end of 1950 and has since become an important tree species in southeastern China (Kang and Zhong, 1999). In particular, C. equisetifolia provides a defense against natural disasters in coastal areas and facilitates ecological remediation, as this species supports abundant endophytes and rhizosphere microorganisms (Lin et al., 2008). However, the existence of allelopathy renders C. equisetifolia self-renewal difficult, reducing its potential functionality (Li et al., 2015). Previously, we analyzed the microbial diversity in the rhizosphere of C. equisetifolia and isolated 72 strains of culturable bacteria from rhizosphere soil and plant roots, identifying several endophytes and rhizosphere microorganisms involved in the allelopathy of C. equisetifolia (Huang, 2019; Zhang et al., 2020). We also found relatively high levels of 2,4-di-tert-butylphenol, methyl stearate, and arginine in C. equisetifolia root and litter exudates, and demonstrated that whereas 2,4-di-tert-butylphenol and methyl stearate had strong allelopathic effects (Huang, 2019; Zhang et al., 2020), arginine serves as a nutrient resource of endophytes and rhizosphere microorganisms (Huang, 2019; Zhang et al., 2020). However, it is unknown whether 2,4-di-tert-butylphenol, methyl stearate, and arginine, as allelopathic substances and nutrients, can be involved in bacterial community assembly in the rhizosphere soil of C. equisetifolia as chemoattractors.

To investigate the role of bacterial chemotaxis to rhizosphere secretions in the establishment of rhizosphere microbial community in Casuarina equisetifolia, we used 2,4-di-tert-butylphenol, methyl stearate, and arginine to screen for chemoattractant effects of rhizosphere bacteria of C. equisetifolia in this study, and then we tried to elucidate their functionality as chemoattractants and the factors contributing to rhizobacterial community assembly. First, different concentrations of 2,4-di-tert-butylphenol, methyl stearate, and arginine as chemoattractants were used, and by the swarming assay, we screen for chemotactic strains among the previously identified 72 culturable strains. Subsequently, to determine the effects of chemoattractants and chemotactic strains on bacterial community assembly, “chemoattractant+sterile soil” and “chemoattractant+chemotactic strains+sterile soil” models were placed in the rhizospheres of C. equisetifolia in the field, and evaluated the resulting communities using 16S rRNA gene profiling and bioinformatics analysis. The findings from this study will elucidate the relationship between allelochemicals and nutrients and the C. equisetifolia microbiome, and provide comprehensive evidence regarding how chemoattractants and chemotactic strains shape microbial communities of tree rhizosphere, which constitutes important foundational information for future management and regulation of these communities.



Materials and methods


Experimental materials and reagents

The field trial was established in the Haikou Guilinyang Economic Development Zone in Hainan Province (20°01′02′′N, 110°31′20′′E), China. This site has a tropical marine monsoon climate with mean annual precipitation of 1,500–2,000 mm. The sampling site has a mean annual temperature of up to 23.8°C and a long sunshine duration (Cai et al., 2010). A total of 72 strains of culturable bacteria were isolated from the rhizosphere of C. equisetifolia (Table S1). All chemicals (>98% purity) were purchased from Sangon Biotech (Shanghai, China).



Measurement of bacterial chemotaxis with different simulated exudates

Bacterial chemotaxis was measured via a swarming assay modified from that described by (Englert et al., 2009), using semi-solid 0.5% agar culture medium. Luria–Bertani (LB) semi-solid culture medium containing different concentrations (0, 30, 60, and 90 μM) of 2,4-di-tert-butylphenol, methyl stearate, or arginine was sterilized (121°C, 20 min), poured into sterile, 90 mm diameter petri dishes, and dried in a laminar flow cabinet for 20 min. Sterile filter paper (8 mm diameter) was placed in the center of each plate. Concomitantly, 72 strains of bacteria that were activated overnight were subcultured to sterile LB culture medium (without agar) at 37°C with shaking at 180 rpm until reaching an OD600 of about 0.8. Bacterial suspension (2 μl) was added to the sterile filter paper, then plates were cultured at 28°C for 2 d. Diameters (cm) of bacterial colonies were measured in different directions, bacteria with a chemotaxis ring mean diameter >2 cm were defined as a strongly chemotactic strain (He et al., 2017). The assay was replicated thrice.



Experimental design to determine the effects of different simulated exudates and chemotactic strains on the assembly of forest bacterial communities

As the substrate for bacterial community assembly, 50 g Casuarina equisetifolia forest soil was added to nonwoven fabric bags (dimension: 8 cm × 10 cm) and sterilized (121°C, 60 min). Then, 2 ml of each sterilized chemotaxis agent, 2, 4-di-tert-butylphenol, methyl stearate, or arginine, or a mixture of the three agents was added to the bagged sterile soil (treatments 2, S, A, and M, respectively). In addition, suspensions (OD600 of 0.8) of two bacteria identified as strongly chemotactic to each chemotaxis agent were centrifuged (600 × g, 3 min), the supernatants discarded, and the obtained pellets resuspended in 1 ml of the sterile target chemical and added to the bagged sterile soil. The eight strongly chemotactic strains were mixed with chemoattractant agents respectively: Enterobacter hormaechei strain AMS-38 and Acinetobacter nosocomialis strain AC1530, strongly chemotactic to 2,4-di-tert-butylphenol with (treatments E2), Enterobacter sp. and Enterobacter cloacae, strongly chemotactic to methyl stearate (treatments ES), Ochrobactrum sp. and Pantoea sp., strongly chemotactic to arginine (treatments EA), and Bacillus cereus strain CP1 and Pseudomonas sp., strongly chemotactic to a mixture of the three chemoattractants (treatments EM). The final concentration of the chemoattractant in the all treatments was 60 μM. An equivalent amount of sterile (2 ml) distilled water was used as the blank control (CK). The bags were buried in rhizosphere soil (depth of approximately 25 cm) surrounding six C. equisetifolia trees randomly selected in October, 2021. Half of the bags were removed after 7 d, and the other half after 14 d. Simultaneously, C. equisetifolia rhizosphere soil was collected as another control group (R). The detailed experimental design is shown in Figure 1. Each treatment had three replicates.




Figure 1 | Experimental design to determine the effects of different simulated chemoattractants and chemotactic strains on bacterial community assembly in the rhizosphere soils of a C. equisetifolia forest.





Sequencing to determine bacterial diversity

A FastDNA® Spin Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, USA) was used to extract the total DNA of soil bacterial genomes from the samples collected in Section 2.3. Primers 338F (5′-ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) were used for PCR amplification of the bacterial 16S rRNA gene. The PCR reaction mixture contained 12.5 μl of Premix Taq DNA polymerase (Takara, Dalian, China), 0.5 μl (200 μM) of each primer, and 10 ng of template DNA, with PCR-grade water added to a final volume of 25 µl. The PCR amplification cycling conditions were as follow: initial denaturation at 94°C for 2 min; 30 cycles of denaturing at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s; and a final 10 min elongation at 72°C. Sequencing was performed on an Illumina MiSeq PE300 platform (Majorbio, Shanghai, China).



Bioinformatics analyses

The 300 bp reads were truncated at any site receiving an average quality score below 20; truncated reads shorter than 50 bp were discarded, as were reads containing ambiguous characters. The resultant sequences were assembled according to their overlapped sequence with a minimum of 10bp; the maximum mismatch ratio of an overlapping region was 0.2, and reads that could not be assembled were discarded. Then, the optimized sequences were clustered into operational taxonomic units (OTUs) using UPARSE 7.1 with 97% sequence similarity level (Edgar, 2013). The most abundant sequence for each OTU was selected as a representative sequence. The taxonomy of each OTU representative sequence was analyzed using RDP Classifier (v.2.2) against the 16S rRNA gene database (Silva v.138) (Wang et al., 2007). Nonbacterial OTUs (e.g., mitochondrial, chloroplast, and viridiplantae) were removed.



Statistical analyses

Analysis of variance (ANOVA) was conducted on the data collected in Section 2.2 using SPSS v19 software (IBM, Armonk, NY, USA). Results are expressed as the mean ± standard error (SE). Mothur (v.1.30.2, the University of Michigan, Ann Arbor, MI, USA) was used for alpha index analysis of the data collected in Section 2.3, and a nonparametric statistical test (Kruskal–Wallis test) was used to evaluate the alpha-diversity difference. Networkx (v.1.11, the University of California, Davis, CA, USA) was used to construct species correlation networks by calculating Spearman correlations between species. R (v.3.3.1, https://cran.r-project.org/src/base/R-3/R-3.3.1.tar.gz) was used to examine similarity or difference in community composition by computing weighted UniFrac distance matrices; data were ordinated using non-metric multidimensional scaling (NMDS), Venn diagram analysis of numbers of OTUs, and community histogram analysis based on data tables in the tax_summary_a folder. The stats package in R (v.3.3.1) and the scipy package in Python (v.2.7, Amsterdam, The Netherlands) were used for the analysis of significant differences in species between different treatments using the Kruskal–Wallis test.




Results


Chemotaxis of bacteria under the action of specific components in the solution

The effects of 2,4-di-tert-butylphenol, methyl stearate, and arginine, selected as representative RE chemoattractants of C. equisetifolia, on chemotaxis of bacteria strains were examined. Among 72 bacterial strains tested, five showed strong chemotaxis to 2,4-di-tert-butylphenol such as Enterobacter hormaechei strain AMS-38, etc (Figure 2A), six to methyl stearate such as Enterobacter sp., etc (Figure 2B), and 11 to arginine such as Ochrobactrum sp., etc (Figure 2C). The highest number of bacterial strains was observed to show chemotaxis at chemoattractant concentrations of 60 μM. This indicates that arginine is a more important chemoattractant than 2,4-di-tert-butylphenol, methyl stearate in the establishment of rhizosphere microbial community in C. equisetifolia. Bacillus cereus strain CP1 and Pseudomonas sp. showed strong chemotaxis to all of the chemoattractants (Figures 3A–F).




Figure 2 | Effect of chemoattractants on the swarming motility of different bacteria. Swarming diameters were measured for chemoattractants at concentrations of 0, 30, 60, and 90 μM. (A): 2, 4-di-tert-butylphenol; (B): methyl stearate; (C): arginine. Different letters above the columns indicate significant difference (P < 0.05).






Figure 3 | Effect of chemoattractants on the swarming motility of Bacillus cereus strain CP1 and Pseudomonas sp. (A–C) Bacillus cereus strain CP1; (D–F): Pseudomonas sp. (A, D) Chemoattractant 2, 4-di-tert-butylphenol; (B, E) chemoattractant methyl stearate; (C, F) chemoattractant arginine. Chemoattractant concentration from left to right: 0, 30, 60, and 90 μM.





Effects of different chemoattractants and chemotactic strains on bacterial community assembly

Based on the results from Section 3.1 (Figures 2, 3), the following strains were selected to determine the effects of different simulated exudates and chemotactic strains on the assembly of forest bacterial communities: Enterobacter hormaechei strain AMS-38 and Acinetobacter nosocomialis strain AC1530, with strong chemotaxis to only 2,4-di-tert-butylphenol (E2); Enterobacter sp. and Enterobacter cloacae, with strong chemotaxis to only methyl stearate (ES); Ochrobactrum sp. and Pantoea sp., with strong chemotaxis to only arginine (EA); and Bacillus cereus strain CP1 and Pseudomonas sp., with strong chemotaxis to all three compounds (EM).

Alpha diversity analysis following 16S rRNA gene profiling of the bacterial community in each group revealed lower richness and diversity of bacteria in the experimental treatment groups than those in CK following both 7 and 14 days of treatment (Figure 4). Larger differences were observed in bacterial richness and diversity among chemoattractant treatment groups on day 7 than on day 14. In contrast, the differences among chemoattractant+chemotactic strain treatment groups were greatest on day 14 (Figures 4A–D). Moreover, compared with other treatments, both at 7 and 14 days, bacterial richness and diversity in S and ES treatments were lower. This may mean that methyl stearate and its chemotactic bacteria play a weak role in the recruitment of microorganisms.




Figure 4 | Box plots of the effects of chemoattractants and chemoattractants-plus-chemotactic strains on the Chao1 richness and Shannon diversity of bacterial genera on days 7 (A, C) and 14 (B, D). Different lowercase letters indicate significant differences among treatments (P < 0.05).



Average degree is used to indicate the degree of network complexity among the bacteria in the treatment. On day 7, the network complexity of all treatment groups, except A, decreased compared with that in CK (Figure 5). The lowest network complexity occurred following EA treatment (Avg. degree: 6.56). On day 14, the network complexity of all treatment groups decreased compared with that of CK. The lowest network complexity was found in the E2 group (Avg. degree: 11.40). Larger increases over time were detected following treatments including chemotactic strains compared with those following only chemoattractant treatment. There results suggest that chemoattractant mainly act in the prophase (7 days), and chemotactic bacteria mainly act in the later phase (14 days) in bacterial community.




Figure 5 | Bacterial co-occurrence networks as affected by chemoattractant and chemoattractant-plus-chemotactic strain treatments at 7 and 14 days at the phylum level. Avg, Average degree of taxonomy.





Effects of different chemoattractants and chemotactic strains on bacterial community recruitment

Venn diagrams were used to reveal the differences in bacterial species between the chemoattractant and the chemoattractant+chemotactic strain treatment groups (Figures 6A–H). From the number of specific genera in each treatment group shown in the Venn, we calculated the ratio of the number of specific genera (compared with CK) in each treatment group to the number of all genera in the treatment group (hereinafter referred to as “Ratio: sg/ag”) to reflect the ability of different treatment groups to recruit bacteria.




Figure 6 | Venn diagrams showing the numbers of shared and unique bacterial genera in chemoattractant and chemoattractant-plus-chemotactic strain treatments at 7 (A–D) and 14 (E–H) days and in rhizosphere soils of a C. equisetifolia forest. sg, specific genera. cg, common genera. ag, all genera.



In comparisons of bacterial genera between chemoattractant treatment groups and CK on day 7 (Figures 6A–D), the proportion of specific bacteria species was highest (ratio sg/ag: 18.59%) in treatment group A, and lowest (ratio sg/ag: 7.94%) in group S. On day 14 (Figures 6E–H), the proportion of specific bacteria species in group A remained highest (ratio sg/ag: 29.74%), although that in group S increased considerably (ratio sg/ag: from 7.94 to 25%).

In comparisons of bacterial genera between chemoattractant+chemotactic strain treatment groups and CK on day 7 (Figures 6A–D), the proportion of specific bacteria species was highest (ratio sg/ag: 16.05%) in EM and lowest (ratio sg/ag: 8.33%) in ES. On day 14 (Figures 6E–H), the proportion was highest in the E2 group (ratio sg/ag: 35.47%).

In addition, recruitment capacity of the different treatments increased with time. Chemoattractant treatments exhibited greater recruitment capacity than chemoattractant+chemotactic strain treatments on day 7, whereas on day 14, chemoattractant+chemotactic strain treatments showed greater recruitment capacity. These results are consistent with the results in Figures 4, 5, which together show that chemotactic bacteria, rather than chemoattractants, play a key role in the later stages (14 days).

Figure 7 illustrates the differences in the relative abundance of bacteria between the various treatment groups. On day 7, the relative abundances of Enterobacter (11.70, 28.06, 51.02, and 36.84%) and Bacillus (38.93, 49.59, 7.01, and 24.76%) were increased in chemoattractant treatment groups 2, S, A, and M, respectively, compared with those in CK; however, the relative abundances of these two strains decreased on day 14 in all four treatment groups. In contrast, the relative abundance of Burkholderia–Caballeronia–Paraburkholderia increased in the four groups with time (day 7: 8.24, 1.03, 0.30, and 5.79%; day 14: 23.01, 24.58, 29.30, and 13.97%, respectively).




Figure 7 | Relative abundance of bacterial genera following chemoattractant and chemoattractant-plus-chemotactic strain treatments at 7 and 14 days.



After the difference analysis, we found that some genera with high abundance different in treatment groups on days 7 and 14, and between chemoattractant treatment groups and chemoattractant+chemotactic treatment groups (Figure 8). On day 7, the relative abundances of Bacillus, Ochrobactrum, and Pantoea were significantly different between various treatment groups. Bacillus showed chemotaxis to all three types of chemoattractants, its relative abundance was highest in group S, but decreased with ES. The relative abundance of Ochrobactrum increased in group EM than M. Relative abundance of Pantoea increased in group M compared with CK, but decreased in group EM. On day 14, the relative abundances of Enterobacter, Ochrobactrum, and Pantoea were significantly different among various treatment groups. Enterobacter relative abundance was increased in groups EA than A, and EM than M. The relative abundance of Ochrobactrum was increased in groups ES than S, and EM than M. Among chemoattractant groups, the relative abundance of Pantoea was enhanced in group M compared with that in groups 2, S and A. Alternatively, the relative abundance of Pantoea was decreased in groups EM than M.




Figure 8 | Proportions of bacterial genera with high relative abundances in chemoattractant and chemoattractant-plus-chemotactic strain treatment groups at 7 and 14 days. Asterisks in red indicate a significant difference among treatments (P < 0.05).





Similarity of bacterial communities shaped by chemoattractants and chemotactic bacteria to rhizobacterial bacterial diversity

We calculated the ratio of the number of common genera (compared with R) in each treatment group to the number of all genera in the treatment group (hereinafter referred to as “Ratio: cg/ag”) to reflect the similarity of the bacterial community in rhizosphere soil. Comparison of the common and all genera in treatment groups (Figure 6) with C. equisetifolia forest bacterial diversity (treatment R) revealed that the bacterial communities recruited by treatment A were most similar to that in treatment R on both days 7 and 14. Chemoattractant treatment groups showed an overall increase with time, with the greatest increase in group S (ratio cg/ag: from 1.95 to 6.21%). Among chemoattractant+chemotactic strain treatments, the bacterial communities recruited by EM were the most similar to those of R (ratio cg/ag: 3.01%) on day 7, whereas the EA group exhibited the most similarity to R on day 14 (ratio cg/ag: 10.46%); EA also exhibited the greatest increase in similarity (ratio cg/ag: from 0.71), although other treatment groups also showed increases over time. These results further indicate that bacterial communities shaped by arginine-plus-Ochrobactrum sp. and Pantoea sp., not only arginine, contribute more to the shaping of native bacterial communities compared with other treatment groups.

The results of NMDS analysis (Figure 9) revealed differences among all groups at both 7 and 14 days. Chemoattractant treatment groups on the two sample dates were generally tightly clustered, as were chemoattractant+chemotactic strain treatment groups. The C. equisetifolia forest microflora was more similar to those following chemoattractant treatments than chemoattractant+chemotactic strain treatments; however, the microflora shaped by EA treatment was more similar to woodland bacteria on day 14 than on day 7, and also most closely resembled the forest microflora of C. equisetifolia (treatment R) with the passage of time, consistent with the results from genera ratio comparisons.




Figure 9 |     NMDS ordinations based on weighted UniFrac distance matrices of bacterial communities in chemoattractant and chemoattractant-plus-chemotactic strain treatments at 7 (A) and 14 (B) days and in rhizosphere soils of a C. equisetifolia forest.






Discussion

Substantial progress has been made with regard to investigating the mechanisms by which plant microorganisms promote plant growth and inhibit disease; however, the effects of plant REs on shaping rhizosphere microbial communities are poorly understood. In this study, we applied motility experiments to confirm that 2,4-di-tert-butylphenol, methyl stearate, and arginine were chemoattractants, and could be used to screen bacterial strains with strong chemotaxis to these agents individually and in combination. Our results further indicated that these chemoattractant compounds and chemotactic strains played a driving role in the bacterial community assembly of the C. equisetifolia rhizosphere. These results provide comprehensive, empirically based theoretical guidance for the management and manipulation of plant microbial communities in the future.


Selection of chemoattractants and screening of chemotactic strains

REs are important in regulating rhizosphere microbial growth, chemotaxis, biofilm formation, and rhizosphere colonization (Li et al., 2017; Feng et al., 2019). Studies on chemoattractants have typically focused on small-molecule organic acids and amino acids with a few reports related to phenols and fatty acids (Li et al., 2017). In earlier work, we showed that 2,4-di-tert-butylphenol and methyl stearate could act as allelochemicals affecting the growth of C. equisetifolia trees and microorganisms, and we also found a high level of arginine in C. equisetifolia roots (Li et al., 2016; Chen, 2021). 2, 4-di-tert-butylphenol was also shown to function as a bacteriostatic agent and a chemoattractant to attract beneficial strains to prevent soil-borne diseases (Marchese et al., 2017). The present study was the first to identify 2,4-di-tert-butylphenol and methyl stearate as chemoattractants that can regulate rhizosphere microflora assembly (Figure 2). Previously, Moreover, although methyl stearate has not been previously reported to induce bacterial chemotaxis, palmitic acid, palmitoleic acid, stearic acid, and oleic acid in peanut REs were found to be beneficial to bacterial motility, chemotaxis, and adsorption and colonization (Cesari et al., 2019), and palmitic acid, palmitoleic acid, and stearic acid exhibit chemotactic effects on KLBMP 4941 (Xiong et al., 2020). Thus, we speculated that methyl stearate, as the product of stearic acid esterification, might also function as a chemoattractant. Together, these results indicate that phenols and fatty acids can also act as signaling molecules and participate in plant–rhizobacteria interactions.

Potentially key bacterial taxa have important ecological roles in microbiome assembly and ecosystem function (Banerjee et al., 2018). Among the chemotactic strains, we found that Bacillus and Pseudomonas exhibited strong chemotactic phenomena (Figure 7). The attraction is not surprising because Bacillus is ubiquitous in plant tissues and rhizosphere soil and is also important for biological control and bio-fertilization (Tahir et al., 2019). In addition, the application of Bacillus can provide protection against abiotic stress in plants and during rhizosphere microbial interactions (Feng et al., 2018). Some bacilli (such as B. cereus) are also antagonistic to soil-transmitted diseases (Fira et al., 2018). Our previous studies have shown that Bacillus is present in the non-rhizosphere soils of C. equisetifolia, rhizosphere soils, and roots, with high abundance in the latter (Lin, unpublished). In addition, Bacillus can infect C. equisetifolia roots (Chen, 2021). Therefore, we hypothesized that this bacterial genus underwent horizontal transmission and aggregated within the rhizosphere through chemotaxis, and then infected and proliferated in large numbers within the roots, subsequently protecting C. equisetifolia from soil pathogens. In comparison, Pseudomonas can grow in different habitats (Weller, 2007) and is usually regarded as a plant pathogen; however, it can also promote plant growth and inhibit other soil pathogens (Burr et al., 1978). Little is known regarding whether Pseudomonas exhibits a chemotactic response to plant secretions. In the present study, we identified that Pseudomonas exhibited chemotaxis toward 2, 4-di-tert-butylphenol, methyl stearate, and arginine, representative of C. equisetifolia REs (Figure 7). This suggests that Pseudomonas might accumulate in the rhizosphere through chemotaxis, consequently inhibiting the transmission of soil-borne pathogens and promoting plant growth. Collectively, these results indicate that plants may recruit beneficial bacteria via REs to enhance their overall viability.



Effects of chemoattractants and chemotactic strains on recruitment to bacterial communities

REs and rhizobacteria are important for the assembly of rhizosphere microbiomes (Bais et al., 2006; Haggag and Timmusk, 2008). In the present study, we investigated the factors affecting rhizobacterial community assembly. Among the three chemoattractants evaluated, the arginine-regulated bacterial communities were most similar to the C. equisetifolia rhizosphere microbiome (Figures 6, 9). Arginine exerts chemotactic effects on Paenibacillus polymyxa SQR21 (Shen, 2016), and, as a carbon source, is crucial for the survival of bacteria. Therefore, we speculated that microorganisms in C. equisetifolia forests might initially be recruited and aggregated by arginine, subsequently achieving symbiosis via plant–bacteria interactions. In turn, the compounds 2,4-di-tert-butylphenol and methyl stearate function both as allelochemicals and chemoattractants that can recruit bacteria to aggregate within plant rhizospheres, and jointly inhibit the growth of other plants (or species) and decrease competition for essential resources. However, few studies have evaluated allelochemicals that are also chemoattractants. Nevertheless, these results collectively indicate that REs can regulate root microbiome composition and activity in different ways that allow plants and microorganisms to form a “holobiont” symbiotic relationship (Vandenkoornhuyse et al., 2015). The phenomenon is highly relevant toward understanding how plants shape rhizosphere microbial communities.

In the present study, we found that Enterobacter exhibited high relative abundance in the chemoattractant treatment groups (Figure 7), and also showed strong chemotaxis toward chemoattractants in swarming assays (Figure 2). We therefore speculated that this genus might be chemotaxis by REs, and synergistically shaping the rhizosphere microbiome together with other bacteria. We also found that the bacterial communities driven by arginine-plus-Ochrobactrum sp. and Pantoea sp. were most similar to those in the rhizosphere (Figures 6, 9). Although arginine might be recruited as a carbon source, few studies are available regarding Ochrobactrum and Pantoea functionality in this context. In preliminary work, we found that Ochrobactrum sp. and Pantoea sp. harbor quorum sensing related genes (Li, unpublished). Therefore, we hypothesized that various bacteria were recruited via specific REs through chemotaxis, which then attracted surrounding bacteria to migrate to the rhizosphere through quorum sensing signal molecules, thereby completing the bacterial community assembly process of a Casuarina forest. These results suggest that both chemotaxis and chemotactic bacteria play an indispensable role in shaping bacterial communities.




Conclusions

In this study, the relative contributions of chemoattractants and chemotactic strains to the assembly of rhizobacterial communities were examined through comprehensive analysis. The compounds 2,4-di-tert-butylphenol, methyl stearate, and arginine, as representative REs, promoted bacterial motility in swarming assays, with the highest numbers of strains demonstrating strong chemotaxis when the concentration of chemoattractants was 60 μM. Arginine-plus-Ochrobactrum sp. and -Pantoea sp. treatment yielded the bacterial community most similar to that of a C. equisetifolia forest. The results of this study increase our understanding of the mechanisms regulating rhizosphere microbiome assembly. In addition, the results have important implications for the use of plant rhizosphere microbiomes and provide baseline data for managing non-crop rhizospheres. Future studies should focus on the changes in transcription and metabolism in microbial communities following regulation by chemoattractants in order to provide new theoretical data regarding the assembly of non-crop rhizosphere microbiomes.
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Rhizosphere bacteria play important role in soil nutrient cycling and plant growth, and their richness and diversity are influenced by soil management systems. However, the specific changes in tobacco rhizosphere bacterial community structure in continuous and tobacco-rice rotation cropping systems remain uninvestigated. In this study, soil properties and the composition of the rhizosphere bacterial community in tobacco monocropping and tobacco-rice rotation cropping systems were analyzed. Moreover, the comparison of rhizosphere bacterial community structure between tobacco continuous and tobacco-rice rotation cropping systems was performed via high-throughput sequencing. The changes in the composition of the rhizosphere bacterial community were investigated at different tobacco growth stages. The results showed that continuous tobacco cropping increased the soil soluble organic carbon (SOC), total nitrogen (TN), and the content of other nutrients (e.g., available phosphorus and available potassium) compared to tobacco-rice rotation cropping. However, monocropping decreased bacterial alpha-diversity and altered the community composition when compared to the rotation cropping system. At the phylum level, the relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes increased in the continuous cropping soil, while that of Acidobacteria, Firmicutes, and Actinobacteria decreased. At the genera level, the average abundance of the dominant genus Bacillus varied from 12.96% in continuous cropping libraries to 6.33% in the rotation cropping libraries (p < 0.05). Additionally, several other taxa, such as o_Acidobacteriales and Candidatus_Solibacter decreased from 7.63 to 6.62% (p < 0.05) and 4.52 to 2.91% (p < 0.05), respectively. However, the relative abundance of f_Gemmatimonadaceae and c_Subgroup_6 showed an increase of 1.46% (p < 0.05) and 1.63% (p < 0.05) in the tobacco-rice rotation cropping system, respectively. The results of NMDS indicated that the rhizobacteria community structure differed in the two cropping systems. In tobacco, the rhizosphere bacterial community structure showed no significant changes in the prosperous long-term stage and topping stage, but the composition changed significantly in the mature stage.
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Introduction

Tobacco is one of the most important economic crops that is mainly produced in China, India, Brazil, and Zimbabwe (Reichert et al., 2019). In China, tobacco planting is concentrated in the southwest region (Wang et al., 2019b). With the fast development of the tobacco industry and limited arable land, it is common to see the adoption of a continuous cropping system in tobacco cultivation. Many studies have confirmed that continuous cropping could lead to a reduction in yield or even the death of plants (Zhou and Ma, 2003; Jia et al., 2010). Thus, crop rotation is encouraged, and it presented certain advantages to improve the profitability of tobacco agriculture (dos Santos Canalli et al., 2020). As reported, many factors, including climate, soil properties, and soil microbes, affected the tobacco quality (Meng et al., 2015). Among these factors, soil microbes had been verified as one of the important factors that influence tobacco growth. However, the soil microbial community changes in tobacco continuous and rotation cropping systems remain to be investigated.

Soil microorganisms are critical to soil biological, chemical, and physical processes that are closely associated with soil quality, soil fertility, and productivity (Blagodatskaya and Kuzyakov, 2013; Beckers et al., 2017). The rhizosphere soil microbes affect the absorption and transformation of soil nutrients (Fierer et al., 2012). It means that the richness and diversity of rhizosphere soil microorganisms are important factors that affect the growth, development, and health status of plants (Bron et al., 2012). Simultaneously, the plant root exudates can also determine the rhizosphere microbes and influence the microbial community composition (Doornbos et al., 2012). The continuous cropping of a single specie often leads to an imbalance in the soil microbial flora (Fu et al., 2017). In comparison, the rotation cropping of different plant species is beneficial to maintain the balance of the rhizosphere soil microbial community (Liu et al., 2022). The soil microbial community can serve as a sensitive bioindicator of soil health due to its quick response to environmental changes and close relationship with soil conditions and land management (Sharma et al., 2011), which would consequently influence plant growth and health (Gao et al., 2021). Therefore, it is necessary to evaluate the relationship between the structural changes in microbial communities and tobacco cropping systems.

As the important decomposer in soil, bacterial community composition and diversity showed significant influence on soil and ecosystem balance and plant quality (Wu et al., 2022). Studies have shown that bacterial community succession patterns and the structure of soil microbes provide important suggestions for promoting tobacco growth and improving tobacco quality. Niu et al. (2016), found that both the fallow stage and tobacco shaped the shift pattern in soil bacterial communities during tobacco cultivation under different rotation systems. Wang et al. (2018) explored the influence of nitrogen addition on the structure of bacterial communities in rhizosphere soil under continuous cropping. However, there was limited research investigating the changes in the tobacco rhizosphere bacterial community and their relationship with soil properties in continuous and rotation cropping systems. In addition, the evolution of the tobacco rhizosphere bacterial community during different growth stages would deeply comprehend the tobacco growth process.

Therefore, this research aims to (1) analyze the relationship between rhizosphere bacterial community composition and soil properties in tobacco continuous and rotation cropping systems, (2) investigate the varieties of bacterial community richness and diversity in tobacco continuous and rotation cropping systems, and (3) indicate the influence of tobacco growth stage on rhizosphere bacterial community.



Materials and methods


Site description

The experiment was conducted from 2019 to 2021 at Nanping city Fujian province (27°37.407′N, 118°00.159′E, and 165 m altitude). The study region is characterized by a central subtropical monsoon with the average temperature and annual precipitation of 18.08°C and 1660 mm, respectively. The test soil was fertile and supplemented with limestone, and the basic physicochemical properties are as follows: the pH of 4.86, dissolved organic carbon of 38.11 g/kg, total nitrogen of 156.24 mg/kg, available phosphorus of 46.33 mg/kg, and available potassium of 154.29 mg/kg. The test tobacco strain was “Cuibi No. 1” (CB-1), and the rotation rice was Indica-japonica hybrid rice variety Yongyou 1540.



Field experiment design

In this study, a split plot arrangement was used, and the cropping system was the main plot treatment. The sub-plot had a width of 6 m and a length of 20 m (120 m2). A 0.5-m isolation zone was set up in different plots, and each experiment plot had three replications. Two cropping systems were performed in this study: tobacco continuous cropping (C) and tobacco-rice rotation cropping (R). The planting management method of all the experimental plots was the same. Tobacco was sown at a density of 16,500 plants per hm2. The row and plant spaces were 0.50 and 0.57 m, respectively. The field growth period of tobacco was 163 days, and 1 year was thought of as a cycle to investigate different cropping systems. Moreover, the sowing time of tobacco and rice was 4 November 2020 and 20 June 2021.



Soil sample collection

Soil samples were collected from the tobacco rhizosphere region in the second cycle, and they were taken at the prosperous long-term stage (E), topping stage (L), and mature stage (M), respectively. In each treatment plot, three tobacco plants were selected randomly, and the rhizosphere soil was taken based on the method described previously (Sun et al., 2009). In brief, the sampling shovel was used to excavate the entire root of tobacco, and the soil that tightly adhered to the root was collected, discarding those particles that dropped naturally. Then, the samples were passed through a 2-mm sieve to remove roots, rocks, and litter. The sieved samples were divided into two parts: one portion was kept at −80°C for microbial community analysis and the other one was stored at 4°C for the analysis of basic soil physicochemical properties.



Analysis of soil physicochemical properties

Soil and water suspension in the ratio of 1:2.5 (w:v) was taken to measure the pH value using a digital pH meter. The soluble organic carbon (SOC) and total nitrogen (TN) levels were determined by using a TOC/TN analyzer (TNC-200, Toray Engineering D Solutions Co., Ltd., Japan) after pretreatment. Briefly, 5 g of soil was extracted with 50 mL of 2 M KCl on a shaker with a speed of 200 r/min for 1 h. Then, the extracts were filtered, and the filtrate was collected and analyzed using a TOC/TN analyzer. In addition, the filtrate was used to determine the water-soluble chlorine content with the silver nitrate titration method (Tong et al., 2022). Spectrophotometry and flame photometry were used to detect soil available phosphorus (AP) and potassium (AK) after they were extracted with ammonium lactate solution (Tian et al., 2021). Moreover, the exchangeable (mild acid extractable) element portions (calcium and magnesium) were determined by extracting the soil samples with 0.11 mol/L acetic acid at a ratio of 1:20 (w/v) for 16 h (Zhao et al., 2021). Then, the soil extracts were analyzed by flame atomic absorption spectroscopy (FAAS, VARIAN SpectrAA-280, Victoria, Australia).



DNA extraction and Illumina sequencing

The genomic DNA was extracted from 0.5 g of soil using the Fast DNA Spin Kit for Soil (MP Biomedicals, United States) based on the manufacturer’s instructions. The purity of DNA was checked by NanoDrop spectrophotometer ND-2000c (Thermo Fisher Scientific, United States). The V3-V4 regions of 16S rRNA were amplified with the primers 338F and 806R to demonstrate the composition and structure of the bacterial community (Xu et al., 2020). About 20 μl of the reaction system was applied, including 4 μL of × 5 FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward primer, 0.8 μL of reverse primer, 0.4 μL of FastPfu polymerase, 0.2 μL of BSA, 10 ng of DNA template, and ddH2O. After purification and library construction, the amplicons were sequenced on an Illumina HiSeq platform (Illumina, San Diego, United States).



Statistical analysis

The independent t-test and the Student–Newman–Keuls test for multiple comparisons were used to assess data differences between the treatments via SPSS 22.0. The one-way ANOVA and “vegan” package of R software were performed to evaluate the alpha-diversity and beta-diversity. Figures were generated using Origin 2021.




Results


Soil characteristics

Tobacco planting significantly influenced the soil properties, and different cropping systems presented different effects. The changes in the soil properties of tobacco continuous and tobacco-rice rotation cropping systems are presented in Table 1. The pH value of tobacco continuous cropping system soil was significantly lower than that of tobacco-rice rotation cropping system soil but higher than that of the original soil. Obviously, tobacco cropping improved the acidity of the soil. Moreover, the content of SOC and TN in the tobacco continuous cropping soil was 1.58 and 1.62 times that observed in tobacco-rice rotation cropping soil, respectively. When compared to the original soil, in tobacco cropping soil, the nutritional indicators AP and AK increased by 0.51–1.03 and 1.64–3.42 times, respectively. The concentrations of AP and AK in the tobacco continuous cropping system were 1.34 and 1.67 times that observed in the tobacco-rice rotation cropping system, indicating a higher promotion in the accumulation of soil nutrients. In addition, tobacco planting significantly increased the exchangeable Ca/Mg, while it decreased the water-soluble Cl content. In both cropping systems, exchangeable Ca increased from 0.88 to 1.27 times that of the original soil, and the tobacco continuous cropping system presented a stronger influence than the tobacco-rice rotation cropping system. In short, compared with tobacco-rice rotation, the continuous cropping significantly increased soil pH, SOC, TN, AP, AK, and exchangeable Ca/Mg, and significantly decreased the soil water-soluble Cl content.


TABLE 1    Soil physicochemical properties of different cropping systems.
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Alpha-diversity of soil microbial community

A total of 2,878,961 reads were obtained after high-throughput sequencing, and each sample had approximately 65,416 clean tags. Alpha-diversity was used to evaluate the species richness and evenness in a community (Willis, 2019). The alpha-diversity was measured using many indexes, such as Chao1, Simpson, and Shannon index (Moreno et al., 2006). As shown in Figure 1 the observed OTUs, Chao 1, Simpson, and Shannon diversity indexes presented significant differences in different cropping systems and tobacco growth stages. The observed average number of OTUs in the tobacco continuous cropping system was 1,550, which was significantly lower (p < 0.05) than that in the tobacco-rice rotation cropping system which showed 1,646 OTUs. In addition, the Chao1 and Shannon diversity indexes showed the same results. Moreover, the Simpson diversity index in the continuous cropping system was significantly higher (p < 0.05) than in the rotation cropping system, particularly during the tobacco mature period. With regard to the influence of the tobacco growth stage on the alpha-diversity of rhizosphere bacteria, the mature stage exhibited notable effects when compared to prosperous long-term and topping stages. Except for the Simpson diversity index, other alpha indexes were the lowest in the mature stage. However, there was no significant difference in the bacterial alpha-diversity values in the mature stage between different cropping systems.
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FIGURE 1
Bacterial alpha-diversity index in different groups (CE, CL, and CM represent the tobacco prosperous long-term, topping, and mature stages, respectively, in the tobacco continuous cropping system; RE, RL, and RM represent the corresponding stage in tobacco-rice rotation cropping system).




Variation in bacterial community structure


Bacterial community composition at different taxonomic levels

Bacterial community composition in tobacco continuous and rotation cropping soil systems is depicted in Figure 2. At the phylum level (Figure 2A), Proteobacteria, Acidobacteria, Firmicutes, Chloroflexi, Actinobacteria, Gemmatimonadetes, Bacteroidetes, Verrucomicrobia, and Patescibacteria were the dominant phyla with the relative abundance over 1%. Among them, Proteobacteria showed the highest relative abundance, which increased from 25.80 to 27.28% in continuous cropping soil compared to rotation cropping soil. The relative abundance of Gemmatimonadetes and Bacteroidetes also increased from 3.95 to 5.32% and from 2.02 to 3.78%, respectively. However, the relative abundance of Acidobacteria, Firmicutes, and Actinobacteria decreased significantly in continuous cropping soil compared to that observed in rotation cropping soil. At the genus level (Figure 2B), Bacillus sp. was dominant (10%), but their average relative abundance decreased from 12.96% in continuous tobacco soil to 6.33% in tobacco-rice rotation soil, indicating that Bacillus sp. could not adapt to the changing soil environmental conditions. In addition, several relatively abundant genera, such as o_Acidobacteriales and Candidatus_Solibacter, also presented a decreasing tendency from7.53 to 6.48% and from 4.44 to 2.75%, respectively, in continuous cropping soil compared to rotation cropping soil. In contrast, the population of f_Gemmatimonadaceae and c_Subgroup_6 slightly increased in rotation cropping soil.
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FIGURE 2
Relative abundance of soil bacterial phyla (A) and genus (B) in tobacco continuous and tobacco-rice rotation cropping soil.




Beta-diversity analysis of bacterial community structure

Non-metric multidimensional scaling (NMDS) analysis was used to visualize the dissimilarities in community composition between the samples of different cropping systems. As a measure of beta-diversity, NMDS plots in this study were obtained based on the Bray-Curtis method. Apparently, the soil samples subjected to different cropping systems were divided into two groups (Figure 3A) with stress of 0.096, indicating that the cropping method influenced the rhizosphere soil bacterial community composition significantly. Moreover, the bacterial communities of different tobacco growth stages were also clustered into two groups distinctly (Figure 3B). The samples of tobacco prosperous long-term stage and topping stage grouped together, while the samples of tobacco mature stage grouped separately from others, suggesting the different bacterial community composition. Moreover, the stress value of the soil bacterial community spatial ordination for different growth stages was 0.146, which suggested that the NMDS results had certain reliability, as the stress value was less than 0.2 (Taguchi and Oono, 2005).
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FIGURE 3
Non-metric multidimensional scaling (NMDS) analysis based on binary_jaccard method of rhizosphere soil bacterial community composition grouped according to cropping method (A) and growth stage (B).





Biomarker analysis

There were significant differences in the bacterial community composition between the two cropping systems (Figure 4). Four taxa with significantly different relative abundances were presented among the various sample groups according to the LEfSe pipeline (LDA > 3 or LDA < -3, p < 0.05). LEfSe has been widely used to find biomarkers among different sample groups associated with rhizospheric bacteria showing differences in their relative abundance (Mukhtar et al., 2021). In particular, in this study, three taxa, including c_Anaerolineae, o_Betaproteobacteriales, and c_Gammaprotebacteria, were enriched in the rotation cropping system, while one taxon (o_Acidobacteriales) was enriched in the continuous cropping system. These significantly different biomarkers may be important sources of differences in the microbial community structure in different cropping systems.


[image: image]

FIGURE 4
Comparative linear discriminant analysis (LDA) effect size (LEfSe) results of soil bacterial abundance of tobacco continuous and tobacco-rice rotation cropping systems. (A) Identified biomarkers ranked by the effect size in different cropping systems and (B) LEfSe taxonomic cladogram.





Discussion


Influence of cropping system on soil physicochemical properties

Tobacco planting significantly changed the soil physicochemical properties and resulted in an increase in soil fertility (e.g., SOC, TN, AP, and AK) and mineral content (e.g., exchangeable Ca/Mg). These results might be attributed to the interactions between tobacco and rhizosphere microorganisms, which released some root exudates and improved the soil microenvironment (Jin et al., 2022). In addition, tobacco planting improved the acidity of the soil by elevating the concentration of alkaline elements, such as exchangeable Ca/Mg (Han et al., 2019). Specifically, tobacco continuous cropping presented better effects on improving the soil environment than the tobacco-rice rotation cropping system. This observation was contradictory to other studies which indicated that the rotation cropping system was beneficial in enhancing soil fertility (Malobane et al., 2020; Zhang et al., 2022). This result can be ascribed to the amount of debris remaining in the field after each crop in a continuous cropping system, even after removing the tobacco stalks (Triberti et al., 2016). Chlorine is an essential nutrient element in the process of tobacco growth, and the chlorine content of tobacco leaves is an important factor that affects its quality (Qiang et al., 2011). The content of chlorine in the soil directly affects the level of chlorine in the tobacco leaves. The tobacco planting soil is divided into five grades based on the presence of the water-soluble content: very low (< 5.00 mg/kg), low (5.00–10.00 mg/kg), suitable (10.01–30.00 mg/kg), high (30.01–40.00 mg/kg), and very high (> 40.00 mg/kg) (Karaivazoglou et al., 2005). The content of water-soluble Cl in the tobacco continuous and tobacco-rice rotation cropping systems was lower than that noticed in the original soil, which can be attributed to the uptake of tobacco.



Changes in tobacco rhizosphere bacterial community

Based on the results of alpha-diversity analysis, rotation cropping significantly increased the richness of bacterial species compared to the continuous cropping system, which was indicated by a significantly higher number of observed OTUs and a higher Chao 1 index (Figure 1). It might be because the composition of rhizosphere bacteria of tobacco and rice in the rotation cropping system was different, thus increasing the species richness (Liu et al., 2020). Moreover, the Shannon and Simpson indexes also presented a significantly increasing trend, suggesting that the diversity of rhizosphere bacteria in the rotation cropping system soil increased (Jin et al., 2022). Apparently, the observed OTU number, Chao1, Shannon, and Simpson indexes in the tobacco and rice rotation soils were higher than that in tobacco continuous soil, which demonstrates that the rhizosphere bacteria in the rotation cropping system soil showed increased richness and diversity. The results were in accordance with previous research that indicated soil bacterial community generally declined with long-term monocropping (Chen et al., 2020). In comparison, bacterial richness and diversity showed no changes between different tobacco growth periods in the continuous cropping system, as there was no significant difference in the observed OTU number, Chao1, Shannon, and Simpson indexes, indicating that the plant type was the major factor that determined the rhizosphere bacterial community. However, in the rotation cropping system, both bacterial richness and diversity decreased during the mature period in plants. The changed soil properties in the mature period, such as pH and depleted available nutrients (SOC and AP), might have resulted in this observation (Ding et al., 2017). In addition, many studies confirmed the resource competition theory that microbial diversity is the highest under moderate resource limitation, while it decreased when the environmental resources were limited (Graham and Duda, 2011; Wei et al., 2021).

According to the analysis of bacterial community composition at the phylum level, Proteobacteria, Acidobacteria, Firmicutes, Chloroflexi, Actinobacteria, Gemmatimonadetes, Bacteroidetes, Verrucomicrobia, and Patescibacteria were the dominant phyla, but their relative abundances changed obviously in different cropping systems. The continuous cropping system makes the soil bacterial community structure simple, which was similar to that reported by Chen et al. (2020), who showed that the bacteria exhibit apparent changing biodiversity along with the succession of crops. The increased bacterial population in rotation cropping soil can be attributed to their adaptability to a new microenvironment (Yin et al., 2010). However, the modification of the soil bacterial community structure could lead to the sickness of soil (Chen et al., 2014). At the genus level, Bacillus was the most abundant bacteria, and they are found to be beneficial to plant growth (Gomaa, 2012). However, their relative abundance decreased significantly in the rotation cropping system, which might affect tobacco growth and yield. In addition, the genera related to the degradation of potential soil allelochemicals (Wang et al., 2019a), such as o_Acidobacteriales and Candidatus_Solibacter, also presented a decreasing tendency in the rotation cropping system. This finding indicated that the bacterial community structure was significantly different between tobacco continuous and tobacco-rice rotation cropping systems. Moreover, the bacterial community composition of the mature period was different from the prosperous long-term and topping stages. The result was contradictory to previous research that indicated the peanut growth stage had less influence on bacterial communities (Chen et al., 2020). Here, the different observations might be explained by the plant variety (Liu et al., 2020).

The indicator genera of the bacterial community composition of the tobacco-rice rotation cropping system were c_Anaerolineae, o_Betaproteobacteriales, and c_Gammaprotebacteria. The genus c_Anaerolineae is predominantly found in the anaerobic environment and participates in denitrification, which drives the nitrogen cycle (Li et al., 2020). The paddy soil is beneficial for c_Anaerolineae enrichment. The genera o_Betaproteobacteriales, and c_Gammaprotebacteria belong to Proteobacteria, and their relative abundance was related to the relatively higher soil pH, and lower content of SOC and TN (Li et al., 2014). Thus, the characteristics of the rotation cropping soil (see section “Soil characteristics”) were the major drivers for the enrichment of o_Betaproteobacteriales and c_Gammaprotebacteria. o_Acidobacteriales is the indicator genus in the tobacco continuous cropping system. It is a Gram-positive bacteria and well adapted to the acidic environment and heavy metals in the soil (Tang et al., 2020). These significantly different biomarkers may be important sources of differences in the microbial community structure in different cropping systems. These results also indicated that different cropping systems changed the soil properties, which further led to variation in the microbial diversity.




Conclusion

We investigated the soil properties and changes in the rhizosphere bacterial community structure in tobacco continuous and tobacco-rice rotation cropping systems. Significant increases in soil SOC, TN, and the content of other nutrients (e.g., AP and AK) were observed in tobacco continuous cropping compared to tobacco-rice rotation cropping. However, the alpha-diversity indexes, such as Chao 1, Simpson, and Shannon, in the continuous cropping system were significantly lower (p < 0.05) than those observed in the rotation cropping system, implying a loss in general microbial richness and evenness. The results of NMDS indicated that the cropping systems affected the tobacco rhizosphere bacterial composition significantly, and continuous cropping made the soil bacterial community structure simple. The rhizosphere bacterial community structure showed no significant changes in the tobacco prosperous long-term stage and topping stage, but it changed significantly in the mature stage.
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Rhizosphere microbial communities profoundly affect plant health, productivity, and responses to environmental stress. Thus, it is of great significance to comprehensively understand the response of root-associated microbes to planting years and the complex interactions between plants and rhizosphere microbes under long-term cultivation. Therefore, four rabbiteye blueberries (Vaccinium ashei Reade) plantations established in 1988, 2004, 2013, and 2017 were selected to obtain the dynamic changes and assembly mechanisms of rhizosphere microbial communities with the increase in planting age. Rhizosphere bacterial and fungal community composition and diversity were determined using a high-throughput sequencing method. The results showed that the diversity and structure of bacterial and fungal communities in the rhizosphere of blueberries differed significantly among planting ages. A total of 926 operational taxonomic units (OTUs) in the bacterial community and 219 OTUs in the fungal community were identified as the core rhizosphere microbiome of blueberry. Linear discriminant analysis effect size (LEfSe) analysis revealed 36 and 56 distinct bacterial and fungal biomarkers, respectively. Topological features of co-occurrence network analysis showed greater complexity and more intense interactions in bacterial communities than in fungal communities. Soil pH is the main driver for shaping bacterial community structure, while available potassium is the main driver for shaping fungal community structure. In addition, the VPA results showed that edaphic factors and blueberry planting age contributed more to fungal community variations than bacterial community. Notably, ericoid mycorrhizal fungi were observed in cultivated blueberry varieties, with a marked increase in relative abundance with planting age, which may positively contribute to nutrient uptake and coping with environmental stress. Taken together, our study provides a basis for manipulating rhizosphere microbial communities to improve the sustainability of agricultural production during long-term cultivation.
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Introduction

As mutually beneficial symbionts within the plant microbiota, rhizosphere microbiomes have coevolved with their hosts since plants initially adapted to land (Martin et al., 2017). These rhizosphere microbes profoundly affect host plant health and productivity and have increased the ability to cope with environmental stress, primarily in terms of nutrient uptake (Emmett et al., 2018), growth promotion (Stringlis et al., 2018), tolerance to abiotic stress (Santos-Medellín et al., 2017), and resistance to pathogens (Mendes et al., 2018; Fan et al., 2020a). Host plants provide the rhizosphere as a carbon-rich niche by root exudation or rhizodeposition, recruiting microorganisms from bulk soils, in which carbon and other nutrients are more readily depleted by heterotrophic microbes (Sasse et al., 2018). Moreover, microorganisms can also positively affect host plants in various direct or indirect ways to promote their growth and health (Trivedi et al., 2020). Therefore, unravelling the biological mechanisms that drive the assembly and differentiation of the microbiota at the root-soil interface will be a fundamental step in the rational exploitation of the beneficial microbes in modern agriculture.

In the process of plant rhizosphere microbial assembly from the surrounding soil, microbes are recruited through a two-step selection model (Bulgarelli et al., 2013). They are driven by many factors, such as soil nutrient availability (Bell et al., 2015), physicochemical properties (Lammel et al., 2018), plant root metabolites and exudates (Mahoney et al., 2017), plant developmental stage (Xiong et al., 2021), and plant species and genotype (Edwards et al., 2015). Among these factors, edaphic factors are crucial environmental factors and strongly influence the structure of the rhizosphere microbial community (Kavamura et al., 2019; Lee et al., 2019). Soil pH was identified as having both direct and indirect effects on microbial community structure, with the direct effect being the dominant driver of microbial community structure and the indirect effect being related to element solubility, cation exchange capacity, soil organic matter, and nutrient cycling (Lammel et al., 2018; Ni et al., 2021). Moreover, strong linkages exist between microbial communities and soil function on a large spatial scale in natural ecosystems. These essential associations are robust when considered together with edaphic, climatic, and spatial variables (Fan et al., 2020b). Therefore, various abiotic factors in the dynamic environment can drive microbiome assembly in the rhizosphere, resulting in diverse interactions for plants (Yu and Hochholdinger, 2018).

During long-term cultivation, planting age is an important factor affecting the structure of the rhizosphere microbial community (Marques et al., 2014), as well as differences in the interactions between bacterial and fungal communities (Wu et al., 2021). Long-term cultivation patterns exacerbate the microecological imbalance and significantly reduce the diversity and metabolic activity of the soil microbial community (Wu et al., 2015). Previous studies indicated that forest age significantly altered the diversity of soil fungal communities (Wan et al., 2021), generally decreasing with older stand ages (Ma et al., 2021). In addition, long-term cultivation alters the functional diversity of the soil microbial community, which is significantly different in young and mature plantations compared to older plantations (Zhou et al., 2017). In this process, the dynamic changes in beneficial microbes highly influence the health and productivity of the plant. Therefore, a comprehensive understanding of the variation in beneficial microbes in the rhizosphere is essential to manipulating the microbial community for sustainable cultivation.

Blueberry (Vaccinium spp.) is a perennial shrub cultivated worldwide for its fruit’s high anthocyanin and antioxidant contents, which are considered to have high nutritional and beneficial effects (Silva et al., 2020; Wu et al., 2022). However, blueberries have shallow and fibrous root systems with sparse root hairs, thus resulting in low efficiency of water and nutrient absorption (Pescie et al., 2021; Yang et al., 2022). Interestingly, the Ericaceae family plant roots can form symbiotic associations with specific types of ericoid mycorrhizal (ERM) fungi, and several studies have isolated these ERM fungi and demonstrated that they promote growth and development by enhancing their nutrient uptake efficiency (Morvan et al., 2020; Wei et al., 2020; Cai et al., 2021). In addition, a combination of beneficial bacteria was observed to have a higher contribution to improving soil nutrient preservation, blueberry yield, and fruit quality in organic systems than a single bacterium (Yu et al., 2020). Moreover, a holistic understanding of rhizosphere structure and interaction networks may provide a better exploration of biological mechanisms to guide the assembly of the rhizosphere (Jiang et al., 2017). Consequently, the beneficial rhizosphere microbes of blueberries have been highlighted in recent years as being critical to reducing chemical inputs and promoting productivity.

However, the impact of dynamic environmental factors on the complex interactions of plant-associated microbiomes during long-term cultivation may be limited or underestimated. Recent studies have mainly focused on determining the relevance of edaphic factors that drive the variation in blueberry microbial communities, such as pH, available potassium content, and phosphorus gradients (Yurgel et al., 2017; Pantigoso et al., 2018; Tan et al., 2022). To this end, we sought to explore the dynamic changes in the blueberry rhizosphere bacterial and fungal communities under long-term cultivation and the correlation between edaphic factors and plant age in shaping their community structure. Rhizosphere soils of blueberry at different ages were collected in plantations to quantitatively characterize the composition and structure of the bacterial and fungal communities, which will provide a comprehensive understanding of the dynamic changes in rhizosphere habitation. We aimed to (1) determine the dynamic changes in blueberry rhizosphere microbial communities among different ages and (2) clarify the main drivers of rhizosphere microbial community structure at different ages.



Materials and methods


Collection of blueberry rhizosphere soil samples

The collection site was located in Lishui, Nanjing, Jiangsu Province, China (31°60′ N, 119°20′ E). The region has a humid subtropical monsoon climate with an annual average temperature and precipitation of 16.4°C and 1,204 mm, respectively. Four plantations of the rabbiteye blueberry (Vaccinium ashei Reade) “Brightwell” cultivar were selected, which were established in 1988 (33a), 2004 (17a), 2013 (8a), and 2017 (4a), respectively. All blueberry plants were grown in the same soil under conventional and consistent management practices. Samples were collected at the same growth stage in October 2021. The sampling area was appropriately 18,000 m2 with flat topography, and three sampling sites were randomly selected for each plantation, with each sampling site being 15 × 15 m2. Rhizosphere soil samples with root tissues were randomly collected from three individual plants at a depth of 10 cm in four directions using a clean spade and then composited into one composite sample. Three composite samples from each plantation, representing a total of 36 individual rhizosphere soil samples, were used for subsequent analyses (Kavamura et al., 2019; Fan et al., 2021). All samples were placed on ice and immediately transported to the laboratory. Then, the soil loosely adhering to the roots was shaken off, and the tightly adhering rhizosphere soils were collected with a sterile brush and passed through a 2-mm sieve. Each sample was divided into two subsamples, stored at −80°C for microbial community profiling analysis and −20°C for soil physiochemical analysis, respectively. Bulk soil without roots was collected in an S-shaped pattern at a depth of 10 cm within 30 cm away from the root zone to provide baseline information on the physiochemical characteristics and microbial community composition of the soil without planting and fertilization. A total of 20 samples were collected from the sampling area and mixed into three composite bulk soil samples for analysis. In total, 12 composite rhizosphere soil samples from blueberry plants of four different ages and three composite bulk soil samples were analyzed.



Soil physiochemical analysis

Soil pH was determined using a glass electrode in a soil-water solution (w/v). The moisture content was determined by oven-drying for 48 h at 105°C. The soil organic matter (SOM) content was determined using the potassium dichromate oxidation method (Yu et al., 2020). Soil total nitrogen (TN) and total carbon (TC) content were determined using an automatic elemental analyzer (PerkinElmer 2400 Series II, United States; Tan et al., 2022). Soil nitrate-nitrogen (NO3−-N) and ammonium-nitrogen (NH4+-N) were extracted with 2 M KCl and determined using an UV spectrophotometer (Shimadzu UVmini-1285, Japan; Huang et al., 2019). Total phosphorus (TP) and total potassium (TK) were digested with HNO3-HF-HClO4, and the available phosphorus (AP) and available potassium (AK) were extracted with HCl-H2SO4 and ammonium acetate, respectively. TP and AP were determined using an atomic absorption spectrometer (PerkinElmer PinAAcle 900T, United States), and TK and AK were determined using an ultraviolet spectrophotometer, respectively (Jiang et al., 2017).



DNA extraction, Illumina sequencing, and bioinformatic analysis

Rhizosphere and bulk soil DNA were extracted from 0.5 g of soil using the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, United States) according to the manufacturer’s instructions. The final DNA concentration and purity were determined by a Nano-drop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States), and DNA quality was checked by 1% agarose gel electrophoresis. Illumina sequencing was performed by amplifying the V5–V7 region of the bacterial 16S rRNA gene using individually bar-coded forward primers 779F (5′-AACMGGATTAGATACCCKG-3′) and reverse primers 1193R (5′-ACGTCATCCCCACCTTCC-3′), and the ITS2 region of the fungal rRNA gene using individually bar-coded forward primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and reverse primers ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). Sequencing was performed on the Illumina MiSeq platform (Illumina, San Diego, United States) with a paired-end protocol. The Illumina raw sequence reads were deposited into the NCBI Sequence Read Archive (SRA) under accession number PRJNA835240.

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE(v7.1), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each bacterial 16S rRNA gene and fungal ITS2 rRNA gene sequence was analyzed using the RDP classifier algorithm with a confidence threshold of 70%. Bacterial and fungal sequences were classified using SILVA (v13.8) and UNITE (v8.0) databases, respectively. A total of 637,606 bacterial and 803,442 fungal high-quality sequence reads were obtained after quality filtering. The number of bacterial and fungal sequences per sample ranged from 35,909 to 48,784, with an average of 42,507 reads, and ranged from 41,137 to 67,573, with an average of 53,563 reads, respectively. These high-quality reads were clustered into a total of 3,128 bacterial and 2,608 fungal OTUs. We calculated alpha diversity of bacterial and fungal using the Shannon and Chao1 indices by Mothur software (v1.30.2), and beta diversity of bacterial and fungal using principal co-ordinates analysis (PCoA) based on the Bray–Curtis dissimilarity matrix by QIIME software (v1.9.1). The relative abundance of the blueberry rhizosphere bacterial and fungal communities at different taxonomic levels (phylum, class, order, family, genus, and species) for different age groups was used for subsequent analysis. More details about the amplicon sequencing and bioinformatic analysis are provided in the Supplementary Information.



Statistical analysis

The microbial alpha diversity of the Shannon and Chao1 indices for different age groups was tested using Student’s t test. The microbial beta diversity was analyzed based on PCoA of the Bray–Curtis dissimilarity matrix (Oksanen et al., 2022). Analysis of similarity (ANOSIM) was performed to examine the differences in the composition of different age groups, and CIs for the ANOSIM were estimated from 999 random permutations (Clarke et al., 2002). To determine whether taxa were stable among different age groups of blueberries, we identified the core microbiome across groups of rhizosphere samples and visualized the results by Venn diagram and Circos plot using the “circlize” package in R.

The linear discriminant analysis effect size (LEfSe) method was applied to identify different taxa within the blueberry rhizosphere microbial community at different ages. The non-parametric factorial Kruskal-Wallis (KW) sum-rank test was used to identify taxa with significant differences in abundance, for which the value of p was set at 0.05, and a logarithmic LDA score above 4.0 was defined as a discriminative biomarker for visualization.

Redundancy analysis (RDA) aims to identify soil factors affecting bacterial and fungal communities. Spearman’s correlation test aimed to determine the relationship between rhizosphere microbial and soil factors, and the relationship between each soil factor. Mantel test was used to explore the correlations between microbial communities and soil factors using the “ggcor” package in R (Huang et al., 2020). Variation partitioning analysis (VPA) was used to quantify the relative contribution of age and soil factors to the variation in bacterial and fungal microbial communities using the “vegan” package in R.

A microbial community co-occurrence network was constructed in different age groups based on relative abundances greater than 0.5%. A valid co-occurrence was considered as a statistically significant correlation between OTUs if Spearman’s correlation coefficient r > 0.7 or r < −0.7 and p < 0.01. The p values were adjusted by multiple testing corrections using the Benjamini-Hochberg’s false discovery rate (FDR) method to reduce the chance of obtaining false-positive results (Benjamini and Hochberg, 1995). Co-occurrence network analyses were performed using the “igraph” and “Hmisc” in R (Csardi and Nepusz, 2006; Harrell and Frank, 2008), and visualized using Gephi software (v0.9.3). Topological characteristics were used to describe the complex pattern of interrelationships among bacterial and fungal OTUs, respectively, and were calculated to describe the network structure (Bastian et al., 2009).




Results


Diversity and abundance of bacterial and fungal communities across age groups

To profile the alpha diversity of rhizosphere microbes at different age groups, Shannon and Chao1 indices were calculated to assess the differences. The Shannon and Chao1 indices for the bacterial community of group 17a were significantly higher than those for the other groups (Figures 1A,B), and the Chao1 index for the fungal community followed the same trend as that for the bacterial community (Figure 1D). However, it was observed that the fungal communities of both groups 17a and 33a had significantly higher Shannon index values than the other groups (Figure 1C).
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FIGURE 1
 Alpha diversity (Shannon and Chao1 indices) of bacteria (A,B) and fungi (C,D) in the rhizosphere of blueberry at different ages. Significant differences between the 4a, 8a, 17a, and 33a sites are indicated in each figure panel (*p < 0.05, **p < 0.01, and ***p < 0.001). Principal co-ordinates analysis (PCoA) analysis of bacteria (E) and fungi (F) in the rhizosphere microbial communities of blueberry at different ages based on Bray–Curtis distance metrics.


Bacterial and fungal beta diversity were visualized using PCoA based on Bray–Curtis distance metrics to determine the community composition among different age groups (Figures 1E,F). Both the bacterial and fungal communities were clearly clustered distinctively into four groups, and the results of the ANOSIM test showed extremely significant differences in taxonomical compositions between blueberry age groups (r = 1, p < 0.001).



Differences in the composition of rhizosphere microbial communities

To provide insight into the taxonomic composition of rhizosphere microbial communities of blueberry among different ages, the differences in the taxonomic compositions of bacteria and fungi were compared at the phylum and class levels, respectively. The bacterial communities predominantly consisted of the phyla Proteobacteria (34.1, 33.4, 38.6, and 24.6%), Actinobacteria (20.6, 24.4, 29.3, and 37.5%), Firmicutes (33.3, 23.0, 6.7, and 15.9%), Acidobacteria (5.0, 8.3, 12.2, and 10.0%), and Chloroflexi (3.7, 5.3, 6.5, and 7.2%; Figure 2A). The relative abundance of Actinobacteria and Chloroflexi increased with increasing age of blueberry trees, while the opposite trend was observed for the abundance of Firmicutes. In addition, the relative abundance of Actinobacteria in group 33a and Firmicutes in group 4a were significantly higher than those in the other groups. The dominant fungal class were Sordariomycetes (28.3, 32.7, 21.3, and 25.7%), Tremellomycetes (20.5, 21.9, 34.1, and 28.3%), Eurotiomycetes (7.4, 8.4, 7.8, and 17.9%), Pezizomycetes (13.6, 19.4, 0.03, and 2.5%), Agaricomycetes (11.3, 3.5, 7.4, and 2.3%), Mortierellomycetes (6.7, 3.9, 5.0, and 8.0%), Dothideomycetes (1.2, 1.7, 4.0, and 5.8%), and Leotiomycetes (4.1, 0.5, 1.4, and 1.3%; Figure 2B). We further observed that the relative abundance of Tremellomycetes, Eurotiomycetes, and Dothideomycetes increased with increasing age of the blueberry trees, however, the abundance of Pezizomycetes and Leotiomycetes showed the opposite trend. Furthermore, the relative abundance of Eurotiomycetes was significantly higher in group 33a than in the other groups, as was the relative abundance of Pezizomycetes in groups 4a and 8a. Notably, we observed the abundance of ERM fungi in Leotiomycetes and Chaetothyriomycetes of the orders Helotiales (0.4, 0.4, 1.3, and 1.1%) and Chaetothyriales (6.5, 6.6, 3.6, and 11.3%), respectively, as well as some closely related ERM fungi in Eurotiomycetes and Sordariomycetes of the orders Eurotiales (0.8, 1.8, 4.0, and 6.4%) and Hypocreales (6.4, 4.9, 10.3, and 7.3%), respectively, and this varied with age group (Supplementary Figure S1).
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FIGURE 2
 The relative abundance of major bacterial (phylum level; A) and fungal (class level; B) taxa present in the rhizosphere of blueberry at different ages.




Core rhizosphere microbiome of blueberry

To explore the rhizosphere microbial communities that were stably enriched between blueberries of different ages, we identified 926 OTUs and 219 OTUs in the bacterial and fungal communities, respectively, as the core rhizosphere microbiome of blueberry. In general, the 926 bacterial OTUs belonging to 20 phyla accounted for 29.6% of the taxonomic diversity of bacteria (Figure 3A). The five most dominant phyla present in the core microbiome were Proteobacteria (252 OTUs), Actinobacteria (196 OTUs), Firmicutes (189 OTUs), Acidobacteria (84 OTUs), and Chloroflexi (55 OTUs). The 219 fungal OTUs belonged to 15 classes, accounting for 8.4% of the taxonomic diversity of fungi (Figure 3B). The five most dominant classes presented in the core microbiome were Sordariomycetes (63 OTUs), Eurotiomycetes (40 OTUs), Dothideomycetes (23 OTUs), Tremellomycetes (12 OTUs), and Agaricomycetes (10 OTUs). Surprisingly, the relative abundance of Tremellomycetes with 12 OTUs in the core microbiome was up to 36.4%. Overall, the distribution of each OTU of the core microbiome was different in each group, therefore, the relative abundance of core OTUs varied in the blueberry rhizosphere at different ages (Figures 3C,D).
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FIGURE 3
 Core taxa in the blueberry rhizosphere microbiome. Venn diagram showing specific and shared operational taxonomic units (OTUs) of the rhizosphere bacterial (A) and fungal (B) communities of blueberry at different ages. The shared OTUs were defined as the OTUs that appeared in all samples of each group. (A) Circos plot showing the taxonomical relative abundance of the core bacterial microbiome at the phylum level (C) and fungal taxa at the class level (D). The thickness of each ribbon represents the relative abundance of bacterial and fungal assigned to different groups.




Differences between rhizosphere microbial communities of the four age groups

Differences in the composition of the four age groups were assessed by calculating the LEfSe scores at order, family, and genus levels, which indicated a consistent degree of variation in relative abundance between each group. In total, 36 distinct bacterial biomarkers were identified using an LDA threshold score ≥ 4.0, of which 11, 11, and 14 biomarkers were at order, family, and genus levels, respectively. These identified biomarkers were mainly distributed in the phyla Acidobacteria, Firmicutes, Proteobacteria, Actinobacteria, and Chloroflexi (Figures 4A,C). LEfSe analysis revealed that 56 distinct fungal biomarkers were distributed between age groups, with 20, 20, and 16 biomarkers belonging to the order, family, and genus levels, respectively. The cladogram showed that these biomarkers were mainly present in the classes of Pezizomycetes, Dothideomycetes, Sordariomycetes, Leotiomycetes, Eurotiomycetes, Agaricomycetes, Tremellomycetes, and Mortierellomycetes (Figures 4B,D).
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FIGURE 4
 Cladogram showing the phylogenetic structure of bacteria (A) and fungi (B), Linear discriminant analysis effect size (LEfSe) analysis of differentially abundant (LDA threshold score ≥ 4.0) orders, families, and genera of bacteria (C) and fungi (D) in the rhizosphere microbial communities of blueberries of different ages.




Co-occurrence networks of bacterial and fungal microbial communities

To explore the ecological interaction patterns in the rhizosphere community among different blueberry ages, we established a bacterial and fungal community co-occurrence network based on strong and significant correlations at the modularity class and microbial taxa levels, respectively (Figure 5). The network consisted of 343 nodes and 4,271 edges in the bacterial community, and 173 nodes and 1,442 edges in the fungal community, while the positive correlations were much higher than the negative correlations in both the bacterial and fungal communities. Additionally, a higher average path length and modularity were observed in the bacterial community, while a higher graph density and average clustering coefficient were observed in the fungal community. In addition, the bacterial community had a greater network complexity than the fungal community, with average degrees of 24.904 and 16.671, respectively (Figures 5A,B; Supplementary Table S1). The majority of nodes belonged to the Proteobacteria of the bacterial community, accounting for 32.1% of the taxonomic composition of the networks, followed by Actinobacteria (25.1%), Firmicutes (18.4%), and Acidobacteria (12.5%). In the fungal community networks, most of the nodes belonged to the Sordariomycetes and Eurotiomycetes classes, both of which contributed 19.1% (Figures 5C,D). Overall, the bacterial communities were found to have greater complexity and more intensive interactions than the fungal communities.
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FIGURE 5
 Co-occurrence network analysis of the rhizosphere microbial communities of blueberry. The networks are colored based on the modularity class of bacterial (A) and fungal (B) communities and are colored based on the taxonomy taxa of bacteria (C) and fungi (D). Connections indicated significant (p < 0.01) correlations, which were divided into positive (Spearman’s p > 0.7; red) or negative (Spearman’s p < −0.7; green) correlations. The size of each node is proportional to the degree of the OTUs.




Influencing factors of rhizosphere bacterial and fungal communities

To identify the potential environmental drivers, we correlated the relative abundance of bacterial and fungal communities with edaphic factors (Figure 6C). TK and AK were most strongly correlated with both the bacterial and fungal community composition. In addition, bacterial community composition was also strongly correlated with pH, TP, and NO3−-N, and fungal community composition was highly correlated with AP (Supplementary Table S2). Among these, pH and AK are the predominant factors driving the structure of bacterial and fungal communities, respectively. Spearman’s correlation test was used to determine the correlation between alpha diversity and edaphic factors (Supplementary Table S3). The results showed that AP, TK, and AK had a significant effect on the bacterial alpha diversity and correlated with the Shannon and Chao1 indices (p < 0.01). In contrast, pH significantly affected the fungal alpha diversity and was correlated with the Chao1 index (p < 0.01) and Shannon index (p < 0.05). Moreover, AP, TK, and AK were correlated with the Chao1 index (p < 0.01) but not with the Shannon index. Furthermore, we observed that the pH significantly affected the beta diversity of bacterial and fungal communities (Supplementary Table S3). Redundancy analysis showed that the pH, TP, TK, AP, AK, and NO3−-N content were the dominant factors affecting the bacterial community structure (p < 0.01), in addition to TC and TN contents (p < 0.05; Figure 6A; Supplementary Table S4). Fungal community structure was affected by the edaphic factors of pH, SOM, and TK (p < 0.01), as well as TP, AK, and NO3−-N contents (p < 0.05; Figure 6B; Supplementary Table S4).

[image: Figure 6]

FIGURE 6
 The effects of soil factors and potential drivers of the blueberry rhizosphere microbial community. Redundancy analysis (RDA) of soil physicochemical factors on bacterial (phylum level; A) and fungal (class level; B) community structure. Environmental drivers of blueberry rhizosphere microbial community composition based on Mantel tests (C). The bacterial and fungal community compositions were related to each environmental factor by Mantel tests (based on Spearman’s correlations). Edge width corresponds to Mantel’s r statistic for the corresponding distance correlations, and edge color denotes the statistical significance based on 999 permutations. Correlation comparisons of Spearman’s correlation coefficients for environmental factors are shown as a color gradient. SOM, soil organic matter; TC, total carbon content; TN, total nitrogen content; TP, total phosphorus content; TK, total potassium content; NH4+-N, nitrate nitrogen; NO3−-N, ammonium nitrogen; AP, available P content; and AK, available K content.


The correlation heatmap showed that the dominant bacterial phyla Actinobacteria and Firmicutes were significantly affected by edaphic factors, while Proteobacteria was less affected (Figure 7A). The dominant fungal classes Sordariomycetes and Tremellomycetes were significantly correlated with TK and AK; in addition, Tremellomycetes was also significantly correlated with TP, AP, NO3−-N, and EC (Figure 7B).
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FIGURE 7
 Correlation heatmap between soil physicochemical properties and bacterial (phylum level; A) and fungal (class level; B) communities present in the rhizosphere of blueberry at different ages.


The VPA results showed that edaphic factors were the main drivers of variation in bacterial and fungal communities, explaining 45.2 and 49.9% of the variation, respectively (Figure 8). Differences in the age of blueberries explained only a small proportion of the dissimilarity in microbial communities, accounting for 1.6 and 2.7% of the variation in bacteria and fungi, respectively. Overall, edaphic factors and blueberry age had a higher contribution to the fungal community than the bacterial community.
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FIGURE 8
 Variation partitioning analysis (VPA) of the effects of edaphic factors and age of blueberry plantings on bacterial and fungal communities. Edaphic factors include pH; SOM, soil organic matter; TC, total carbon content; TN, total nitrogen content; TP, total phosphorus content; TK, total potassium content; NH4+-N, nitrate nitrogen; NO3−-N, ammonium nitrogen; AP, available P content; and AK, available K content.





Discussion


Changes in rhizosphere microbial community diversity and structure

Our results showed that the alpha and beta diversity of blueberry rhizobiomes varied with planting age, as did the community structure. Previous studies showed that varying root exudates of plants at distinct ages lead to changes in the composition of the microbial community in their rhizosphere (Liu et al., 2018b), and a markedly different microbial community was observed in older plantations compared to younger plantations (Liu et al., 2018a). Additionally, the extent of influence varied between bacterial and fungal communities (He et al., 2022). Despite a long-term legacy of plant growth that exceeds the age of the plant in shaping the microbiome of the rhizosphere, the impact of the latter was hard to ignore (Manici et al., 2017). In the Pinus sylvestris var. mongolica plantations, the interrelationship of bacterial communities changes with plant stand age and serves as an indirect factor that has the highest negative impact on bacterial communities (Bi et al., 2021). Meanwhile, it was observed that the quality and quantity of exudate from Vaccinium myrtillus roots were seasonally variable, which may affect nutrient turnover rates in patches dominated by the ericoid shrub (Edwards et al., 2018). Consequently, during the growth of plants, their rhizosphere is altered by variations in root exudates, which have implications for the structure of the microbial communities and their complex interrelationships, with plant age acting as an indirect factor in the network of rhizosphere relationships.

Higher rhizosphere alpha diversity was observed in blueberries with relatively long planting ages (group 17a) than in younger blueberries (groups 4a and 8a), which is probably due to the long-term accumulation of root exudates resulting from the growth and development of their roots. It was observed that rhizosphere microbial diversity and community composition were significantly affected by the metabolites released from the roots of Pinus sylvestris var. mongolica with different stand ages (Bi et al., 2021). Additionally, the observed dynamic changes in bacterial diversity were consistent with previous study results, including decreases with increasing cultivation age (Ma et al., 2021). It has been shown that in the rhizosphere microbial community of ginseng, cultivation age has a more positive effect on the bacterial community than on the fungal community (He et al., 2022). The rhizosphere environment may be influenced by increasing planting age, and therefore the complex interactions of root-associated bacteria are more susceptible to changes in the rhizosphere environment than those of fungi. Furthermore, the relatively higher alpha diversity of fungi observed in groups 17a and 33a is likely due to the higher fungal diversity leading to sustainable production and greater resistance to external stresses (Zhou et al., 2016; Huang et al., 2019). Therefore, it can be considered to be related to the relatively stable and mutually beneficial symbiotic relationship that has developed during their long-term cultivation.

The composition of the bacterial community structure also varied in different age groups of blueberries, with the phyla of Actinobacteria and Chloroflexi increasing with blueberry age, while the opposite trend was observed for Firmicutes. Previous studies revealed that Actinobacteria was considered to have a potent inhibitory effect on plant pathogens (Sanguin et al., 2009; Zhang et al., 2022), while Chloroflexi contributed to the nitrogen and carbon cycle through nitrite oxidation, carbon dioxide fixation, fermentation, and sugar respiration (Wang et al., 2021), and Firmicutes was identified as mainly contributing to the denitrification process in the nitrogen cycle (Xu et al., 2017; Li et al., 2020b). Both Chloroflexi and Firmicutes are involved in the carbon and nitrogen cycle, but Chloroflexi increased with minimal contribution to their abundance, resulting in a decrease in overall abundance, while Actinobacteria are considered to be involved in biotic stress processes and increased in abundance. In specific situations, the plant may sacrifice a portion of the rhizosphere microbes to satisfy the plant-required functions, thus triggering functional compensation and improving host plant fitness (Ren et al., 2020). Thus, as the age of the blueberry plant changes, the functional rhizosphere microbes may be specifically assembled to satisfy the functions required by the blueberry plants, resulting in changes in the composition of the community structure.



Occurrence and distribution of beneficial ERM fungi in blueberry rhizobiomes

Ericoid mycorrhizal fungi are known to have specific symbiotic relationships with Ericaceae family plants and play a crucial role in the promotion of their growth and health. However, they are commonly observed in wild blueberry varieties under natural conditions and more rarely in cultivated varieties (Cai et al., 2021). Interestingly, our study showed that some of these were present in different age groups of blueberry varieties. Previous studies have identified a variety of fungal taxa with different distributions among the three genotypes of Vaccinium spp., including several ERM fungi of Helotiales and Chaetothyriales, and some closely related ERM fungi of Eurotiales and Hypocreales, which are considered to be beneficial to plants (Li et al., 2020a). The distribution of these beneficial fungi varied with the age of the blueberries, with a greater distribution in the rhizosphere of higher-aged blueberries. Blueberries have a poor root system and require acidic soil conditions, which may limit the efficiency of their nutrient uptake. ERM fungi are crucial in plant adaption to soils with low pH and slow organic matter turnover, which can enhance plant fitness and productivity (Bizabani et al., 2016; Li et al., 2020a). It has been demonstrated that these fungi provide plants with nutrients such as nitrogen and phosphate via the secretion of enzymes that decompose complex organic compounds (Kariman et al., 2018). As many studies have confirmed the beneficial functions of ERM fungi in blueberry growth and development (Bizabani et al., 2016), it is particularly crucial to explore whether they can establish long-term stable symbiotic relationships in the blueberry rhizosphere. Therefore, our results provide new evidence that ERM fungi can establish long-term stable symbiosis in the rhizosphere of cultivated blueberry varieties and that the relative abundance increases markedly with age.



Drivers of variation in blueberry rhizosphere microbial community structure

Our results showed that pH, AK, TK, TP, and NO3−-N was strongly correlated with the bacterial community structure, with pH having the highest correlation with bacterial community structure. For fungal communities, AK, AP, and TK have a significant effect on structure, with AK having the greatest impact. Soil pH has been identified as a critical edaphic factor influencing bacterial communities on agricultural land, and there are two distinct pH-related mechanisms driving community structure: direct and indirect effects (Lammel et al., 2018). It has been demonstrated that soil pH primarily determines the distribution of bacteria and mediates the relative influence of determinism and stochasticity in the assembly of soil bacterial communities (Ni et al., 2021). Soil pH can influence the proportion of some dominant bacterial communities directly due to differences in the growth tolerance of microbes in various redox states. In addition, bacterial communities can be influenced indirectly by altering plant growth by redox state, edaphic properties, and essential element availability, as plants can affect bacterial communities by their growth activities (Lammel et al., 2018). However, as an important driver of microbial community structure, we observed that bacterial and fungal communities were affected to different extents. Some dominant taxa, Acidobacteria and Proteobacteria, were negatively correlated with pH (Tan et al., 2022), while Actinobacteria, Bacteroidetes, and Chloroflexi were positively correlated with pH (Ni et al., 2021), which contributed to bacteria being more sensitive to soil pH fluctuations than fungi. Studies have shown that soil pH drives changes in bacterial rather than fungal communities, as the majority of bacteria exhibit relatively narrow growth tolerance compared to fungi (Ni et al., 2021). Previous studies have shown that fungi contribute to the degradation process from organic matter to low molecular-weight metabolites in blueberry plantations and alter the structure of the rhizosphere microbial community. In this regard, available potassium was a primary factor in shaping the composition of the microbial community (Tan et al., 2022). This is consistent with our results that available potassium is a critical influencing factor driving fungal community structure.




Conclusion

Blueberry rhizosphere microbial communities varied with planting year during long-term cultivation. The composition of the bacterial community structure differed between age groups, with Actinobacteria increasing with age and Firmicutes decreasing with age, which is highly related to specific assembly processes to satisfy the plant-required functions. Notably, the occurrence and distribution of ERM fungi of Helotiales and Chaetothyriales were observed in the rhizosphere of cultivated blueberry varieties, with a marked increase in relative abundance with age. Topological features of co-occurrence network analysis revealed greater complexity and more intense interactions in bacterial communities than in fungal communities. pH and available potassium were identified as the most critical edaphic factors influencing bacterial and fungal community structure, respectively. In addition, the VPA results showed that edaphic factors contributed more to the variation in bacterial and fungal communities, with edaphic factors and blueberry age contributing more to the fungal community than the bacterial community. Therefore, the stability of the fungal community needs to be prioritized during long-term cultivation. Taken together, our study provides insight into the variation of blueberry rhizosphere microbes with ages and the drivers that shape community structure, which may open up new avenues for understanding the complex interactions between rhizosphere microbes and plants in long-term cultivation and provide a basis for improving the sustainability of agricultural production.
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To improve tobacco leaf quality, excessive K2SO4 fertilizers were applied to soils in major tobacco-planting areas in China. However, the effects of K2SO4 application on soil microbial community and functions are still unclear. An eight-year field experiment with three kinds of K2SO4 amounts (low amount, K2O 82.57 kg hm-2, LK; moderate amount, K2O 165.07 kg hm-2, MK; high amount, K2O 247.58 kg hm-2, HK) was established to assess the effects of K2SO4 application on the chemical and bacterial characteristics of tobacco-planting soil using 16S rRNA gene and metagenomic sequencing approaches. Results showed that HK led to lower pH and higher nitrogen (N), potassium (K), sulfur(S) and organic matter contents of the soil than LK. The bacterial community composition of HK was significantly different from those of MK and LK, while these of MK and LK were similar. Compared to LK, HK increased the relative abundance of predicted copiotrophic groups (e.g. Burkholderiaceae, Rhodospirillaceae families and Ellin6067 genus) and potentially beneficial bacteria (e.g. Gemmatimonadetes phylum and Bacillus genus) associated with pathogens and heavy metal resistance, N fixation, dissolution of phosphorus and K. While some oligotrophic taxa (e.g. Acidobacteria phylum) related to carbon, N metabolism exhibited adverse responses to HK. Metagenomic analysis suggested that the improvement of pathways related to carbohydrate metabolism and genetic information processing by HK might be the self-protection mechanism of microorganisms against environmental stress. Besides, the redundancy analysis and variation partitioning analysis showed that soil pH, available K and S were the primary soil factors in shifting the bacterial community and KEGG pathways. This study provides a clear understanding of the responses of soil microbial communities and potential functions to excessive application of K2SO4 in tobacco-planting soil.




Keywords: tobacco-planting soil, K2SO4 fertilizer, soil physicochemical properties, bacterial community, pathway



Introduction

Tobacco (Nicotiana tobacum L.) is an economically important crop that is widely planted worldwide. As a main ingredient in tobacco, K is recognized as an important indicator of quality by the cigarette industry. A higher K content in tobacco leaves can improve the flammability, aroma and processability of cigarettes (Zhang and Kong, 2014). K plays a crucial role in cell expansion, the transportation of compounds, stomatal opening and closing and the activation of enzymes, which could promote the growth of tobacco (Hu et al., 2019). China is a main producing country of flue-cured tobacco in the world, while K deficiency of soil is a common problem in major tobacco-producing areas. As a result, the K content in tobacco is generally lower than the global standard for high-quality tobacco (Ding et al., 2017). K2SO4 is a high-quality and efficient K fertilizer with good solubility and a lack of chlorine, and the application of K2SO4 is currently the most effective measure to improve soil K content and tobacco quality. However, to pursue higher tobacco quality, a large amount of K2SO4 fertilizer (270-360 kg hm-2) is often applied to tobacco-planting soil in China. The application rate of K fertilizer is far beyond the K requirement of tobacco plants, leading to a large amount of K+ and   left in the soil. Moreover, long-term application of K2SO4 possibly increased acidification in acidic and neutral soils, mainly due to the H+ released by tobacco roots when it absorbed excess K+ from the soil (Dai et al., 2021). These changes would lead to loss of base ions and inhibition of microbial activity and tobacco root growth (Shen et al., 2018). Therefore, environmental degradation caused by long-term excessive application of K2SO4 greatly limits the sustainable development of tobacco industry, which should be of concern.

Soil microbes are vital for maintaining soil quality and ecosystem, including the turnover of organic matter (OM), the degradation of toxic substances, the acceleration of nutrient availability and the improvement of stress tolerance to pathogens (Jin et al., 2022a). At the same time, soil microbes are also closely related to nutrient uptake, disease occurrence, growth and quality of tobacco (Zheng et al., 2021; Jin et al., 2022b). The variety and quantity of microbes in tobacco-planting soil are abundant. For example, Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes and Bacteroidetes were always the dominant phyla in tobacco-planting soil (Zheng et al., 2021). Arthrobacter and Lysobacter were reported to be significant negative correlated with tobacco bacterial wilt disease (She et al., 2017). The increase of Codinaea acaciae and Saitozyma podzolica species were adverse to tobacco nicotine (Wang et al., 2022). Fertilization is an important means of shaping soil microorganisms. While excessive fertilization leads to the deterioration of soil physicochemical properties and microbial diversity and communities, which in turn leads to a decrease in tobacco yield and quality (Xin et al., 2012). For instance, excessive K fertilizer delays ripening and limits nicotine production (Henry et al., 2019).

Previously, pH and contents of OM, AK and water were considered to be key environmental factors, which significantly shaped the microbial community and diversity of tobacco-planting soils (Wang Z. B. et al., 2019; Shen et al., 2022). Excessive application of K2SO4 reduced the pH, which is widely recognized as the strongest predictor of microbial activity and composition (Rath et al., 2019; Zeng et al., 2019) and explain approximately 70% of species changes (Liu et al., 2022). Previous studies showed that soil pH had significantly positive relationships with soil bacterial α-diversity and bacterial operational taxonomic unit abundance and influenced ecological functions and biogeographic distribution (Wang C. et al., 2019). Wan et al. (2020) demonstrated that enzymes and proteins related to carbon (C), N, phosphorus (P) and S were downregulated in more acidic soils (pH< 5.5) compared to those in soils with pH values higher than 5.5. Wang W. et al. (2019) found that with decreasing pH, the functions of nitrification, ammonia oxidation, N fixation, nitrite respiration, and denitrification were restrained, while the functions of chemoheterotrophy, nitrate reduction and aromatic compound degradation were enriched.

A large amount of residual   in soil not only increases soil acidification but also activates Fe3+ and Al3+ in soil and forms precipitation with Ca2+ and Mg2+ (Xu and Ji, 2001). Under anaerobic conditions, excess   in soil may form H2S, which destroys aerobic beneficial microorganisms and promotes anaerobic harmful microorganisms (Liu et al., 2021).   addition has been shown to significantly affect soil microbial communities by enriching specific microbial taxa associated with the bioavailability and transformation of metals such cadmium, arsenic and iron (Fe) (Li et al., 2019; Wang et al., 2021). Moreover, the addition of Na2SO4 altered the bacterial composition of the dominant phyla by increasing the relative abundance of Proteobacteria and Acidobacteria and depleting Firmicutes (Tang et al., 2020).

Abundant K+ in soil has an antagonistic effect with Ca2+,   and so on (Nieder et al., 2011), leading to nutrient imbalance in tobacco soils and plants. Twenty-one consecutive years of KCl application alone significantly decreased the Shannon, Simpson and McIntosh indices of the functional diversity of microbial communities compared to no fertilizer treatment in maize soil (Zhong et al., 2010).

However, studies on the regulation of soil chemical and biological characteristics by K and S fertilizers mostly focus on fertilizers such as KCl and Na2SO4. Moreover, many previous studies have shown that a single application of N fertilizer causes soil acidification and indirectly affects soil microbial communities (Bai et al., 2020; Yang et al., 2020). However, the effects of K2SO4 application and its resulting acidification on soil biological properties are still unclear, especially in tobacco fields. Therefore, in this study, we applied 16S rRNA gene and metagenomic sequencing technologies to analyze changes in the microbial community structure and function of tobacco-planting soil treated with three K2SO4 rates (LK, MK and HK) based on an 8-year experiment. We hypothesized that, HK had a negative and strong impact on the soil bacterial community and functions, when compared to LK. And MK had less effect on soil biological properties than HK. The variations of biological properties were due to the altered soil physicochemical properties, especially soil pH. The objectives of this study were to investigate (1) the effects of 8-year application of K2SO4 on soil physicochemical properties and nutrient uptake of tobacco plants; (2) the effects of 8-year application of K2SO4 on soil bacterial diversity and community composition of tobacco-planting soil; (3) impacts of 8-year application of K2SO4 on potential functional pathways of tobacco-planting soil; and (4) the key soil environmental variables that strongly affected soil microbial community and function.



Materials and methods


Site description and experimental design

This study was established in tobacco resources and environment field scientific observation and experiment station of the Chinese Academy of Agricultural Sciences (36°26’54″N, 120°34’38″E, 75 m a.s.l.) in 2010 in Qingdao city, Shandong province, China. This region has a temperate monsoon climate with a mean annual rainfall of 708.9 mm, average daily air temperature of 12.1°C, frost-free period of 200 d and annual accumulated temperature of 4410°C. The typical soil in this region is Alfisols (FAO Soil Taxonomic System). Before the experiment began in May 2010, the soil at 0-20 cm depth had a pH of 5.56, OM of 11.66 g kg-1, AN, available phosphorus (AP) and AK of 52.69 mg kg-1, 10.60 mg kg-1 and 105.25 mg kg-1, respectively.

Three treatments were included in the experiment: (1) applying compound fertilizer (N 15%, P2O5 15%, K2O 15%) 550.5 kg hm-2 (LK); (2) applying compound fertilizer 550.5 kg hm-2 and K2SO4 (K2O 50%, S 18%) 165 kg hm-2 (MK); and (3) applying compound fertilizer 550.5 kg hm-2 and K2SO4 330 kg hm-2 (HK). The nutrient application amount of each treatment is shown in Table 1. The experiment used a randomized block design. Each plot (5 m long and 4.4 m wide) was separated by concrete walls from others. Each treatment had 3 replicates, giving a total of 9 pots. The variety used in the experiment was NC89, and 40 tobacco plants were planted in each plot with a line spacing of 1.1 m and row of 0.5 m. All fertilizers were applied to the surface in a certain amount, and then mixing with 0-10 cm soil manually, ridging and planting tobacco. The tobaccos were transplanted in the first ten days of June every year. Irrigation was carried out according to the water requirement of tobacco and rainfall during different growth periods. The other field management practices were in accordance with local farming practices.


Table 1 | Nutrient application rate of each treatment.





Sampling

Soil and plant samplings were conducted in the mature season of flue-cured tobacco on August 30, 2017. One composite rhizosphere soil sample was taken from each plot consisting of roots of 5 randomly selected tobacco plants. The roots were uprooted by shaking the roots, removing the loose soil at the roots, and collecting the soil at the roots with a sterile brush. Then, the fresh soil was passed through a 2 mm sieve and divided into two fractions. One part of the fresh soil was used for the analysis of bacterial community and functions. The other part was air dried for the determination of soil physicochemical properties. After collecting soil, the 5 tobacco plants taken from each plot were washed and then were mixed into one sample for determining dry matter weight and nutrient content. Three composite samples of both soil and plant were conducted for each treatment.



Analysis of soil physicochemical properties and plant indices

Soil physicochemical properties and plant nutrients were determined according to Bao (2011). Soil pH was measured with a soil-to-water ratio of 1:2.5 using a pH meter (Meter3100C the US). The OM content was analyzed using dichromate oxidation. The total nitrogen (TN) content was digested by H2SO4-K2Cr2O7 and measured by Kjeldahl digestion with automatic N analyzer (KjeltecTM 8400 Denmark). The AN content was determined by the alkali-diffusion method. Total potassium (TK) and AK were digested by HClO4 and CH3COONH4, respectively, and both were measured by flame atomic absorption spectrophotometry with flame spectrometry (Sherwood M410 Britain). Total sulfur (TS) and AS were digested by Mg(NO3)2 and extracting agent of Ca(H2PO4)2 and CH3COOH, respectively, and both were determinated by BaSO4 turbidimetry with UV-visible spectrophotometer (SHIMADZU UV-2700 Japan).

The plant dry matter was weighed after drying at 105°C for 30 mins and subsequently at 80°C to a constant weight. Then, the dry plant was ground and sieved to< 2 mm. The contents of plant N and K were digested by H2SO4-H2O2 digestion and then N content was determined by the Kjeldahl method with automatic N analyzer and K content was measured by flame photometry with flame spectrometry. The contents of plant S were digested by HNO3-HClO4 and then measured by the BaSO4 turbidimetric method with UV-visible spectrophotometer. N (K, S) accumulation was calculated as the product of dry matter and the N (K, S) content of the plant.



16S rRNA gene sequencing and analysis

Soil DNA was extracted using a PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following the manual. The purity and quality of the genomic DNA were checked on 0.8% agarose gels.

The V3-4 hypervariable region of the bacterial 16S rRNA gene was amplified with the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’) (Caporaso et al., 2012). For each soil sample, an 8-digit barcode sequence was added to the 5’ end of the forward and reverse primers (provided by Allwegene Company, Beijing). PCR was carried out on a Mastercycler Gradient (Eppendorf, Germany) using 25 μl reaction volumes, containing 12.5 μl 2× Taq PCR MasterMix, 3 μl BSA (2 ng μl-1), 1 μl forward primer (5 μM), 1 μL reverse primer (5 μM), 2 μl template DNA, and 5.5 μl ddH2O. The cycling parameters were 95°C for 5 min, followed by 28 cycles of 95°C for 45 s, 55°C for 50 s and 72°C for 45 s with a final extension at 72°C for 10 min. The PCR products were purified using an Agencourt AMPure XP Kit.

The raw data were first screened, and sequences were removed from consideration if they were shorter than 230 bp, had a low-quality score (≤ 20), contained ambiguous bases or did not exactly match to primer sequences and barcode tags and separated using the sample-specific barcode sequences. Qualified reads were clustered into operational taxonomic units (OTUs) at a similarity level of 97% using the Uparse algorithm of Vsearch (v2.7.1) software (Edgar, 2013). The Ribosomal Database Project (RDP) Classifier tool was used to classify all sequences into different taxonomic groups against the SILVA128 database (Cole et al., 2009). The sequencing was performed on Illumina Miseq PE300 platform. The raw sequences of the 16S rRNA gene were deposited into the NCBI database under the accession number PRJNA805374.



Metagenome shotgun sequencing and analysis

Total microbial genomic DNA samples were extracted using the OMEGA Soil DNA Kit (D5625-01), following the manufacturer’s instructions, and stored at -20°C prior to further assessment. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,USA) and agarose gel electrophoresis, respectively. The extracted microbial DNA was processed to construct metagenome shotgun sequencing libraries with insert sizes of 400 bp by using Illumina TruSeq Nano DNA LT Library Preparation Kit. Each library was sequenced by Illumina HiSeq X-ten platform (Illumina, USA) with PE150 strategy.

Raw sequencing reads were processed to obtain quality-filtered reads for further analysis. Firstly, sequencing adapters were removed from sequencing reads using Cutadapt (v1.2.1) (Martin, 2011). Secondly, low-quality reads were trimmed using a sliding-window algorithm in fastp (Chen et al., 2018). Megahit (v1.1.2) (Li et al., 2015) was used to assemble each sample using the meta-large preset parameters. The generated contigs (longer than 200 bp) were then pooled together and clustered using mmseqs2 (Steinegger and Soding, 2017) with “easy-Linclust” mode, setting the sequence identity threshold to 0.95 and covering residues of the shorter contig to 90%. MetaGeneMark (Zhu et al., 2010) was used to predict the genes in the contigs. The CDSs of all samples were clustered by mmseqs2 (Steinegger and Soding, 2017) with “easy-cluster” mode, setting the protein sequence identity threshold to 0.90 and covering residues of the shorter contig to 90%. To assess the abundances of these genes, the high-quality reads from each sample were mapped onto the predicted gene sequences using salmon (Patro et al., 2015) in the quasi-mapping-based mode with “–meta –minScoreFraction = 0.55”, and the CPM (copy per kilobase per million mapped reads) was used to normalize abundance values in metagenomes. The functionality of the nonredundant genes was obtained by annotation using mmseqs2 (Steinegger and Soding, 2017) with the “search” mode against the protein databases of KEGG.



Statistical analyses

Analysis of variance was conducted to determine significant differences in indices of soil physicochemical characteristics, α-bacterial diversity, plant dry matter and nutrient accumulation. OTUs and pathways (Level 3) were analyzed by principal coordinate analyses (PCoA) based on Bray–Curtis distance by CANOCO 5.0. Permutational multivariate analysis of variance (PERMANOVA) was conducted using the adonis function (Vegan package, Rstudio) to evaluate similarities in the OTUs and pathways. Venn diagrams were constructed to show the number of shared OTUs by MOTHUR software (Schloss et al., 2011). Post hoc analysis by Stamp was used to compare the differences in the top 20 phyla and genera between different soil samples. Differentially abundant OTUs between groups were calculated using a moderate t-test, and the obtained P values were adjusted using the Benjamini–Hochberg correction method. Enriched OTUs were further visualized in volcano and heatmap plots using the Limma R package and heatmap.2 function R package. Linear discriminant analysis effect size (LEfSe) for detecting significant differences in KEGG pathways was performed on the online Galaxy platform (http://huttenhower.sph.harvard.edu/galaxy/) (Segata et al., 2011). Redundancy analysis (RDA) and variation partitioning analysis (VPA) were applied to clarify the influence of environmental factors on the microbial community and functional composition. RDA and VPA were implemented using R project Vegan package (version 2.5.3) and CANOCO 5.0, respectively. Co-occurrence network analysis was used to explore environmental factor-OTU and environmental factor-pathway interactions. Only top100 OTUs and pathways with coefficients>0.85 (or<-0.85) and FDR corrected P values<0.05 (Spearman’s correlation) were identified and established into a network. All statistical analyses were performed using igraph package in R (Csardi and Nepusz, 2006) and networks were constructed and visualized in Cytoscape v.3.8.0 (Shannon et al., 2003). Structural equation modeling (SEM) was performed by SPSS-AMOS to analyze hypothetical pathways to explain soil physicochemical characteristics, bacterial community and KEGG pathways effects on plant biomass. The model fit was assessed by a χ2-test, the comparative fit index (CFI) and the root square mean error of approximation (RMSEA). Mean values ± SE were reported here.




Result


Soil physicochemical characteristics and plant nutrient accumulation

The results of a comparative analysis of soil physicochemical properties among different K2SO4 treatments are presented in Figure 1. Applying medium and high amounts of K2SO4 (MK and HK) promoted N (AN and TN), K (AK and TK) and S (AS and TS) contents compared to LK, and the differences between HK and LK was always remarkable. The OM contents were also higher in MK and HK than in LK and there was significant difference between MK and LK. Unlike other soil nutrients, pH dropped with the increasing K2SO4 rate, and the difference between LK and HK was significant.




Figure 1 | Soil physicochemical properties of plots with different fertilization regimes (A-H). Different lowercase letters above the boxes indicate significant differences (P < 0.05) among the different treatments, as determined by ANOVA followed by the LSD test. LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4. OM, organic matter; TN, total nitrogen; TK, total potassium; TS, total sulfur; AN, available nitrogen; AK, available potassium; AS, available sulfur.



The N, K, S nutrient and dry matter accumulation of different plots are displayed in Figure 2. The N and dry matter accumulation of whole plant decreased with increasing K2SO4 amount, while the K accumulation showed the opposite trend. Compared to LK, the dry matter accumulation was decreased by 10.50% and 26.05% in MK and HK, respectively. The differences in accumulations of N, K and dry matter between LK and HK were all remarkable.




Figure 2 | N (A), K (B), S (C) and dry matter (D) accumulation in plants under different treatments. Different lowercase letters above the bars indicate significant differences (P< 0.05) among the different treatments, as determined by ANOVA followed by the LSD test. LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4.





α and β diversity of bacteria

Through the 16S rRNA gene sequencing analysis of 9 soil samples, a total of 36020-40641 raw tags and 34116-337892 clean tags were obtained (Table 2). The sequencing coverage rate was 0.9760-0.9778 with 97% similarity. The results basically covered all the species in the tested samples, and further analysis of the bacterial community structure could be carried out.


Table 2 | Sequencing results of soil samples.



α-diversity analysis based on OTU showed that Chao1, Observed_species, PD_whole_tree and Shannon were not significantly different among the three treatments, signifying that the addition of K2SO4 had little effect on bacterial α-diversity (Figure 3).




Figure 3 | Similarity and differentiation of the bacterial community with different fertilization treatments. (A-D). α-diversity of soils treated with different fertilization treatments; (E). PCoA plot of bacterial communities at the OTU level; (F). Venn diagram of exclusive and shared bacterial taxa at the OTU level. Values with the same lowercase letters are not significantly different among the different treatments (LSD test). LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4.



PCoA is performed to determine the OTU compositions in soils with different treatments (Figure 3). PERMANOVA results showed that application of K2SO4 explained the variation in OTU compositions significantly (P =0.045). The variance contribution rates of the first and second principal components were 42.6% and 15.34%, respectively. The three treatments could be divided into two groups along the PCoA1 axis. The three samples for the HK gathered together on the left side of the abscissa PCoA1, well separated from those of MK and LK. Most samples of MK and LK were clustered together on the right half of the plot. It was indicated that the bacterial composition of MK and LK was similar, and HK significantly changed the bacterial community.

The Venn diagram (Figure 3) showed that the number of OTUs unique to each treatment increased from 105 to 164 with the increasing K2SO4 rate, and the number of OTUs shared by LK and MK (2230) was greater than that shared by HK and LK (2129) and HK and MK (2149). These sequencing data indicated that applying a high amount of K2SO4 had a stronger stimulatory effect on the soil bacterial community, but MK had little effect.



Bacterial community composition

Post hoc tests are used to detect significant differences in the relative abundance of the top 20 phyla and genera (Figure 4). Addition of K2SO4 significantly altered the bacterial composition at the phylum and genus levels. HK enriched the relative abundances of Proteobacteria, Gemmatimonadetes, Bacteroidetes, Patescibacteria phyla and Sphingomonas, Bacillus, Ellin6067 genera, while it reduced the proportions of Acidobacteria, Chloroflexi phyla and uncultured_Acidobacteria_bacterium, Bryobacter genera compared with LK. Only one genus, Pseudolabrys, showed significant difference between MK and LK, and there was no significant difference at the phylum level between the two treatments. This result indicated that HK greatly shaped the bacterial composition at the phylum and genus levels, while MK had little effect on the bacterial community.




Figure 4 | Comparative analysis of the top 20 species phyla and genera with significant differences between different treatments. (A) Differences at phylum level between LK and HK. (B) Differences at phylum level between LK and MK. (C) Differences at genus level between LK and HK. (D) Differences at genus level between MK and HK. (E) Differences at genus level between MK and LK. Only significant differences are shown (P< 0.05); LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4.



We further identified OTUs correlated with the differences between different treatments to explore the enrichment or exclusion of different bacterial taxa by fertilization (Figure 5). The number of OTUs with significant differential relative abundance between the HK and LK group was greater than those between the HK and MK group and the MK and LK group, indicating that HK had a greater effect on the composition of OTUs than MK.




Figure 5 | The relative abundance of enriched or depleted OTUs in different fertilized soils after pairwise comparison. (A-C) Volcano plot showing the differentially abundant OTUs between HK and LK, HK and MK, MK and LK. The position along the y-axis represents the log2 of average abundance of each OTU, and the x-axis represents the log2 of fold change between two groups. (D) Heatmap of the relative abundance of significantly enriched OTUs (top 30) among the different treatments.



To display the differences in the relative abundance of bacterial operational taxonomic units (OTUs), a heatmap is constructed based on the top 30 enriched OTUs (Figure 5). Compared with LK, MK enriched 7 OTUs, and 4 of them belonged to uncultured_bacterium, and the other three were affiliated with Lysobacter, Nitrolancea and Singulisphaera genera, respectively. MK also depleted 3 OTUs belonging to Taibaiella, uncultured_bacterium and uncultured_Rhodocyclaceae. HK improved 5 OTUs compared to LK, and 3 of them were affiliated with Sphingomonas genus and the other two belonged to Ellin6067 and Pseudarthrobacter genera, respectively. There were 5 OTUs downregulated in HK compared to LK. And 4 of them belonged to uncultured_Acidobacteria_bacterium and the other belonged to uncultured_bacterium.



Potential functional pathways

Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis predicts KEGG functional pathways (Level 3) associated with the metagenomes of the three treatments. PCoA analysis is carried out to investigate the effects of the treatments on the composition of KEGG pathways (Figure 6). PERMANOVA results confirmed that application of K2SO4 had no significant effect on the composition of KEGG pathways (P =0.163). The variance contribution rates of the first and second principal components were 31.54% and 25.81%, respectively. The three samples of HK could be completely separated from those of the LK treatment. In comparison, the samples of MK were closer to those of LK. This result indicated that HK had a greater effect on the potential functional composition of microorganisms than MK. A Venn diagram showed small differences in the number of shared and exclusive pathways across the three treatments (Figure 6).




Figure 6 | Similarity and differentiation of KEGG pathways with different fertilization treatments. (A) PCoA plot of KEGG pathways at level 3; (B) Venn diagram of exclusive and shared KEGG pathways at level 3. LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4.



LEfSe analysis is conducted on the top 100 level 3 KEGG pathways to determine pathways at level 3 KEGG gene annotation with significant differences in abundance across the three treatments. When comparing HK and LK (Figure 7), HK was primarily associated with pathways of homologous recombination, starch and sucrose metabolism, DNA replication, glycolysis/gluconeogenesis, base excision repair, aminoacyl-tRNA biosynthesis and the TCA cycle, while LK was primarily associated with valine, leucine and isoleucine biosynthesis, pantothenate and CoA biosynthesis and C5-branched dibasic acid metabolism. In the MK and LK group (Figure 7), MK was mainly associated with the functions of one carbon pool by folate, streptomycin biosynthesis, monobactam biosynthesis and homologous recombination, while LK was mainly associated with glyoxylate and dicarboxylate metabolism, alanine, aspartate and glutamate metabolism, RNA degradation and pantothenate and CoA biosynthesis.




Figure 7 | Histogram of the LDA effect value of differentially enriched KEGG pathways at level 3. Lineages with LDA values higher than 2.5 are displayed. (A) HK vs. LK; (B) HK vs. MK; (C). MK vs. LK.





Effects of physicochemical characteristics on bacterial community and functional pathways

The results of RDA analysis for the bacterial community and functional pathways are visualized in Figure 8. The first two axes explained 56.17% and 17.29% of the total variance in the bacterial community, respectively, and 40.23% and 26.95% in pathways. Among the 8 environmental variables, a remarkable impact of pH (r2 = 0.636, P = 0.029) was found in the bacterial community, as well as pH (r2 = 0.757, P = 0.025), AK (r2 = 0.74, P = 0.023) and AS (r2 = 0.878, P = 0.004) on pathway composition (Table 3). VPA analysis showed that pH, AK, AS and TK explained 29.23%, 26.03%, 24.84% and 4.95% of bacterial community variation, respectively (Figure 8). AS, AK, pH, TS and TK accounted for 14.61%, 13.09%, 11.42%, 7.53% and 4.57% of pathway variation, respectively (Figure 8). In summary, pH, AK and AS were the critical factors in shaping bacterial community and functional composition.




Figure 8 | RDA analysis among soil samples based on all OTUs (A) and pathways_L3 (B), and VPA analysis of the effects of soil physicochemical properties on OTUs (C) and pathways_L3 (D). LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4. OM, organic matter; TN, total nitrogen; TK, total potassium; TS, total sulfur; AN, available nitrogen; AK, available potassium; AS, available sulfur.




Table 3 | Contribution of environmental factors to OTUs and pathways.



Further, the interactions between environmental factors and microbial communities and functions were investigated using person’s correlation and were visualized by co-occurrence networks (Figure 9). In the network of OTU, pH recorded the highest node connectivity (34), followed by AK (31) and AS (21). In most cases, pH had significantly or extremely significantly negative correlations with OTUs belonged to Proteobacteria and had positive correlations with OTUs belonged to Acidobacteria (Table 1S). AS and AK showed the opposite trends. In the network of pathways, AS recorded the highest node connectivity, and was significantly negatively correlated with 21 pathways, which belonged to pathways (L1) of Metabolism, Environmental Information Processing, Human Diseases, Genetic Information Processing, Cellular Processes, Organismal Systems (Table 2S). And the node connectivities of AN, TS and pH were 11, 10, and 8, respectively.




Figure 9 | Network analysis revealing associations between soil physicochemical properties and top100 OTUs (A) and pathways (B). A blue line indicates a negative interaction, while a red line indicates a positive interaction. The numbers in the figure represent the numbers of the OTU or pathway. LK, Low amount of K2SO4; MK, Middle amount of K2SO4; HK, High amount of K2SO4. OM, organic matter; TN, total nitrogen; TK, total potassium; TS, total sulfur; AN, available nitrogen; AK, available potassium; AS, available sulfur.



SEM results showed that AK and pH significantly affected abundance of KEGG pathway (SPC = -2.364, P< 0.001; SPC = -1.622, P< 0.05), while no significant effect on abundance of bacterial community (Figure 10). And all the three physicochemical indicators and abundance of bacterial community and KEGG pathway had no significant effect on plant biomass.




Figure 10 | SEM of the effects of soil physicochemical characteristics, bacterial community and KEGG pathways on plant biomass. Square boxes denote variables included in the models. Values associated with solid arrows represent standardized path coefficients (SPCs) and asterisks mark their significance: *P< 0.05; ***P< 0.001. Solid arrows denote the directions and effects that were significant (P< 0.05). Dashed arrows represent the directions and effects that were non-significant (P< 0.05). Green arrows indicate a positive relationship (P< 0.05), while red indicates a negative correlation. CFI = 0.885 is result from the chi-squared value is less than the degrees of freedom in this SEM. Abundance of bacterial community, PCA1 of the abundance of the top 100 OTUs; Abundance of the abundance of the top 100 pathways; AK, available potassium; AS, available sulfur.






Discussion


Application of K2SO4 changed soil physicochemical properties and plant nutrient uptake

The results of the present study demonstrated that after the 8-year application of K2SO4 fertilizer significantly changed the physicochemical properties of tobacco-planting soil. MK and HK led to increase of soil acidification, when compared to LK (Figure 1). The main reasons for this phenomenon may be as follows. First, tobacco plant absorbed much more K+ than   , and H+ was released by root to maintain the charge balance in its body (Wallace, 1994). Second, almost all the base ions (mainly K+) absorbed by tobacco plant were taken away from soil at the harvest time. When 1 mol of base ions were removed from the soil, the acid buffer capacity of the soil decreased by 1 mol (Dong et al., 2022). Third, to maintain the ion balance, when 1 mol of   were leached from soil, the same amount of base ions would also be washed to maintain charge balance (Xu and Ji, 2001). Our results also showed that the AN contents were higher in MK and HK than that in LK (Figure 1 C and F). It might be attributed to the following reasons. First, K application reduced soil N (mainly N2O emissions) loss by reducing denitrification (Li et al., 2021). Second, tobacco roots were damaged by the excess H+ and Al3+ brought by MK and HK (Dai et al., 2021), which inhibited the N uptake of plants (Figure 2) and left more N in the soil. Additionally, MK and LK improved OM contents (Figure 1), mainly because the increasing Fe and Al oxides of soil, caused by low pH, could protect OM by adsorbing organic biomolecules (Berhe et al., 2012). This finding was in accordance with previous studies (Wen et al., 2019; Huang et al., 2020), which reported that long-term application of only N fertilizer or combined application of NPK fertilizer improved soil OM content by reducing soil pH.

In our study, dry matter weight and N and S accumulation were restrained in the soil treated with HK (Figure 2). The main reason was that excessive application of K2SO4 intensified soil acidification, and the roots were harmed by the abundant H+ and Al3+ (Yang et al., 2018; Dai et al., 2021).



Application of K2SO4 altered bacterial community and KEGG pathways

In our study, the percentages of Proteobacteria, Gemmatimonadetes, Bacteroidetes, Patescibacteria phyla and Sphingomonas, Bacillus, Ellin6067 genera were significantly higher in HK than in LK (Figure 4). And except for Bacillus, most members of all these taxa are considered to be predicted copiotrophic bacteria (Xia et al., 2005; Spain et al., 2009; Albertsen et al., 2013; Mowlick et al., 2014; Naas et al., 2014; Brown et al., 2015; Banerjee et al., 2016), which grow fastly in nutrient-rich conditions (Fierer et al., 2007), such as Burkholderiaceae, Rhodospirillaceae and Rhizobiaceae families in Proteobacteria phylum (Table 3S; Finn et al., 2021). And all taxa (Acidobacteria, Chloroflexi phyla and uncultured_Acidobacteria_bacterium, Bryobacter genera) significantly reduced in HK were reported to be predicted oligotrophic bacteria (Sorokin et al., 2012; Dedysh et al., 2017; Kalam et al., 2020), which grow slowly and are able to metabolize nutrient poor and recalcitrant C substrates (Fierer et al., 2007). These shifts in community structure between HK and LK could be mainly ascribed to the more OM supplied by HK (Figure 1B). Interestingly, Gemmatimonadetes phyla, Bacillus and Sphingomonas genera enriched in the HK treatment were considered to be potential beneficial bacteria. Gemmatimonadetes facilitates P dissolution and suppress diseases (Zeng et al., 2020). Bacillus (belongs to Firmicutes phylum) has the abilities of resistance to pathogens, N fixation, dissolution of P and K (Radhakrishnan et al., 2017). Sphingomonas is reported to degrade recalcitrant compounds and fix N (Xu et al., 2018). It was mainly because soil acidification of HK increased harmful metals (e.g. Al3+ and Cd2+) (Dai et al., 2021) and pathogenic bacteria (e.g. bacterial wilt) (Shen et al., 2018), resulting in the improvement of resistant taxa. This was also a self-protection mechanism of microorganisms against environmental stress. These were in accordance with results of Chen et al. (2022), in which probiotics Bacteroidetes and Firmicutes phyla were higher in acid soil than in non-acid soil. Additionally, Acidobacteria played an important role in the degradation of various organic materials and in the biogeosmic cycling of C, H and Fe (Kalam et al., 2020). And Chloroflexi is associated with nitrification and degradation of cellulose and polysaccharide (Sorokin et al., 2012). Both two phyla involve in C and N metabolism and play a key role in microbial community formation and stability under adverse environmental conditions. In brief, compared with LK, HK favored the growth of predicted copiotrophic groups and beneficial groups involved in pathogens and heavy metal resistance and N fixation, dissolution of P and K, while had negative with some oligotrophic taxa related to C, N metabolism. And the specific functions of potential beneficial bacteria (Gemmatimonadetes phyla and Bacillus and Sphingomonas genera) under environmental stress in tobacco-planting soils need to be investigated in the further research.

Different functional pathways could lead to different physiological consequences. In contrast to LK, HK had higher abundances of functional pathways mainly involved in carbohydrate metabolism (L2), such as starch and sucrose metabolism, glycolysis/gluconeogenesis and the TCA cycle (Figure 7). All the three pathways can release a large amount of energy for microbial life activities (Wang et al., 2015; Zhang et al., 2018). The TCA cycle is also the final metabolic pathway and hub of the three major nutrients (sugars, lipids, and amino acids). Some intermediate products formed during the decomposition of sucrose and starch can also be used as raw materials for the synthesis of biological macromolecules such as lipids, proteins and nucleic acids (Wang et al., 2015). In our study, pathways of homologous recombination, DNA replication, base excision repair and aminoacyl-tRNA biosynthesis, belonging to genetic information processing (L1) were also up-regulated in HK compared to LK (Figure 7). Homologous recombination plays an important role in the processing, integration and transformation of genes and is an important factor in maintaining gene frequency and gene diversity (Wielgoss et al., 2016). DNA replication enables genetic information to be passed from parent to offspring, thus ensuring the continuity of genetic information (Aklilu et al., 2014). Base excision repair is an important DNA oxidative damage defense response (Bauer et al., 2015). The primary function of aminoacyl-tRNA biosynthesis is protein synthesis, but they also play a role in gene expression, cell wall formation, protein labeling for degradation, and antibiotic biogenesis (Ling et al., 2009). Additionally, only three pathways of valine, leucine and isoleucine biosynthesis, pantothenate and CoA biosynthesis and C5-branched dibasic acid metabolism were enhanced in the soil of LK. They belonged to amino acid metabolism, metabolism of cofactors and vitamin and carbohydrate metabolism, respectively (Figure 7). These results indicated that, compared with LK, the addition of HK could provide more energy, promote microbial metabolism, and improve the functions of gene replication, recombination and repair. Our study also showed that MK promoted the functional pathways of one carbon pool by folate, streptomycin biosynthesis, monobactam biosynthesis and homologous recombination compared to LK (Figure 7). Streptomycin and monobactam are both antibiotics that effectively prevent disease (Li et al., 2017; Westhoff et al., 2019). One pool of carbon by folate is involved in protein synthesis and cell division (Ducker and Rabinowitz, 2017). Homologous recombination plays an important role in DNA damage repair and mutation processes (Wielgoss et al., 2016). The pathways of glyoxylate and dicarboxylate metabolism, alanine, aspartate and glutamate metabolism, RNA degradation and pantothenate and CoA biosynthesis were depleted in MK (Figure 7), which were related to sugar, fat and amino acid metabolism and cell regulation (Hjorth et al., 2006; Rubio et al., 2008). It was indicated that MK had both positive and negative effects on soil functions. All in all, we speculate that these pathways in microbes may have implications for plant survival and acid tolerance to some extent, which need further research.



Soil properties shaped compositions of bacterial community and pathways

Previous studies reported that soil physicochemical properties played an important role in regulating microbial communities and functions (Lu et al., 2020; Kang et al., 2021). Our study showed that pH significantly shaped soil microbial community and functional composition. This result was consistent with many previous studies showing that pH was the most important indicator for determining bacterial composition, which was due to the relatively narrow growth tolerances of most bacterial taxa (Zhou et al., 2015). In this study, AK also significantly affected microbial community and KEGG pathways. The probable reason was that, excessive AK in the soil can affect the availability of other elements (e.g. Ca and N) (Nieder et al., 2011), thereby indirectly affecting the microbial community and function. Additionally, AS was another key factor in soil, which was significantly negatively correlated with multiple taxa and pathways (Figure 9). This was mainly attributable to damage to microorganisms caused by excess S in soil (Ma et al., 2020).

In summary, these results are broadly consistent with our hypothesis and advance our understanding of the impacts of K2SO4 application on the physicochemical and microbial properties of soils in typical tobacco fields, with implications for the scientific and reasonable application of K fertilizer in tobacco production. The common K2SO4 rate of 495 kg hm-2 in tobacco planting areas with Alfisols risks exacerbating soil acidification and adversely affecting plant growth. Considering yield, efficiency and environment, the optimal K2SO4 rate was 165-330 kg hm-2. Moreover, calcium magnesium phosphate fertilizer or organic fertilizer should also be used to prevent soil acidification.




Conclusions

The present data showed that, compared with LK, HK promoted the N, K, S and OM contents of soil, while increased soil acidification. Due to this change, addition of HK resulted in higher percentages of predicted copiotrophic groups and beneficial bacterium and lower percentages of some oligotrophic taxa. According to the changes of KEGG pathways, carbohydrate metabolism and genetic information processing might improve in soils treated with HK. Additionally, the responses of soil physicochemical properties, composition of microbial community and functions to MK were less sensitive than HK. These results provide critical information to support the rational application of K fertilization in tobacco planting. However, further studies are required to investigate the variations of soil basic cations, heavy metal element, pathogenic bacteria and functional genes (C, N, P and S) to comprehensively and deeply evaluate the effect of excessive application of K2SO4 on ecological environment of tobacco-planting soil.
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Nitrogen (N) is the first essential nutrient for tea growth. However, the effect of soil acidification on soil N cycle and N forms in tea plantation are unclear. In this study, the nitrogen contents, soil enzyme activity and N mineralization rate in acidified soil of tea plantation were measured. Moreover, the effects of soil acidification on N cycling functional genes and functional microorganisms were explored by soil metagenomics. The results showed that the NH4+-N, available N and net N mineralization rate in the acidified tea soil decreased significantly, while the NO3--N content increased significantly. The activities of sucrase, protease, catalase and polyphenol oxidase in the acidified tea soil decreased significantly. The abundance of genes related to ammonification, dissimilatory N reduction, nitrification and denitrification pathway in the acidified tea soil increased significantly, but the abundance of functional genes related to glutamate synthesis and assimilatory N reduction pathway were opposite. In addition, the abundance of Proteobacteria, Actinobacteria, Chloroflexi, Nitrospirae, Actinomadura, Nitrospira etc. microorganisms related to nitrification, denitrification and pathogenic effect increased significantly in the acidified tea soil. The correlation results showed that soil pH and N forms were correlated with soil enzyme activity, N cycling function genes and microbial changes. In conclusion, soil acidification results in significant changes in enzyme activity, gene abundance and microorganism involved in various N cycle processes in acidified tea soil, which leads to imbalance of soil N form ratio and is not conducive to N transformation and absorption of tea trees.
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Introduction

Tea (camellia sinensis) is an important economic plant in tropical and subtropical countries. Tea is a perennial leaf-harvested crop that grows best in acidic soil with pH value of- 4.5-5.5 (Yan et al., 2020). However, soil acidification is major problem in tea plantation. Generally, excessive N fertilization is considered the major driver of soil acidification in tea plantations (Huang et al., 2015a; Yan et al., 2020; Lin et al., 2022). Specifically, the accelerated soil acidification from fertilization is directly caused by the production of protons via the nitrification process after application of ammonium N fertilization (Barak et al., 1997; Zhou et al., 2014). In addition, the nitrate nitrogen (NO3––N) produced by nitrification was washed out of the soil under heavy rainfall and took away a large number of base ions, resulting in the decrease of the acid neutralization ability of the soil (Yang et al., 2018b). Moreover, not all of the large amount of fertilizer applied can be absorbed and utilized by plants, and the loss of N from agroecosystems has led to pollution of groundwater, nitrous oxide (N2O) emissions, and other environmental problems (Sun et al., 2021).

Nitrogen is an essential element for all plants to grow and reproduce. NH4+-N and NO3––N are the main types of available N, but they are limited in the natural environment. Only after N mineralization process, organic N can be converted into effective N (NO3-, NH4+), which can be absorbed and utilized by plants (Robertson et al., 1999). Compared with NO3-, NH4+ could significantly improve the photosynthetic efficiency and quality of tea trees (Ruan et al., 2008). N transformation in soil refers to the process of changing the form or state of N-containing substances in soil by physical chemistry and biochemistry, mainly includes N mineralization, N fixation, nitrification and denitrification etc. (Kuypers et al., 2018). Transformation of soil N forms is carried out by microbiome containing specific functional genes (Zhang et al., 2019). There are many studies focused on soil N transformation, but mainly focuses on the effects of different fertilization management on soil N transformation (Saggar et al., 2013). For example, for acidic soils, long-term application of chemical N fertilizer resulted in increased activity and abundance of Ammonia oxidizing archaea (AOA) (Leininger et al., 2006). Sun et al. (2020) reported that the application of biological fertilizer reduced the abundance of bacterial amoA gene in soil, but enhanced the soil denitrification, reduced the accumulation of NO3––N, thus greatly reduced N leaching loss in runoff. The addition of Oxytetracycline inhibited nitrifying bacteria reduce the conversion of NH4+-N to NO3––N in composting process (Zhang et al., 2021). The use efficiency of soil N can be improved by applying different fertilizers. Although there are a lot of research on soil N genes, most of these studies used qRT-PCR methods, which often lead to biased results and focus on a single gene involved in the N cycle or single N process-related genes. N cycle is a network of interconnected processes. Such an approach lacks information on the complete N-cycle metabolism process, which can lead to the loss of important information.

Soil pH value is an important factor influencing soil N-related transformation and microbial communities (Wang et al., 2017). Previous studies have demonstrated that soil acidification will lead to the loss of soil base ions, the decrease of directly available NH4+-N and NO3––N in soil, the intensification of soil acidification, and then decrease of N conversion efficiency in soil (Yamamoto et al., 2014; Huang et al., 2015b). Soil enzymes play an important role in material cycle and energy flow in soil ecosystem, which regulate the conversion and circulation of soil nutrients. Meanwhile, the study of the composition of soil microbial community is conducive to an in-depth understanding of the soil internal ecological processes. Soil acidification can change the diversity of soil microbial community structure, such as increasing the relative abundance of acidifying bacteria bacillus, and decreasing the number of Proteobacteria, Bacteroides and Actinomycetes (Xu et al., 2016; Goswami et al., 2017). Planctomycetes, Acidobacteria, Nitrospirae etc. Microorganisms are closely related to soil nitrogen cycling (Zhou et al., 2018; Spieck et al., 2020; Hu et al., 2021). Tea plants have a great demand for N as the buds and leaves are the main subjects for tea yield. Then, can soil acidification influence the content of soil N? And the response of the functional genes and microorganisms involved in the N cycle to soil acidification in tea plantation and their relationship with N forms are unclear.

Here, soil N contents, N mineralization rates and soil enzyme activity with different soil pH values were measured. Furthermore, metagenomic methods were used to comprehensively analyze the differences of various functional genes in soil N-cycling process and microbial communities of tea plantation with different pH values. The objective of this study is 1) to analyze the change of N contents and soil enzyme activity in tea soil after acidification; 2) to assess the response of the functional genes involved in the N cycle and functional microorganisms to soil acidification and their relationship with N forms, and 3) to analyze the specific genes involved in different N processes with different acidity of tea soils.



Materials and methods


Sample collection and site description

The experiment site was located in Nanjing County, Fujian Province, China (24°37′04″N, 117°02′80″E), elevation 590-582 m above sea level, The site is a typical monsoonal with a mean annual temperature of 21.40°C. The minimum and maximum mean monthly temperatures are -0.5°C and 38.9°C in January and July, respectively, with a mean annual rainfall of 1821 mm. The site has a haplic arenosol soil (FAO classification) and with a clay loam texture. A 750 kg ha−1 of compound fertilizer (17% N, 17% P, and 17% K) and 600 kg ha−1 of urea were added to the soil in mid-February of every year. In late-May and July, a compound fertilizer and urea were added to the soil surface at the rate of 750 and 300 kg ha-1 each time. The pruning of upper leaves and buds were reserved in tea plantation for surface mulch.

In August 2020, based on the results of previous studies (Lin et al., 2022), tea plantations in the same region with soil pH ranges of 3.5-4.0 (AT) and 5.0-5.5 (ST) were selected as research sites. Each tea plantation plot area is no less than 40 m2 (4 m × 10 m). Then soil samples were randomly collected from three plots in each site. The rhizosphere soil of tea trees was taken from each experimental plot by a five-point sampling method. Briefly, the surface deciduous leaves of the selected trees were removed. The 500 g soils were collected from the tea tree rhizosphere at a radius of 10-15 cm and depth of 10-20 cm, then mixed thoroughly to form one composite sample. Different soil samples were immediately placed into plastic bags, to minimize exposure to O2, and prior to analyses. The fresh soil was sieved in a 2-mm-mesh sieve and divided into three subsamples. One portion dried in air naturally was used to measure chemical properties. One portion was stored at 4°C for enzyme activity determination. And the remainder was immediately frozen at -80°C for DNA analysis.



Chemical properties determining

The pH of soil was determined with a glass electrode (PB-10; Sartorius, Shanghai, China) with a soil to water ratio of 1:2.5. The contents of NO3––N and NH4+-N in soil samples were determined according to the method of Lu (1999). In brief, 5 g soil sample was used to extract and the NO3––N content was determined using dual-wavelength spectrophotometry at 210 nm and 275 nm. The 10 g of soil sample was used to extract and the NH4+-N content was measured using indigophenol blue colorimetric method at 625 nm. The sum of NO3––N and NH4+-N contents was the available N (AN) content. The soil net N mineralization rate (Mitr) was determined by measuring the change of available N (NH4+-N and NO3––N) in the soil samples. In brief, 10 g of tea soils were incubated in a 100 mL culture flask and cultured in the dark at 25°C for 7 d (Li et al., 2020). Soil mineral N (NH4+-N and NO3––N) was determined by colorimetric method at the beginning and the end of the culture, then the N mineralization rate was analyzed. All soil properties were determined in triplicate.



Determination of soil enzyme activity

The soil enzyme activity was analyzed by the reference (Guan et al., 1986). Briefly, sucrase activity (SC) was determined using 3,5-dinitrosalicylic acid colorimetry; urease activity (UR) was determined using sodium phenol colorimetry; protease activity (PR) was determined using Folin colorimetric method; catalase (CAT) activity was determined by potassium permanganate titration; polyphenol oxidase activity (PPO) was determined by purple gallic acid colorimetric method; and phosphomonoesterase activity (PMase) was determined by p-nitrophenylphosphate disodium colorimetric method. All soil properties were determined in triplicate.



DNA extraction and metagenomics sequencing

Soil total DNA extraction were using Bio-Fast Soil Genomic DNA Extraction kit (BioFlux, Hangzhou, China), according to the manufacturer’s instructions with 0.5 g. The integrity of DNA was checked by 1% agarose gels. and the concentration was measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The pure DNA in the extraction solution was processed with the Illumina TruSeq Nano DNA LT Library Preparation Kit to construct metagenome shotgun sequencing libraries with insert sizes of 350 bp. Each library was sequenced by using the Illumina HiSeq X-ten platform (Illumina, USA) with the PE150 strategy.

Preprocessing the Raw Data obtained from the Illumina HiSeq sequencing platform were preprocessed by Readfq to obtain the Clean Data for subsequent analysis. After obtaining quality-filtered reads, they were de novo assembled and use MEGAHIT (v1.0.4-beta) to construct the metagenome for each sample. The Scaftigs (> 300 bp) assembled from both single and mixed are all predicted the ORF by MetaGeneMark (Zhu et al., 2010), then were clustered by CD-HIT (V4.5.8) to redundancy and obtain non-redundant gene catalogue. Gene abundance in each sample was estimated by using soap. coverage (http://soap.genomics.org.cn/) based on the number of aligned reads. And then using BLASTP (BLAST Version 2.2.28 + 5) to compare the gene set and NR database (e-value ≤ 1e−5), N cycle microbial species annotation was obtained through the gene taxonomic information database corresponding to the NR database, and then species abundance was calculated by summing the abundances of genes corresponding to the species (Wang et al., 2020).



Statistical analysis

The changes in soil chemical properties, soil enzyme activity and gene abundance were tested for significant differences among tea soils with one-way ANOVA using the SPSS 20.0 (SPSS Inc., Chicago, IL, USA) followed by the least significant difference (LSD) at a 5% level of probability. All experimental data were showed as the mean ± standard error. Graphs were prepared using origin (OriginPro 9.0) unless otherwise indicated. Pearson correlation analysis was used to examine the relationships among the environmental factors, soil enzyme activity and abundance of functional genes for each N transformation, using the Corrplot program package in R software. Redundancy analysis (RDA) was carried out to examine the relationships between environmental factors and microbial abundance at the phylum and genus level, using the vegan package in R software.




Results


Soil physicochemical properties

The soil properties varied significantly between the two tea soils (Table 1). The pH of tea soil with AT and ST were 3.75 and 5.26, respectively. With the increase of soil pH value, the contents of NO3––N were 41.10 and 29.87 mg·kg-1, respectively. After acidification, the NO3––N content of tea soil significantly increased (P < 0.05) by 11.23 mg·kg-1. In contrast, relative to ST, the content of NH4+-N in AT was significantly decreased (P < 0.05) by 15.91 mg·kg-1, and corresponding decrease for available N was 4.67 mg·kg-1. With the increase of soil pH value, the rate of net N mineralization were 2.29 and 5.70 mg·kg-1 d-1, respectively. The net N mineralization rate of ST were about 2.5 times as much as that of AT (acidified soil).


Table 1 | physiochemical properties of tea soils with different pH values.





Soils enzymatic activity

There were significant differences (P < 0.05) in soil enzyme activities with different pH values (Figure 1). The activity of sucrase was significantly higher than that of other enzymes. Compared with ST, the activities of sucrase, protease, catalase and polyhphenol oxidase decreased by 3.45, 0.44, 0.58 and 0.25 mg g-1 h-1 under AT, respectively. And urease activity of AT was significantly higher than that of ST (P < 0.05). Taken together, the activities of sucrase, protease, catalase and polyphenol oxidase in tea soil decreased significantly, and urease activity increased significantly after soil acidification, but there was no significant difference in phosphomonoesterase activity.




Figure 1 | Soil enzyme activities in tea soil with different pH values. SC, sucrase; UR, urease; PR, protease; CAT, catalase; PPO, polyhphenol oxidase; PMase, phosphomonoesterase. AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26. Bars indicate standard error of the mean (n = 3). Different lowercases represent significant differences at P < 0.05 level.





Functional N transformation gene shifts

A total of 76720.18 Mbp of raw reads was obtained from 6 libraries after the Illumina sequencing. After filtering, 76532.51 Mbp of clean reads were identified, and the percentage of clean reads relative to raw reads in each library was above 99.76% (Supplementary Table S1), indicating that the results could comprehensively and truly reflect the composition of soil microbial community. We further summarized and analyzed the frequency and abundance of functional genes involved in the complete N-cycle metabolic process.

A total of 11049 functional gene probes were detected (Supplementary Table S2), which included 28 genes and 6 pathways of N-cycle processes including glutamate synthesis, ammonification, assimilatory N reduction, dissimilatory N reduction, nitrification and denitrification. The processes of N-cycle are shown in Figure 2A. The frequency of genes involved in glutamate synthesis was the highest, with 4114 and 3895 functional genes detected by AT and ST, respectively. In contrast, only 41 and 33 functional genes were detected by nitrification (Figure 2B). However, genes involved in N fixation and anammox were not captured in this study (Figure 2B).




Figure 2 | An overall schema illustrating the N-cycle processes (A), detection frequency (B) and abundance (C) of functional genes for each N-cycle with different acidity of tea soils. AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26. GluS, glutamate synthesis; Amm, ammonification; ANR, assimilatory nitrogen reduction; DNR, dissimilatory nitrogen reduction; Nit, nitrification; Den, denitrification. Bars indicate standard error of the mean (n = 3). Different lowercases represent significant differences at P < 0.05 level.



Overall, the total abundance of genes involved in N pathways in AT was significantly higher (P < 0.05) than that in ST (Supplementary Figure S1). With the increase of soil pH, the abundances of genes involved in N pathways were 8.05 × 104 and 7.22 × 104, respectively (Supplementary Figure S1B). For abundance of functional genes for each N-cycle processes, the abundance of functional genes involved in glutamate synthesis pathway was the highest and significantly higher (P < 0.05) than those genes in other N-cycle processes (Figure 2C). After soil acidification, the abundance of genes related to ammonification, dissimilatory N reduction, nitrification and denitrification pathway in tea soils increased significantly (P < 0.05). And the abundance of genes involved in glutamate synthesis and assimilatory N reduction pathways decreased significantly (P < 0.05) under soil acidification (Figure 2C).

From the perspective of individual genes, soil acidification significantly changed the individual gene abundance in tea soils (Figure 3). Overall, soil acidification significantly increased (P < 0.05) the abundances of gdh2 involved in ammonification (Figure 3B), narB and nasB involved in denitrification (Figure 3C), narI, narJ and narH involved in dissimilatory N reduction (Figure 3D), and all individual genes involved in nitrification (amoA_ABC) (Figure 3E) and denitrification (narG, nirK, nirS, norB and nosZ) (Figure 3F). In contrast, the abundances of gltB and gltD involved in glutamate synthesis (Figure 3A), gudB and gdhA involved in ammonification (Figure 3B), nasA and nirA involved in assimilatory N reduction (Figure 3C), and napA, napC, nirB, nirD and nrfA involved in dissimilatory N reduction (Figure 3D) decreased significantly (P < 0.05). The abundances of different individual genes involved in the same pathway were not showed a consistent trend with the change of soil pH value.




Figure 3 | The abundance of individual genes involved in each N-cycle processes (A–F) with different acidity of tea soils. AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26. Bars indicate standard error of the mean (n = 3). Different lowercases represent significant differences at P < 0.05 level.





Microorganisms involved in the nitrogen cycle

The PCA plots indicated that significant differences occurred in soil N-cycling microbial communities with different pH values. The N-cycling microbial were well separated in the first component (PC1) (Supplementary Figure S2), with the three replicates displaying close clustering. At the phylum level, a total of 26 phyla was detected by metagenomic sequencing from two soil samples (Supplementary Figure S3). The top 10 soil microbial communities at the phylum level, accounting for 87.41% of the total soil microorganisms were further selected (Figure 4A). The relative abundances of Proteobacteria, Actinobacteria, Chloroflexi, Nitrospirae and Firmicutes in AT were significantly higher (P < 0.05) than those in ST, while the abundance of Acidobacteria, Armatimonadetes, Verrucomicrobia and Thaumarchaeota were the opposite. Taken together, with the increase of soil pH, the total abundance of top 10 species of soil N-cycling microbial communities at the phylum level accounted for 88.84 and 86.00% of the total, respectively (Supplementary Table S3).




Figure 4 | Distribution of nitrogen-related total microbial top 10 phyla (A) and genus (B) with different pH values of tea soils. AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26.



A total of 326 microorganisms genera was obtained at the genus level. As shown in Figure 4B, there were significant differences in soil microbial abundance at genus level in tea soils with different pH values. Compared with ST, the relative abundance of Nitrospira, Rhodanobacter, Actinomadura, Thermogemmatispora and Mycobacterium in AT increased significantly (P < 0.05), while that of Candidatus Solibacter, Geobacter, Ktedonobacter and Nitrobacter decreased significantly (P < 0.05). There was no significant difference in Bradyrhizobium between AT and ST.



Correlation between soil microorganism, soil enzyme activity and environmental parameters

Pearson correlation analysis identified significant correlations (P < 0.05) between physicochemical properties and N-related gene abundances across AT and ST (Figure 5). The pH value, NH4+-N, available N and net N mineralization rate were significantly positively correlated (P < 0.05) with activities of sucrase, protease, catalase, and polyhphenol oxidase, and the gene abundances involved in glutamate synthesis and assimilatory N reduction, whereas they were significantly negatively related (P < 0.05) to urease activity and the gene abundances involved in ammonification, dissimilatory N reduction, nitrification and denitrification. The correlation between NO3––N content and other indexes was contrary to that of NH4+-N and available N (P < 0.05).




Figure 5 | Heatmap of pearson correlation analysis of soil physicochemical properties, enzyme activity and functional gene abundance in tea soil with different pH values. NH4+-N, ammonium nitrogen content; NO3––N, nitrate nitrogen content; AN, available nitrogen content; OM, organic matter content; Mitr, net nitrogen mineralization rate. * and **, significant at P ≤ 0.05 and P ≤ 0.01.



RDA was performed using the top 10 species of microbial taxa at the phylum level and soil physicochemical properties (Figure 6). The results showed that axes 1 and 2 together described 99.94% of the variation in microorganisms at the phylum level and 99.91% of microorganisms at the genus level, indicating a significant correlation between soil physicochemical factors and microbes (P < 0.05) (Figure 6). As for the microorganisms at the phylum level (Figure 6A), soil pH, NH4+-N and available N content and net N mineralization rate were significantly positively correlated (P < 0.05) with the abundances of Acidobacteria, Armatimonadetes, Verrucomicrobia and Thaumarchaeota, and significantly negatively correlated (P < 0.05) with the abundance of Proteobacteria, Actinobacteria, Chloroflexi, Nitrospirae, Planctomycetes and Firmicutes. And the correlation between NO3––N content and other indexes were contrary to that of NH4+-N content (P < 0.05).




Figure 6 | Canonical redundancy analysis (RDA) of soil physicochemical factor and dominant phyla (A) and genera (B) microorganism in three soil sample. AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26.



As for the microorganisms at the genus level (Figure 6B), soil pH, NH4+-N, available N content and net N mineralization rate were positively correlated (P < 0.05) with the abundances of Candidatus Solibacter, Geobacter and Nitrobacter and negatively correlated (P < 0.05) with the abundances of Bradyrhizobium, Nitrospira, Rhodanobacter, Actinomadura, Thermogemmatispora and Mycobacterium. And the correlation between NO3––N content and other indexes were contrary to that of NH4+-N and available N (P < 0.05).




Discussion


Soil nitrogen form and transformation

Nitrogen involved in a lot of biological processes in terms of different level and forms (NH4+ and/or NO3−) (Huang et al., 2018). Tea plants prefer NH4+ rather than NO3−, and NH4+ can promote the growth of tea plants more effectively (Huang et al., 2018; Wang et al., 2021). In our study, the contents of NH4+-N and available N in acidified soil decreased significantly, but the content of NO3−-N was higher than that in soil suitable for tea tree growth (Table 1). These results indicated that soil pH affect the N forms of tea soils, and soil acidification lead to the decrease of available N for tea plant. By further analyzing the soil N transformation capacity, we found that the rate of net N mineralization in acidified soil decreased significantly (Table 1). Consistent with our findings, previous researchers reported that the rate of N mineralization increases as the increase of pH values of 4-8 (Jiang et al., 2015). Mineralization results in increasing the content of available N in plant soil (Robertson and Groffman, 2007), which indicated that acidification would reduce soil mineralization capacity, thus lead to a decline in soil N supply capacity and a decrease of N absorption and utilization capacity of tea trees.



Soil enzyme activity

Soil enzyme activity is an indicator of soil quality, which reflect the direction and intensity of biochemical processes and nutrient cycles in soil (Xu et al., 2021). The activities of N-cycling enzymes such as urease, catalase and protease existed significantly differences under different N fertilizer treatments (He et al., 2021; Li et al., 2021). Our study found that the activities of sucrase, protease, catalase and polyphenol oxidase in acidified tea soil decreased significantly (Figure 2). Soil enzymes such as sucrase and catalase were closely related to soil organic matter accumulation and saprophytic degree, where their debris and subsequent nutrients release into the soil is made available to plants (Dick, 1994; Madejón et al., 2007). Protease can hydrolyze various protein and peptide compounds into amino acids, which is one of the N sources of higher plants (Nie et al., 2020). Polyphenol oxidase has a defense effect against soil pathogens (Mayer, 2006). It could be seen that acidification of tea soil has a negative effect on soil carbon and N conversion, N supply capacity, disease resistance and soil humus content.



Functional N transformation gene shifts

The changes of soil functional gene abundance determine the direction and amplitude of soil N transformation (Chen et al., 2017). Hence, we comprehensively analyzed the genes involved in the grid pathway of N-cycling (Figure 2). Taken together, the frequency and abundance of genes involved in glutamate synthesis were significantly higher than other N-cycle processes, while the abundance of genes involved in nitrification were the lowest (Figure 2C). This finding was similar to the result of Nelson’s metagenomic sequencing (Nelson et al., 2015), indicating that tea soils with different acidity in this study have the same characteristics of N metabolism pathways. However, the abundances of genes involved in N fixation and anammox were below the detection line and not captured (Figure 2B). This may be due to mineral forms of N that were readily available in the environment, requiring no or less metabolic investment according to the principle of resource acquisition (Zheng et al., 2017).

Compared with NO3−, NH4+ can more effectively promote the biosynthesis of free amino acids and catechins in tea leaves and roots, and significantly improve the activity of glutamine synthase, thus improve the tea quality (Huang et al., 2018; Wang et al., 2021). Our results found that the abundance of genes involved in glutamate synthesis in acidified soil decreased significantly, while it was positively correlated with NH4+-N (Figures 2C, 5). This suggested that the content of NH4+-N in acidified soil decreased, which inhibited the synthesis of glutamate. However, it was not conducive to the accumulation and absorption of soil N content, thus reducing the N fertilizer use efficiency (Wang et al., 2020). The presence of NH4+ will improve the absorption rate of NO3- (Ruan et al., 2016). Plants or microorganisms inhale NO3−-N into the body, reduce it to NH4+-N by assimilatory N reduction, and then synthesize N-related organic substances. And then the abundances of genes related to assimilatory N reduction pathway in ST were significantly higher than that in acidified soil (Figure 2C).

Our result was consistent with a previous study that reported that nitrification was negatively correlated with soil pH value (Jin et al., 2012). And high potential nitrification rates lead to low NH4+-N and to high NO3−-N (Jin et al., 2012; Li et al., 2018). Hence, the soil NO3−-N was significantly higher and NH4+-N was less after soil acidification (Table 1). Ammonification is a process in which microorganisms decompose organic matter and release NH4+ or NH3. Soil acidification promotes soil ammonification (Figure 2C), this may result in higher urease activity in acidified soil. But the content of NH4+-N in the acidified tea soil decreased, this suggested that the NH4+-N generated was partly absorbed by tea trees and partly converted to NO3––N due to high nitrification, which also increased the risk of solidification or leaching, thus resulting in less NH4+-N in acidified soil. The results also indicated that the abundances of genes involved in denitrification increased significantly in acidified soil, and were negatively correlated with soil NH4+-N and available N, while were positively correlated with NO3––N (Figures 2C, 5). This was consistent with the results of Sun et al. (Sun et al., 2021). The contribution of denitrification to N2O production was significantly increased with the decrease of soil pH (Saggar et al., 2013; Wu et al., 2017). The transformation of N in soil was a cyclic process. The nitrification and denitrification of tea soil were enhanced after soil acidification, thus resulting in less NH4+-N in soil, which further inhibited glutamate synthesis (Figure 5).

Previous studies on genes related to soil N-cycling mainly focused on the relative abundance of individual genes involved in soil nitrification, denitrification and N-fixation, such as nifH, amoA, nirS and nosZ (Sun et al., 2021). However, other genes involved in N-cycling pathways have received less attention. Hence, we further comprehensively evaluated the abundance of key genes involved in each N-cycling processes. Among the glutamate synthesis-related genes, the abundances of gltB and gltD genes in tea soil with different acidity were consistent with the change trend of glutamate synthesis pathway (Figures 2C, 3A), indicating that gltB and gltD play important roles in glutamate synthesis pathway. The changes in gene abundances in different individuals involved in the same pathway after acidification were not completely consistent (Figure 3), which suggested that the importance of studying the complete gene family involved in N-cycling process. Among the sequential nitrifying genes, we observed that the abundances of amoA/B/C in acidified soil were significantly increased. Soil nitrification begins with the oxidation of ammonia to nitrite, which is dominated by ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) (Harter et al., 2014). The key control enzyme of this step is encoded by the amoA gene (Afzal et al., 2019). Yang et al. (2018a) reported that N fertilization stimulated nitrifying bacteria (amoA). Soil denitrification involves multiple N forms and functional genes (Lin et al., 2017). The denitrification process is mainly encoded by functional genes such as narG (NO3- to NO2-), nirS/nirK (NO2- to NO), norB (NO to N2O) and nosZ (N2O to N2) (Grassmann et al., 2022). The decrease of soil pH will reduce the availability of soil mineral N and organic carbon, and then indirectly affect N2O emission (Baggs et al., 2010). Several studies have shown that narG and norB genes significantly promoted N2O emission in acidic tropical forest soil (Tian et al., 2019). After acidification, the abundance of all genes involved in denitrification increased significantly (Figure 3F), which increases the risk of N2O emission.



Soil microbial community composition and correlation analysis

Soil properties could indirectly mediate the N transformation process by affecting soil microbial community structure (Dong et al., 2018). In this research, significant differences were detected in soil N-related microbial community with AT and ST (Figure S2), which implied that soil acidification affected the soil N-related microbial community of tea plantation. Previous studies reported that Proteobacteria, Actinobacteria and Acidobacteria are the predominant microbial community phylum in terrestrial soil ecosystems (Liu et al., 2016; Delgado-Baquerizo et al., 2018). These results were consistent with ours, though the object of our study is the N-related microorganisms (Figure 4). Proteobacteria contains a large number of plant and animal pathogenic bacteria (Wagg et al., 2018). Previous study indicated that the abundance of Proteobacteria in diseased soil was relatively higher (Xue et al., 2015). Zhao et al. (2019) showed that a few parasitic actinomycetes can cause diseases of some plants and animals. Proteobacteria and Actinobacteria were increased after soil acidification (Figure 4A). This suggested that the content of pathogenic bacteria in tea soil increases after acidification. We also found that Chloroflexi, Nitrospirae and Firmicutes were significantly enriched in acidified soil (Figure 4). Several studies have shown that Chloroflexi and Nitrospirae and Firmicutes play nitrification or denitrification function in soil N-cycle (Kartal et al., 2007; Spieck et al., 2020). However, the abundances of Acidobacteria, Armatimonadetes, Verrucomicrobia and Thaumarchaeota in acidified soil decreased significantly (Figure 4A). We suggested that acidification could provide a bad survival environment for some soil beneficial microorganisms. Furthermore, we found that Nitrospira, Rhodoblastus, Actinomadura, Thermogemmatispora and Mycobacterium were significantly enriched in acidified soil (Figure 4B). Our result was consistent with a previous study that the abundance of Nitrospira displayed a significant positive correlation with nitrification potential, and was negatively correlated with soil pH and high ammonia (Hu et al., 2021).

Many documents reported that soil microbial community composition is influenced by physicochemical factors (Zhang et al., 2022). RDA results indicated that some key rhizosphere microorganisms (Proteobacteria, Actinobacteria, Chloroflexi, Nitrospirae, Planctomycetes, Firmicutes, Actinomadura, Nitrobacter) had a positive correlation with soil NO3––N, and had a negative correlation with pH, NH4+-N and available N (Figure 6). These results indicated that pH and soil N level were important factors driving soil microbial diversity and community structure change, which were in agreement with previous reports (Zhou et al., 2018; Li et al., 2020). Results also indicated that the beneficial microorganism in acidified soil decreased and the abundances of microorganisms involved in nitrification and denitrification increased, this increases the risk of soil N2O emission (Huang et al., 2015b).




Conclusion

In conclusion, soil pH value affected the N cycling (Figure 7). After soil acidification, the soil enzyme activities involved in nutrient cycling decreased; the abundances of genes involved in glutamate synthesis and assimilatory N reduction increased significantly. Moreover, the abundances of genes involved in dissimilation N reduction, nitrification and denitrification increased significantly in acidified soil, and then affected the participation in the N-cycle of the microbial community composition, especially increased the amounts of pathogenic microorganism, and microorganisms related to nitrification and denitrification. These factors eventually lead to a decrease in the N supply capacity and the content of NH4+-N in tea soil, thus inhibited the growth of tea trees. In the future, a more comprehensive study is required to explore the response of microorganisms involved in each N transformation process respond to soil acidification in tea plantation.




Figure 7 | Model showing the mechanism of soil acidification on soil nitrogen form and transformation in tea gardens. The blue dotted and solid lines represent a decrease and increase in an indicator, respectively. Red minus sign indicates upregulated, while green plus sign indicates downregulated. GluS, glutamate synthesis; Amm, ammonification; ANR, assimilatory nitrogen reduction; DNR, dissimilatory nitrogen reduction; Nit, nitrification; Den, denitrification.
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Drip irrigation under plastic film mulch is a common agricultural practice used to conserve water. However, compared to traditional flood irrigation with film mulch, this practice limit cotton root development from early flowering stage and may cause premature senescence in cotton. Changes of root will consequently shape the composition and activity of rhizosphere microbial communities, however, the effect of this farming practice on cotton rhizosphere microbiota remains poorly understood. This study investigated rhizosphere bacteria and soil functionality in response to different irrigation practices —including how changes in rhizosphere bacterial diversity alter soil nutrient cycling. Drip irrigation under plastic film mulch was shown to enhance bacterial diversity by lowering the salinity and increasing the soil moisture. However, the reduced root biomass and soluble sugar content of roots decreased potential copiotrophic taxa, such as Bacteroidetes, Firmicutes, and Gamma-proteobacteria, and increased potential oligotrophic taxa, such as Actinobacteria, Acidobacteria, and Armatimonadetes. A core network module was strongly correlated with the functional potential of soil. This module not only contained most of the keystone taxa but also comprised taxa belonging to Planctomycetaceae, Gemmatimonadaceae, Nitrosomonadaceae, and Rhodospirillaceae that were positively associated with functional genes involved in nutrient cycling. Drip irrigation significantly decreased the richness of the core module and reduced the functional potential of soil in the rhizosphere. Overall, this study provides evidence that drip irrigation under plastic film mulch alters the core bacterial network module and suppresses soil nutrient cycling.
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Introduction

Cotton (Gossypium hirsutum L.) is an important crop in both the agriculture and textile industry (Constable and Bange, 2015). Xinjiang is the largest cotton-producing region in China with a cotton planting area of approximately 2.5 million hectares (ha) (NBSC, 2020). As a result of low temperatures that occur during the seedling stage and water shortages, the combination of drip irrigation and plastic film mulch is extensively used to increase topsoil temperature and save water in dryland farming areas (Zong et al., 2021). Plastic film mulching is applied nearly in all cotton fields in Xinjiang; and cotton fields that use drip irrigation under plastic film mulch currently comprise a nearly 1.2 million ha area (NBSC, 2020). However, compared to traditional flood irrigation with film mulch, this practice reduces root biomass and length (from early flowering stage) and often causes premature senescence in cotton (Mai et al., 2014). In addition, drip irrigation alters the nutrient content in rhizosphere soils (Zhu et al., 2013). This is particularly important because changes in root traits and rhizosphere conditions can affect rhizosphere microbes that are vital for plant growth and fitness (Berendsen et al., 2012; Zhang et al., 2017). While previous studies have explored the effects of drip irrigation on cotton yield, less attention had been paid to its influence on soil biological properties, especially on the rhizosphere microbial community. Thus, knowledge of how rhizosphere soil conditions under drip irrigation alter the rhizosphere microbiome and affect microbially-driven soil functions remains limited.

Rhizosphere microbes determine plant nutrient utilization by actively participating in carbon or nitrogen fixing and releasing available micronutrients. As a result, changes in rhizosphere microbes can influence the development of plants (Zhang et al., 2017). In practice, drip irrigation under plastic film mulch limits primary root development (Mai et al., 2014), and enriches   -N in rhizosphere soils (Zhu et al., 2013), potentially impacting the structure and function of rhizosphere microbes. For example, variations in root biomass and length influence the rhizosphere priming effect and the subsequent release of labile organic substances (Zhang et al., 2017). Labile organic substances promote the growth of microbial r-strategist groups such as Beta-proteobacteria, Gamma-proteobacteria, Firmicutes, Gemmatimonadetes, and Bacteroidetes (Zhou et al., 2018) and are linked to the decomposition of soil organic matter and solubilization of insoluble minerals by rhizosphere microbes (Zhang et al., 2017). Soil available N also affects cbbL-carrying autotrophic bacterial composition (Zhou et al., 2019), and N fertilizers suppress various diazotrophic taxa and N fixation rates (Fan et al., 2019). It should be noted that drip irrigation under plastic film mulch increases the amount of residual membrane, which can impose selective pressure on distinct rhizosphere bacterial taxa (Qi et al., 2020). Thus, drip irrigation under plastic film mulch can induce complex rhizosphere conditions and change the characteristics of the rhizosphere microbiome.

Complex potential associations among thousands of soil organisms can be visualized as networks within the microbial community. Networks reveal the factors driving microbial associations in response to environmental disturbance, and provide critical information on microbial taxa associated with soil functioning (Chaffron et al., 2010; Banerjee et al., 2018). For example, it has been found wheat rhizosphere fungal network modules composed of saprotrophs or pathogens; and the modules are affected by tillage (Li et al., 2021). Network analysis studies also have identified several keystone taxa that are critical to microbial community functioning (Banerjee et al., 2021; Zheng et al., 2021). One recent study found that taxa within the core module were positively associated with functional genes involved in maintaining soil nutrient cycling (Fan et al., 2021). Thus, it is worth investigating whether keystone species are also harbored within the core module. Manipulating the rhizosphere microbes can favor plants for sustainable agricultural gains (Zhang et al., 2017) so characterizing the key players involved in nutrient cycling is essential to plant production and supports soil functioning in a more managed ecosystem (Banerjee et al., 2018; Fan et al., 2021). This is especially important after the combined use of plastic film mulch and drip irrigation, which can alter plant traits and soil nutrient availability.

The current study uses three irrigation treatments (flooding irrigation with single plastic film mulch and drip irrigation under single or double plastic film mulch) during a 2-year field experiment in an arid region of China. Shifts in the bacterial community, functional genes, RubisCO activity, and potential rates of nitrification and denitrification were assessed to characterize the bacterial response to drip irrigation-induced effects on rhizosphere nutrient cycling. There were two main objectives: (i) to compare microbial responses to the three different irrigation practices and (ii) to evaluate the effect of irrigation practices on rhizosphere C and N cycling processes. It was hypothesized that keystone taxa in the core module are linked to soil nutrient cycling processes, and drip irrigation under plastic film mulch affects soil functional potential by influencing the core network module.



Materials and methods


Experimental design and sampling

A 2-year field experiment was initially established in 2019 at YuShuGou in the Xinjiang Uyghur Autonomous Region of China (44°09′59″N, 87°59′56″E). This area has a typical temperate continental climate with an average annual precipitation of 190 mm and an average annual temperature of 6.8°C. The experiment consisted of three treatments: flooding irrigation with film mulch (FSM), drip irrigation with single film mulch (DSM), and drip irrigation with double film mulch (DDM) (Figure S1). Each treatment had six replicates (8 m × 20 m per plot for each replicate) arranged in a randomized block design, equaling 18 plots in total with guard rows (width of 1 m) between each plot. Nitrogen fertilizer and nitrogen fertilizer with water applications were managed as described by Mai et al. (2014). In brief, 4000 m3 water/hm2 and 340 kg urea/hm2 were applied each year for drip irrigation with mulch film, and 6000 m3 water/hm2 and 400 kg urea/hm2 were used each year for flooding irrigation with mulch film. The rates and dates of water and fertilizer application were consistent with local cotton agronomic practices (Table S1).

Plants and soil were sampled on 20 August 2020 at the fruiting stage of the cotton (about 18 weeks after sowing) and rhizosphere soil samples were collected as described previously (Mo et al., 2019). To ensure that the sample size of rhizosphere soil was similar and comparable across treatments, roots were collected within a 20-cm soil layer. Loose soil was obtained to filter out film residue. During sample collection, the rhizosphere soil was carefully scraped off the root surface using a sterile scalpel. The samples were then transported on ice to the laboratory for analysis. Some of the soil was stored at -80°C for DNA extraction and the remainder were stored at 4°C for chemical analyses.



Plant traits and soil physicochemical properties

For each treatment, 120 plant samples (20 for each replicate) were dried to a constant weight to determine the biomass. Some of the cotton root samples (10 for each plot) were also used to measure biochemical traits (Wang and Huang, 2015). Phenol content was estimated using the Folin–Ciocalteu assay, soluble sugar content was assessed using Anthrone colorimetry, free amino acids were measured using Ninhydrin colorimetry, and the absorbance was determined using an ultraviolet (UV) spectrophotometer (Cary 60, Agilent Technologies, USA). Soil physicochemical properties, including soil soluble salt content, pH, soil organic matter, nitrate-nitrogen, and ammonium nitrogen, were measured as previously described (Zhao et al., 2019; Zhao et al., 2020). Water-extractable organic carbon (WEOC) was determined as outlined by Zhu et al. (2020).



Analyses of the soil carbon-fixation, nitrification, and denitrification potentials

RubisCO activity was determined as described by Wu et al. (2015). In brief, a soil solution was mixed with the reaction system, and a preparation lacking RuBP was used as a blank. Ribulose bisphosphate (50 μL, 25 mM) was added to the mixture for 30 s, the absorbance was measured at 340 nm, and the RubisCO activity (nmol CO2 min -1 per kg dry soil) was calculated. Soil potential nitrification (PNR) was assessed according to a method described by Stark and Firestone (1995). In brief, field-moist soil (10 g) was added to a 250 ml Erlenmeyer flask with 100 ml nitrification solution consisting of KH2PO4 (280 mM), K2HPO4 (720 mM), and (NH4)2SO4 (500 mM). The samples were continuously shaken at 110 rpm and 10 ml of each sample solution was collected at 24, 48, 72, 96, 130, and 154 hours, filtered, and immediately stored at -20° C until analysis. NH4+-N and   -N concentrations were then determined. The denitrification potential (DEA) was tested as described by Griffiths et al. (1998). In brief, 10 g of soil was weighed into a glass container that received 10 ml of a solution containing 1 mM KNO3 and 1 mM glucose. High purity (99.99%) helium was flushed into the container to create anaerobic conditions under atmospheric pressure. For DEA samples, 10 ml of gas was taken out and replaced by injecting 10 ml of acetylene. The slurries were shaken at 100 rpm for 154 h and the gas samples were analyzed. DEA rates were determined for each sample by calculating the slope of the linear regression model at four time points.



DNA extraction and quantitative PCR

Total soil DNA from each sample was extracted using the E.Z.N.A. Soil DNA kit (Omega, USA) and diluted in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.0). The abundance of each functional gene, cbbL, β-glu, ChiA, nifH, AOB-amoA, narG, nirK, and cnorB was determined by quantitative PCR (qPCR) using the LightCycler® 480 system (Roche Applied Science). A 20 μL reaction contained 10 μL SYBR Premix Ex Taq™ (Takara, Dalian, China), 0.4 μL of each forward and reverse primer, and 2 μL of template DNA (10 ng μL-1). Standard curves showed high correlation coefficients (R2 >0.98), and the PCR efficiency was at least 85% in all cases. Details regarding the primers, thermal cycling conditions, and quality assessment are provided in Table S2.



High-throughput sequencing

The hypervariable V4-V5 region of the bacterial 16S rRNA gene was amplified using 515F (5’-GTGCCAGCMGCCGCGG-3’) and 907R (5’-CCGTCAATTCMTTTRAGTTT-3’) primers (Yusoff et al., 2013). The 25 μL PCR reactions contained 1 μL of each primer (10 μM), 2 μL DNA (10 ng μL−1), and 22 μL Platinum PCR SuperMix (Invitrogen, Shanghai, China). The thermal program was as follows: 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, 50°C for 45 s, and 72°C for 1 min with a final extension at 72°C for 10 min. Sequencing was performed on the Illumina MiSeq platform at Majorbio BioPharm Technology Co., Ltd. (Shanghai, China), and the raw sequences were deposited in GenBank under the BioProject PRJNA793144. Using QIIME 1.9.0, the raw data was processed and trimmed (http://qiime.org; Caporaso et al., 2010). Low-quality reads (length<200 bp and mean quality score<30) were removed, while reads that overlapped by >10 bp were assembled. Chimeras were removed using the Uchime algorithm software (Edgar et al., 2011). The sequences were clustered into operational taxonomic units (OTUs) using QIIME’s pick_open_reference_otus.py with a 97% similarity cut-off. Taxonomic information was obtained using the Ribosomal Database Project classifier at a confidence threshold of 0.80 (Cole et al., 2004). In total, 936,467 effective sequences were retained after sequence information from 18 soil samples was optimized. The reads were rarefied at a 28,795-sequencing depth for each sample.



Co-occurrence network analyses and core module identification

Microbial network analysis was used to identify clusters of microbial taxa that were highly correlated. The top OTUs, accounting for more than 80% of the relative abundance in the total community, were chosen. All pair-wise Spearman correlations between OTUs were calculated using the “Hmsic” package (Harell and Dupont, 2015) in R. To focus on OTUs that strongly co-occurred and were more likely to interact, correlations with a Spearman’s coefficient<0.8 and a P-value >0.01 were removed. The main modules in the network were visualized using Gephi (https://gephi.org/). The relative abundance of each module was calculated by averaging the standardized relative abundances (z-score) of the species to which it belonged. Modules in which taxa correlated positively with the abundance of soil functioning were also identified (Fan et al., 2021). The top 20 nodes with high degree, high closeness centrality, and low betweenness centrality scores were statistically identified as the keystone taxa (Banerjee et al., 2021; Zheng et al., 2021).



Whole bacterial genome downloading and annotation

We selected 494 bacterial genomes from the JGI-IMG database that were previously retrieved from agricultural soils (including rhizosphere and rhizoplane samples) and retrieved their sequences from the NCBI genome database (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/). Finally, a total of 2209 16S-rRNA sequences were extracted from 494 genomes (file format: _rna_from_genomic.fna.gz) using “TBtools” software (Chen et al., 2020). Online BLAST (Nucleotide BLAST: Align two or more sequences using BLAST (nih.gov)) was used to compare the representative sequences of chosen dominant bacterial OTUs (with >97% identity across the sequenced regions of the 16S rRNA genes). In total, there were 112 genomes (Table S3) with small subunit (ssu) rRNA 16S marker genes that could be aligned and built into a phylogenetic tree using MEGA-X and iTOL, within which, 41, 53, and 18 genomes were clustered with the dominant OTUs from Modules #1–3, respectively. The Prokka pipeline was used for gene prediction and annotation; and genes associated with carbon cycling (e.g., abfA, accA, acsA, acsE), and genes associated with nitrogen cycling (e.g., anfG, hao, hdhA, napA) were used as reference to assess potential functions (Fan et al., 2021).



Statistical analyses

The alpha diversity was calculated using the diversity function in the “vegan” R package (Oksanen et al., 2020). Non-metric multidimensional scaling (NMDS) analysis and permutational multivariate analysis (ADONIS) were conducted using the “vegan” package (Oksanen et al., 2020). These used current literature on cultured strains to map prokaryotic clades (e.g., genera or species) to establish metabolic or other ecologically relevant functions (Louca et al., 2016). The hierarchy from phyla to OTUs was illustrated using hierarchical (i.e., tree topology) taxonomic networks in Cytoscape (version: 3.8.0) with manual adjustment (https://apps.cytoscape.org/apps/yfileslayoutalgorithms). Pairwise Spearman correlations between diversity and soil functional potentials [normalized abundance of tested functional genes, carbon-fixation potential, PNR, and DEA (z-score)] were calculated. A random forest analysis was used to estimate the importance of soil properties to explain the carbon-fixation potential, PNR, and DEA rates using the “rfPermute” R package (Eric Archer, 2021). A one-way analysis of variance (ANOVA) with Tukey’s test was conducted for multi-comparisons using R software (version 4.1.2-win).




Results


Changes in soil properties across irrigation practices

Significantly higher (p<0.05) soil moisture,   -N, and   -N were observed in the rhizosphere soil of the DSM or DDM treatment groups than in the FSM group (Table S4). Higher moisture was also associated with lower salinity and pH in the rhizosphere soil of the DSM or DDM groups. Drip irrigation promoted aboveground biomass, however, the limited moist area promoted shallow root distribution (Figure S1), resulting in lower root biomass (Table S5). A significantly lower (p<0.05) soluble sugar content in the roots and a lower WEOC in the rhizosphere soil were observed from drip irrigation practices (Tables S4 and S5), suggesting that low rhizodeposition might exist under these two treatments.



Rhizosphere bacterial communities and functional potentials across irrigation practices

Bacterial diversity was significantly lower (p<0.05) in the FSM than in the DDM treatment groups (Table S6). Indeed, permutational multivariate analysis (ADONIS) confirmed that the rhizosphere communities differed significantly in response to flooding irrigation versus drip irrigation (Figure S2; Table S7).

Taxa responsible for the observed shifts in β-diversity were further explored at various taxonomic levels from phylum to OTU. Practice-sensitive OTUs were broadly distributed across the taxonomic hierarchy with phyla such as Planctomyces, Actinobacteria, Bacteroidetes, and Gemmatimonadetes exhibiting a clear dispersal of sensitive OTUs (Figure 1). Qualitatively, Bacteroidetes, Omnitrophica, Planctomyces, Gemmatimonadetes, and Gemmatimonadetes had fewer OTUs in the DDM than in the FSM treatment group (Figure 1). Consistent phylum-level differences in the bacterial community were observed among the three irrigation practices (Figure 2). For example, the phyla Actinobacteria, Acidobacteria, and Armatimonadetes showed strong increases in relative abundance under drip irrigation while Bacteroidetes, Gemmatimonadetes, and Firmicutes were more abundant in the rhizosphere soil that received flooding irrigation.




Figure 1 | (A) A hierarchical taxonomic tree of bacterial communities showing OTU distribution across the different phyla. Nodes correspond to OTUs and edges represent the taxonomic path from the phylum to the OTU level. OTUs were placed at the level with the lowest possible assignment. Clusters are color-coded by their phylum-level assignment and are labeled with the phylum name. (B) A taxonomic tree with the same topology as shown in panel A, but with node sizes that correspond to the positive relative change (z-transformed) in abundance under flooding irrigation with film mulch (FSM) or drip irrigation with double film mulch (DDM) stands. Node colors correspond to the level of significance from highly significant (red/blue) to not significant (gray). A soft threshold using a color gradient rather than a hard cutoff was used to denote the level of significance. Nodes with p ≤0.05 are completely red/blue.






Figure 2 | Relative changes (z-transformed) in the abundance of bacterial phyla (upper panel) as well as the major K-strategist and r-strategist groups (lower panel). K-strategist groups: Acidobacteria, Actinobacteria, Chloroflexi; r-strategist groups: Betaproteobacteria, Gammaproteobacteria, Bacteroidetes, Firmicutes.



The abundance of the functional genes, β-glu, cbbL nifH, AOB-amoA, and cnorB was significantly lower under drip irrigation than under flooding irrigation (Figure S3). Meanwhile, lower RubisCO activity, nitrification, and denitrification were observed in response to drip irrigation (Figure S3). The process (i.e., RubisCO activity, PNR, and DEA) was correlated with soil WEOC, SOC, total N, and   -N levels (Figure S4).



Network modules involved in soil functions

Three main modules (Modules #1–3) were identified in the network (Figure 3A). The relative abundance of taxa belonging to Module #1 was significantly and positively correlated with the abundance of functional genes related to N and C cycling (Figure 3D). Given its functional importance, Module #1 will be referred to as the core module. The core module was dominated by Actinobacteria, Proteobacteria, Chloroflexi, Planctomycetes, and Firmicutes (Figures 3B, C), among which there were many positive correlations (density = 0.15) (Figure 3B). The relative abundance of the core module was lower in response to drip irrigation (Figure S5). The relative abundance of dominant taxa in Modules #2 and #3 showed fewer direct correlations with the abundance of functional genes than was found in the core module (Figure 3D). The associations between other modules and functional potential are shown in Figure S6. Of the 20 keystone species, 13 were in the core module (Table S8). They primarily belonged to Chloroflexi (Caldilineaceae and unclassified Chloroflexi), Actinobacteria (Blastocatellaceae subgroup 4 and unclassified Actinobacteria), and Gemmatimonadetes (Gemmatimonadaceae). Other members belonged to Planctomycetes, Nitrospirae, and Proteobacteria. Keystone taxa in Module #2 included members of Myxococcales, Cytophagales, and Rhizobiales (Table S8).




Figure 3 | Modules based on networks. (A) A Network diagram with nodes colored according to each of the three main modules (Modules #1–3); (B) Operational taxonomic unit (OTU) number properties of the dominant taxa in the main modules; (C) Dominant taxa (relative abundance >0.05) from Modules #1–3, respectively. A connection stands for a strong (Spearman’s r >0.8) and significant (P<0.001) correlation. The co-occurrence network is colored by phylum. The size of each node is proportional to the relative abundance of each taxa. A red edge indicates a positive correlation between two individual nodes, while a blue edge indicates a negative correlation; (D) Spearman correlations between the abundance of functional genes and the relative abundance of dominant taxa from Modules #1–3 (z-score). *P < 0.05, **P < 0.01, ***P < 0.001.





Relationships between key taxa and soil functions

Further phylogenetic analysis showed that the key taxa (major taxa in Module #1) were more often phylogenetically clustered within specific bacterial taxa (e.g., Actinobacteria: Actinomycetia; Planctomycetes: Planctomycetaceae; Gemmatimonadetes: Gemmatimonadaceae; Alpha-proteobacteria: Rhodobacteraceae, Beta-proteobacteria: Nitrosomonadaceae) than the dominant taxa in other modules (Figure 4). The normalized per genome copy numbers of functional genes were significantly higher in the genomes clustered from key taxa than those clustered within the other two modules (Figure 4). In addition, the richness of the core module had a significantly positive effect on the functional potentials (Figure 5). We used additional examples to illustrate the link between genetic function and taxa in the core module (Figure S7). Specifically, the abundance of the cbbL and nifH genes correlated significantly with the richness of Alpha- and Gamma-proteobacteria and the richness of key taxa including Verrucomicrobia, Planctomycetes and Gemmatimonadetes correlated significantly with the abundance of β-glu, AOB-amoA, and cnorB.




Figure 4 | Phylogenetic properties and per-genome gene copies of mapped taxa from different modules. (A) Phylogenetic tree of dominant OTUs from Modules, and 35 whole genomes (with >97% identity across the sequenced region of the 16S rRNA gene) downloaded from the JGI-IMG websites (https://img.jgi.doe.gov/). Black bar: relative abundance of each OTU. Red star on the tree: ssu rRNA 16S marker genes of the whole genomes. (B) The normalized per-genome copy numbers of eight tested genes, and other reference genes associated with carbon (18) and nitrogen (14). The normalized copy numbers are shown as the percentage (%) of genes per genome. The diamond symbol in each box plot represents the mean value.






Figure 5 | The regression relationships between the richness of the core module (Module #1) (A), the richness of the whole community (B), and the soil functional potentials [normalized abundance of test functional genes, RubisCO activity, PNR, and DEA (z-score)].






Discussion


Distinct responses of bacterial communities to irrigation practices

There were only subtle differences in bacterial α-diversity between the two drip irrigation practices. However, the Shannon indices of both drip irrigation practices were significantly higher than the index associated with flooding irrigation (Table S6), suggesting that drip irrigation is associated with increased rhizosphere bacterial diversity. This is not surprising given that lower salinity and high moisture are suitable for bacterial growth. At the phylum level, Bacteroidetes, Firmicutes, and Gamma-proteobacteria were more abundant in response to flooding irrigation, while Actinobacteria, Acidobacteria, and Armatimonadetes were more abundant under drip irrigation (Figure 1). The K - and - r selection theory (Fierer et al., 2007) may partially explain shifts in taxonomic groups. For example, Actinobacteria play a vital role in the soil C-cycle by degrading recalcitrant carbon and are highly resistant to C starvation (Rosenberg et al., 2014;  Hartmann et al., 2017). Acidobacteria and Armatimonadetes are also able to metabolize complex carbohydrates (Kielak et al., 2016; Hartmann et al., 2017). These K-strategist groups often dominate in soils with low carbon availability (Ali et al., 2018; Razanamalala et al., 2018). In contrast, fast-growing r-strategist organisms such as Gamma-proteobacteria, Bacteroidetes and Firmicutes predominate in soils with highly labile organic substrates (Fierer et al., 2007; Fierer et al., 2012; Li et al., 2019). Taken together, it is likely that decreased carbon availability (e.g., SOC, WEOC) under drip irrigation allowed K-strategists to be outcompeted in the rhizosphere. However, it was notable that Beta-proteobacteria, which is considered an r-strategist (Fierer et al., 2007), was highly abundant in response to drip irrigation (Figure 2). Thus, an assessment of the effects of different irrigation treatments on the bacterial activity at different levels is necessary for a more complete understanding of the environment.



Core module association with soil functions

The richness of bacterial taxa in the core module (Module #1), including Alpha-, Beta- and Gamma-proteobacteria, Ardenticatenia, Verrucomicrobia, Planctomycetes, and Gemmatimonadetes was positively associated with the abundance of functional genes (Figure 3). Alpha- and Gamma-proteobacteria were the common autotrophic bacterial classes (Xiao et al., 2018). Some taxa from these two classes that were included in the current study, Paracoccus and Dokdonella, are important contributors to microbial CO2 assimilation (Zhou et al., 2019), while other taxa, including Azospirillum, Bradyrhizobium, and Rhodospirillaceae are N fixers (Nelson et al., 2016). Moreover, the taxa of Nitrosomonadaceae (Nitrosomonadaceae) from the core module, are shown to contain ammonia oxidizers (Prosser et al., 2014). Ardenticatenia belongs to Chloroflexi and members of this phylum are positively correlated with simple carbohydrate metabolic pathways (Pérez Castro et al., 2019). Verrucomicrobia, Planctomycetes, and Gemmatimonadetes are significantly positively correlated with the abundance of functional genes including those involved in C fixation, C degradation, and N cycling (Fierer et al., 2013; Shi et al., 2020). Phyla Gemmatimonadetes and Verrucomicrobia are also considered as N cycle-related bacteria and are enriched in healthy plant rhizosphere (Ge et al., 2021). Taxa from the core module also had higher normalized per-genome copy numbers of functional genes associated with C and N cycling (Figure 4), suggesting that this module had greater nutrient cycling potential.

It is important that most of the keystone taxa in this study were associated with the core module (Table S8). The disappearance of keystone taxa may cause disruptions in network modules (Guimerà and Nunes Amaral, 2005), suggesting that the core module is critical for maintaining network structure and soil functioning in the rhizosphere. Other keystone taxa, including those from Rhizobiales, Myxococcales, and Cytophagaceae, exist in Module #2. Rhizobiales members are found as keystone taxa across different ecosystems (Banerjee et al., 2018). Myxococcales and Cytophagaceae (Cytophagales) are groups known for their predatory lifestyle (Emmett et al., 2021), which may explain why Module #2 had the highest negative correlation.



Drip irrigation practices reduced core module richness and soil functioning

Drip irrigation also reduced the rhizosphere soil functional potential by affecting the richness of the core module (Figure 5). Many variations caused by drip irrigation were able to inhibit microbial extracellular enzyme and functional gene expression. For example, two labile carbon hydrolase-coding genes, β-glu and chi-A, decreased by different amounts, suggesting that drip irrigation may reduce the production of the corresponding extracellular enzymes, and lower the efficiency of labile carbon decomposition. This result may be explained by the reduced richness of the Verrucomicrobia, Planctomycetes, and Gemmatimonadetes taxa. In addition, cbbL-carrying obligate autotrophs, not facultative autotrophs, are strongly and positively correlated with RubisCO activity (Yuan et al., 2012a; Yuan et al., 2012b; Wu et al., 2015; Lynn et al., 2017). Available N (e.g.,   -N) decreases soil RubisCO activity by reducing obligate autotrophs (Zhou et al., 2019). Thus, the accumulation of   -N under drip irrigation may decrease soil obligate autotroph abundance. According to previous studies, N fertilizes against N fixation and specific groups of N fixers (Fan et al., 2019) and high   is negatively correlated with the abundance of denitrifying microbes (Shen et al., 2010). In addition, soil carbon is critical for the activity of denitrifiers, and denitrification is usually found in soils with both a high TOC and moisture content (Enwall et al., 2010; Banerjee and Siciliano, 2012; Schulz et al., 2017). In the current study, drip irrigation enriched   -N but decreased SOC and WEOC, which could be because fewer key taxa were involved in N fixation or nitrification and denitrification.

In summary, this study built a theoretical framework to characterize the effects of drip irrigation with film mulch on the rhizosphere bacterial communities (Figure 6). Results showed that rhizosphere bacteria, which benefit from reduced salinity and moisture, may promote community diversity, while limited carbon substrate availability caused many K-strategist groups to occupy the communities. Furthermore, WEOC, SOC, and   -N induced under drip irrigation may reduce the richness of the core module, which could suppress the biogeochemical cycling of C and N. It should be noted, however, that plant and soil sampling was only conducted during one growth stage in this study. Rhizosphere fungal communities can be impacted by the interactions between tillage practices and growth stage (Li et al., 2021). In addition, beneficial and tolerant microbes can be stimulated by certain long-term agricultural management practices (Fan et al., 2021). Thus, it will be necessary to evaluate the temporal consistency of these findings.




Figure 6 | A theoretical framework exploring the effects of different practices on bacteria (structure, functional potential) in relation to multiple factors. Practices affect plant growth and rhizosphere soils, which in turn influence the rhizosphere bacterial community. The richness of the core module can be altered by agricultural practice. The pivotal changes in the bacteria-driven nutrient process are presented.






Conclusions

This study revealed a strong effect of drip irrigation on the rhizosphere bacterial community of cotton. While this practice enhanced bacterial diversity, changes in the quantity and/or quality of plant-derived inputs, such as root biomass and carbon, and   -N concentration may suppress the richness of the core module and its associated functional C and N cycling potentials. These findings contribute to our understanding of the linkage between functional potentials and the rhizosphere bacterial community under different irrigation practices.
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The plant microbiome profoundly affects many aspects of host performance; however, the ecological processes by which plant hosts govern microbiome assembly, function, and dispersal remain largely unknown. Here, we investigated the bacterial and fungal communities in multiple compartment niches (bulk soil, rhizosphere soil, root endosphere, phylloplane, and leaf endosphere) of Casuarina equisetifolia L. at three developmental stages in Hainan Province, China. We found that microbiome assemblages along the soil–plant continuum were shaped by the compartment niches. Bacterial diversity and richness decreased from the soils to roots to leaves, with the highest network complexity found in the roots and the lowest found in the phylloplane. However, fungal diversity gradually increased from the soils to roots to phyllosphere, whereas fungal richness decreased from the soils to roots but increased from the roots to phyllosphere; the greatest network complexity was found in bulk soils and the lowest was found in the roots. Different biomarker taxa occurred in the different ecological niches. Bacterial and fungal communities exhibited distinct ecological functions; the former played important roles in maintaining plant growth and providing nutrients, whereas the latter predominantly decomposed organic matter. The bacterial community of C. equisetifolia mostly originated from bulk soil, whereas the fungal community was mainly derived from rhizosphere soil and air. Leaf endophytes were positively correlated with organic carbon, and root and soil microorganisms were positively correlated with total nitrogen, total phosphorus, and total potassium. Our findings provide empirical evidence for plant–microbiome interactions and contribute to future research on non-crop management and the manipulation of non-crop microbiomes.
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Introduction

Microorganisms are ubiquitous in plant tissues such as roots, stems, leaves, flowers, and fruits (Lindow and Brandl, 2003; Hacquard et al., 2015). Plants and their inhabiting microbiome together constitute a “holobiont,” with the plant microbiome acting as a secondary genome and a link to host fitness (Vandenkoornhuyse et al., 2015). Therefore, comprehending the mechanisms underlying plant microbiome assembly, function, and dispersal is important for our fundamental understanding of the development of microbiome-based strategies required to maximize plant survival and increase their tolerance to low soil fertility, alkalinity, and salinity.

Assembly of the plant microbiome begins shortly after sowing and develops with plant growth under the influence of stochastic (e.g., random dispersal) and deterministic (e.g., selection mediated by biotic and abiotic factors) processes (Bulgarelli et al., 2013; Müller et al., 2016). In addition to vertical transmission (Müller et al., 2016; Abdelfattah et al., 2021), microorganisms from the soil and air can migrate to and colonize different compartments of plants (Bulgarelli et al., 2013; Compant et al., 2021). A study has highlighted the important contribution of plant developmental stage to plant microbiome assembly such as the physiological needs of plants and the composition of plant secretions (Zhang et al., 2018). However, the mechanisms by which the host and environment shape microbiome assemblages and symbiotic patterns across the soil, root endosphere, and phyllosphere remain largely unknown.

Our understanding of the microbiome assembly mechanism in plants is still in its infancy, with several key questions yet to be answered. The root microbiome is also assembled from soil microorganisms, and based on the composition of microbial communities in the root endosphere and rhizosphere, this assembly may be achieved in two steps: (1) recruitment of rhizosphere microorganisms by plants; (2) entry of microorganisms into the plant (Bulgarelli et al., 2013). Furthermore, the phylloplane is an important interface among plants, microorganisms, and the environment, and microorganisms from the surrounding environment can colonize the leaf endosphere (Lindow and Brandl, 2003). Although the aforementioned hypotheses are reasonable, the microbial composition among the bulk soil, rhizosphere, root endosphere, phylloplane, and leaf endosphere, as well as the relationship between the rhizosphere and phyllosphere, remain unclear. In addition, the roles of microorganisms in different ecological niches have yet to be clarified.

In the late 1950s, Casuarina equisetifolia L. was first introduced to China in Guangdong Province (Li et al., 2015), where it serves as an important shelter tree species on the southeastern coast of China (Liu et al., 2020). C. equisetifolia is characterized by wind speed reduction and sand fixation, as well as salt and alkali tolerance. Moreover, it is of great importance for the restoration of ecological functions and protection against natural disasters in coastal areas, and it contains abundant endophytic microorganisms that perform important functions related to saline–alkali tolerance, low soil fertility tolerance, and allelopathy (Lin et al., 2008). Previous studies have shown that vertical transmission of endophytes in C. equisetifolia affects the dispersal of endophytic fungi from seeds to the leaf endosphere and the transmission of endophytic bacteria from seeds to the root endosphere (Lin, unpublished). However, there has been little investigation of the impact of the soil–plant continuum on the plant microbiome, such as epiphytes and endophytes.

Here, we use C. equisetifolia as a model system to fill these key knowledge gaps. Specifically, this study has two objectives: (1) evaluation of the microbiome assembly at different developmental stages (young, mature, and aged forests) and in different compartment niches (bulk soil, rhizosphere soil, root endosphere, phylloplane, and leaf endosphere) of C. equisetifolia; (2) identification of the potential sources, dominant taxa, and ecological functions of plant microbial communities, as well as the effects of environmental factors on microorganisms. To achieve these objectives, we use high-throughput sequencing technology and chemical analysis to evaluate samples associated with C. equisetifolia at different developmental stages. The following hypotheses are proposed: (1) the microbial community migrates from the soil (a reservoir of microorganisms) to plant roots and then to plant leaves, with a gradual decrease in microbial diversity; (2) bacteria and fungi perform distinct functions in different compartment niches.



Materials and methods


Sampling site

C. equisetifolia forests located in the Guilinyang Coastal Development Zone, Haikou city, Hainan Province, China (N20°01’02”, E110°31’20”) were selected as the study site. This site has a tropical marine monsoon climate with mean annual precipitation of 1,500–2,000 mm and mean relative humidity of 85%. The sampling site has a mean annual temperature of up to 23.8°C and a long sunshine duration (Cai et al., 2010).



Sample collection and treatment

The bulk soil, rhizosphere soil, roots, and leaves were collected in fall 2020 from three forest plots at different developmental stages (young stand: 5-8 years, mature stand: 15-20 years, aged stand: over 30 years). For root and leaf sampling (50 g for each plot), five individual plants were randomly selected from each plot. Rhizosphere soil that was attached to the same roots was collected (the depth approximately 15 cm), and the soil 0–15 cm away from the roots was collected as bulk soil. Five subsamples were thoroughly mixed as a biological sample for each plot. A total of 45 samples (bulk soils, rhizosphere soils attached to root, roots and leaves) were placed in sterile plastic bags and transported to the laboratory in a cool box with ice packs. The samples were then divided into two parts. One part was subjected to the following protocol: a sterile brush was used to remove the rhizosphere soil from the root surface; for collected leaf epiphytes and removed root epiphytes, we referred to previous methods (Bodenhausen et al., 2013), with some modifications. In brief, 10-15 g of leaves and 3-5 g roots (rhizosphere soils were removed by brush carefully) tissues were submerged in 0.1 M Potassium phosphate buffer (pH 8.0) and subjected to sonication at 40 kHz for 1 min. This procedure was repeated 3 times, and then the buffer was filtered through a 0.22 μm-pore filter. For endophytic DNA, we used the same leaves and roots after further sterilization (Ren et al., 2019), with some modifications. Briefly, we further washed the leaves and roots mentioned above with sterile water, and treated with 75% ethanol for 30 s, followed by an immersion in 5% sodium hypochlorite solution for 5 min,and finally washed with sterile water for 3 times. Sterilization was checked by plating the last washing water on Luria-Bertani (LB) used for bacteria and Potato Dextrose Agar (PDA) used for fungi and incubating at 28°C. We used sterile mortars and pestles with liquid nitrogen to ground the treated leaf and root tissues. For the other part, soil (mixture of rhizosphere and bulk soil), root, and leaf samples were selected, with roots and leaves washed by deionized water, and all samples were baked at 105°C for 30 min, then at 65–80°C for 8–12 h until dry. These samples were then ground separately and sieved to 1 mm for further use.



DNA extraction, microbial rRNA gene amplification, and sequencing

Total genomic DNA was extracted from the collected samples using the FastDNA® Spin Kit for Soil (MP Biomedicals, U.S). ITS1F (CTTGGTCATTTAGAGGAAAGTAA) and ITS2R (GCTGCGTTCTTCATCGATGC) were used for polymerase chain reaction (PCR) amplification of fungal 18S rRNA, with 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) used for PCR amplification of bacterial 16S rRNA. The PCR reaction mixture contained 12.5 μL Premix Taq DNA polymerase (Takara, China), 0.5 μL (200 μM) of each primer and a 10-ng template DNA, followed by PCR-grade water added to a final volume of 25 µL. The PCR amplification cycling conditions were as follows: initial denaturation at 94°C for 2 min, 30 cycles of denaturing at 94°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, with a final 10 min elongation at 72°C. Sequencing was performed on an Illumina Miseq PE300 platform (Majorbio, Shanghai, China).



Determination of sample chemical properties

We refer to previous methods for analyzing the soil chemistry of leaves, roots and soils (Huang, 2019). The organic carbon, total nitrogen, total phosphorus, and total potassium contents were determined by chromic acid oxidation, Kjeldahl determination of nitrogen, Mo–Sb colorimetric method, and flame photometry, respectively.



Bioinformatics analysis

We truncated the 300 bp reads at any site receiving an average quality score below 20; we discarded truncated reads shorter than 50 bp containing ambiguous characters. We assembled the resultant sequences according to their overlapped sequence with a minimum of 10bp; the maximum mismatch ratio of an overlapping region was 0.2, and we discarded reads that could not be assembled (Magoč and Salzberg, 2011; Chen et al., 2018). Then, we clustered the optimized sequences into operational taxonomic units (OTUs) using UPARSE 7.1 with 97% sequence similarity level and selected the most abundant sequence for each OTU as a representative sequence. (Edgar, 2013). The taxonomy of each OTU representative sequence was analyzed using RDP Classifier (v.2.2) against the 16S rRNA (Silva v.138) and ITS (Unite v.8.0) gene database in QIIME 1 (Caporaso et al., 2010). Overall, we obtained 2, 385,500 bp sequences, with a total base pair number of 989,402,997 bp for bacteria, and 2,313,685 bp sequences, with a total base pair number of 634,976,872 bp for fungi after optimization, quality control, and filtration.



Data statistical analysis

Principal coordinate analysis (PCoA) (Calderón et al., 2017) and plotting were performed using ADE4 package in R (v.3.3.1). Alpha diversity indices (Rogers et al., 2016) were calculated using Mothur (v.1.30.2), and box plots were generated using BASE package in R (v.3.3.1). Networkx software (Ramayo-Caldas et al., 2016) was used to analyze the co-occurrence network of the distribution (top 50 species in relative abundance, absolute value of Spearman correlation coefficient ≥ 0.5, P-value < 0.01). Community bar plot analysis (Ji et al., 2017) was implemented PANDAS package in Python (v.2.7) based on the data sheets in the tax_summary_a folder (relative abundance less than 2% was merged into “others”). The linear discriminant analysis effect size of samples (Guerrero-Preston et al., 2016) was based on different grouping conditions (Wilcoxon P-value < 0.05, logarithmic LDA (linear discriminant analysis) score > 2). PICRUSt (Tang et al., 2018) and FUNGuild (Fungi Functional Guild) (Schmidt et al., 2019) were used for the prediction of bacterial and fungal functions, respectively. Venn diagram analysis of operational taxonomic units (OTUs) (Ji et al., 2017) and canonical correlation analysis (Hu et al., 2017) were performed BASE and VEGAN packages in R (v.3.3.1), respectively.

The source values were defined according to (Xiong et al., 2021) with some modifications, where the transmission value is the number of OTUs shared by the target niche and the potential source niche/number of OTUs in the potential source niche; the known source value is the number of OTUs shared by the target niche and the potential source niche/number of OTUs in the target niche; and the unknown source value is the number of unique OTUs in the target niche/number of OTUs in the target niche.




Results


Microbiome assembly was more affected by compartment niches than developmental stages

Our results based on the PCoA ordination of the complete dataset (β-diversity) showed that the microbiome assembly could be explained by different spatial ecological niches (Figures 1B-D; Figures 2B-D). Further studies on microbiomes in the same compartment niches at different developmental stages revealed that the bacterial and fungal microbiomes in soil were affected by the developmental stage (Figures 1E, F; 2E-F); however, there were no significant differences in the bacterial community among the same plant compartment niches at different developmental stages (Figures 1G-I). Conversely, the fungal community in roots was not significantly affected by the developmental stage, whereas the effects of developmental stage were significant in the phyllosphere (Figures 2G-I). Moreover, as seen in Figures 1A and 2A, there were clear and separate clustering among different compartment niches rather than developmental stages (bacteria: P < 0.001, R = 0.73; fungi: P < 0.001, R = 0.85). Differences in the microbial community were observed between the phyllosphere and rhizosphere. Thus, in the following analysis, we only focused on the effect of compartment niches on microbiomes.




Figure 1 | PCoA ordinations based on selected distance matrices of bacterial communities in each compartment niches from samples (n = 45). (A) all samples; (B) young forest stand; (C) mature forest stand; (D) aged forest stand; (E) bulk soil; (F) rhizosphere soil; (G) root; (H)phylloplane; (I) leaf endosphere.






Figure 2 | PCoA ordinations based on selected distance matrices of fungal communities in each compartment niches from samples (n = 45). (A) all samples; (B) young forest stand; (C) mature forest stand; (D) aged forest stand; (E) bulk soil; (F) rhizosphere soil; (G) root; (H) phylloplane; (I) leaf endosphere.





Microbial diversity and network complexity in compartment niches

To characterize selection of the microbial community by C. equisetifolia, we assessed the α-diversity and co-occurrence patterns of the microbial communities along the soil–plant continuum. Our results showed that compartment niches had a strong effect on microbial diversity (Shannon diversity and Chao1 richness) and network complexity (with a higher average degree representing a greater network complexity) (Figures 3A-D). The bacterial Shannon diversity and Chao1 richness gradually decreased from the soils to roots to phyllosphere (Figure 3A); the highest network complexity was found in the roots (with an average degree of 25.28) and the lowest was found in the phylloplane (with an average degree of 3.30) (Figure 3C). However, the fungal Shannon diversity gradually increased from the soils to roots to phyllosphere, and the Chao1 richness decreased from the soils to roots but increased from the roots to phyllosphere (Figure 3B). The greatest network complexity was found in bulk soils (with an average degree of 8.18), whereas the lowest was found in the roots (with an average degree of 1.14) (Figure 3D).




Figure 3 | Compartment niches have a strong effect on microbial diversity and network complexity. (A, C) Bacterial diversity and co-occurrence networks along the soil–plant continuum based on all samples, respectively. (B, D) Fungal diversity and co-occurrence networks along the soil–plant continuum based on all samples, respectively. Different letters above the box plots indicate significant differences (P < 0.05). Average degree indicates the degree of network complexity among the microorganisms in the compartment niches. The size of nodes represents the species abundance. The color of the line indicates a positive (red) or negative (green) correlation. The thickness of the line indicates the magnitude of the correlation coefficient.





Assembly, keystone taxa, and biological functions of microbial communities in compartment niches

A bar chart of the dominant bacterial communities in all samples (Figure 4) showed that bulk soil was dominated by Conexibacter (10.99%), rhizosphere soil by Acidothermus (14.04%), and the root endosphere by Pseudomonas (12.94%); Methylocella dominated both the phylloplane (17.46%) and leaf endosphere (21.49%). Regarding the fungal communities, bulk soil was dominated by unclassified_f_Nectriaceae (64.36%), rhizosphere soil by unclassified_c_Eurotiomycetes (32.38%), and the root endosphere by Trichaptum (25.35%); unclassified_p_Ascomycota dominated both the phylloplane (16.31%) and leaf endosphere (23.76%). The linear discriminant analysis effect size identified p_Actinobacteriota in bulk soils, p_Acidobacteriota in the rhizosphere, c_Bacilli in the roots, f_Nocardiaceae in the phylloplane, and p_Proteobacteria in the leaf endosphere as the most significant bacterial biomarker taxa, and o_Hypocreales in bulk soils, c_Eurotiomycetes in the rhizosphere, o_Hymenochaetales in the roots, o_Capnodiales in the phylloplane, and c_Dothideomycetes in the leaf endosphere as the most significant fungal keystone taxa (Figure 5). We identified 24 bacterial and 13 fungal functional groups (Figure 6). The functions of bacteria were mostly related to growth, metabolism, energy, and transport, whereas the functions of fungi mainly involved organic matter decomposition. The saprophytic and pathogenic microbes in the phyllosphere exhibited substantial abundance and diversity, with the saprophytes being most abundant in the soil.




Figure 4 | Relative abundances of the most prevalent bacterial (top) and fungal (bottom) genera in different compartment niches.






Figure 5 | Linear discriminant analysis effect size identifying the keystone taxa associated with the different compartment niches (bacteria are on the left; fungi are on the right.). Only the top four most specific biomarker taxonomies are shown.






Figure 6 | Potential functional groups of bacterial (top) and fungal (bottom) communities among different ecological niches.





Sources of microorganisms in different ecological niches

A Venn diagram based on bacterial OTUs at the genus level was constructed to identify the potential sources of obverted microbial communities in each compartment niche. It revealed that the bacterial communities in C. equisetifolia mainly originated from bulk soil and were sequentially filtered by the plant niches (Figures 7A, B). However, the fungal communities in C. equisetifolia were mainly derived from rhizosphere soil and air (Figures 7C, D). Most taxa in the nearby microbial sources were selected by the root endosphere and leaf endosphere, with an unknown source value < 25%. The unknown source value of the fungal community in the phylloplane was higher (96.61%) than that of the bacterial community in the phylloplane.




Figure 7 | (A, C) Venn diagram of bacterial (top) and fungal (bottom) microbiomes showing the potential sources based on all samples. (B, D) Simplified version of (A, C), respectively. U represents the unknown source. The red arrow represents a spread value greater than 50%.





Effects of environmental factors on microorganisms of different ecological niches

As seen in Table 1, the organic carbon content was higher in the leaf and root than the soil, whereas the nitrogen, phosphorus, and potassium contents were greatest in the soil. Figure 8 shows that organic carbon was negatively correlated with total nitrogen, total phosphorus, and total potassium. Leaf microorganisms were positively correlated with organic carbon, and root and soil microorganisms were positively correlated with total nitrogen, total phosphorus, and total potassium. The relationship between microorganisms and these chemicals depended mainly on the compartment niche rather than the developmental stage.


Table 1 | Relative contents of total carbon, nitrogen, phosphorus, and potassium in different ecological niches.






Figure 8 | Canonical correlation analysis of bacteria (left) and fungi (right) genera in different niches in the genus stand. Red arrow represents environmental factors, and the length of the arrow represents the degree of impact of environmental factors on species data. Angle between the arrows of environmental factors represents positive and negative correlations (acute angle: positive correlation; obtuse angle: negative correlation; right angle: no correlation). Sample points were projected onto the arrows of quantitative environmental factors, and the distance between the projection points and the origin represents the relative influence of environmental factors on the distribution of sample communities. C, carbon; N, nitrogen; P, phosphorus; K, kalium.






Discussion

While the diversity of plant-associated microbiomes is increasingly recognized, we still need to further clarify the relationship between microbiomes and their host plant. In this study, we investigated the microbial communities along the soil–plant continuum of C. equisetifolia at different forest ages. We found that the structure and diversity of microbial communities were shaped by compartment niches. Our results further showed that bacterial diversity and richness decreased from the soils to roots to leaves, with the highest network complexity found in the roots and the lowest in the phylloplane. However, fungal diversity gradually increased from the soils to roots to phyllosphere, whereas richness decreased from the soils to roots but increased from the roots to phyllosphere; the greatest network complexity was found in bulk soils and the lowest was found in the roots. These findings provide comprehensive and empirical evidence for theories regarding non-crop host selection and niche occupation involved in C. equisetifolia microbiome assembly. In addition, we identified the dominant taxa, ecological functions, and the potential sources as well as the effects of environmental factors on non-crop microbiomes. Our results provide key information for non-crop microbiome manipulation.


Assembly and diversity of microbial communities in compartment niches

In our study, we found clear and separate clustering among different compartment niches rather than among developmental stages (Figures 1A, 2A). Thus, we inferred that the C. equisetifolia microbiome assemblage was predominantly shaped by the compartment niches, as suggested by previous studies (Beckers et al., 2017; Cregger et al., 2018). We also found that the bacterial Shannon diversity decreased from the soil to roots and then to the leaves, whereas the fungal diversity showed the opposite trend (Figures 3A, B), which might be attributed to the external environment, host plant, and microbial properties (Edwards et al., 2015; Hamonts et al., 2018). These results suggest significant differences in the assembly of bacteria and fungi across compartment niches.

We further found that the lowest Chao1 richness, Shannon diversity, and network complexity of bacteria occurred in the phyllosphere (Figures 3A, C). A leaf environment with low bacterial diversity is considered unfavorable for bacterial colonization because the leaf surface is exposed to rapidly changing temperature and humidity, as well as the alternating presence and absence of rainwater, which can reduce the bacterial diversity (Guttman et al., 2014). Moreover, leaves provide limited nutrients for bacteria, and you could find less competition. As a result, most bacteria that migrate to leaves may find themselves in a nutrient-poor environment that limits their growth and metabolism (Kembel et al., 2014; Hacquard et al., 2015). Interestingly, we found that leaves harbored a diverse range of fungal taxa (Figure 3B), probably because fungi are typically more tolerant to drought and can proliferate in harsh environments, enabling better survival of the fungal community in above-ground plant tissues (Whipps et al., 2008; Rodriguez et al., 2009). Hainan Province has a large diurnal temperature range and distinct seasons with abundant and deficient rainfall, with drought typically occurring in the season with low rainfall (Cai et al., 2010). Moreover, C. equisetifolia bears coriaceous scale leaves, and photosynthesis mainly occurs in needle-like branchlets, which leads to low water retention. These factors may contribute to the harsh microenvironment of C. equisetifolia leaves.

We also found that bacterial diversity in the rhizosphere soil was consistently higher than that in the root endosphere (Figure 3A). This is not surprising because the root exudates produced by C. equisetifolia in the rhizosphere (e.g., 2,4-di-tert-butylphenol, methyl stearate, and arginine) enhance the bacterial chemoattraction and colonization of the rhizosphere soil and rhizoplane. These factors lead to the formation of a unique, highly abundant, and diverse microbial community in the rhizosphere (Lin, unpublished data). After colonization at the rhizoplane, soil bacteria compatible with the plant lifestyle will reach the xylem vessels by active or passive transport through the endodermis and pericycle. The rhizoplane acts as a selective barrier responsible for a considerable loss of microbial diversity (Hardoim et al., 2008). Via a systematic evaluation of the relative contribution of various niches to the microbial community, our work enhances the understanding of plant microbiome assembly.



Dominant taxa and biological functions of microbial communities in compartment niches

Dominant taxa can be key microbes with important ecological implications in microbiome assembly and ecosystem functioning (Banerjee et al., 2018; Delgado-Baquerizo et al., 2018). Our results indicated that the dominant taxa in the root endosphere were Pseudomonas (Gammaproteobacteria) and Bacillus (Bacilli) (Figure 4). Members of Gammaproteobacteria can colonize the rhizosphere and a wide range of niches, thereby playing a key role in regulating host fitness, pathogen inhibition, and plant tolerance (Mendes et al., 2011; Álvarez-Pérez et al., 2017). We further found that Pseudomonas was more abundant in the roots than in the soils (Figure 4) because, although found in the rhizosphere where it greatly promotes plant growth, Pseudomonas has poor environmental adaptability and low competitiveness (Berg, 2009). Therefore, we speculated that Pseudomonas could be more adapted to the root endosphere than to the soil, which explains their dominance in this environment. Pseudomonas is also growth-promoting bacteria capable of nitrogen-fixing and phosphorus dissolution (Berg, 2009). Bacilli are frequently reported as antagonistic bacteria against soil-borne diseases. Moreover, members of Bacillus are repeatedly shown to be growth-promotors living in the rhizosphere and capable of phosphorus solubilization and nitrogen-fixing (Gong et al., 2014). Our results indicated that the nitrogen content was higher than the potassium content in the roots (Table 1), which might be related to nitrogen-fixing by Pseudomonas and Bacillus; however, the fact that the phosphorus content was relatively lower requires further study.

Our results also revealed that Dothideomycetes were present in the phyllosphere (Figure 4), which agrees with the findings of (Adams et al., 2013) and suggests that Dothideomycetes may be airborne. In addition, many members of Dothideomycetes are saprophytic fungi associated with litter decomposition and nutrient cycling (Adams et al., 2013; Hyde et al., 2013). In the present study, most fungi were saprophytes enriched in the leaves (Figure 6), suggesting that the occupation of aged host plants by saprophytic fungi resulted from reduced immunity and the increasingly important ecological functions of saprophytic fungi as decomposers. As a result, we speculated that the adaptability of C. equisetifolia was improved by the growth and proliferation of probiotic microorganisms with various functions and living in different niches, which also supported the low soil fertility tolerance of this plant.

Together, these results suggest that plants can recruit microbial taxa with specific functions and adaptability in various compartment niches (Foster et al., 2017; Cordovez et al., 2019). Identification of these dominant taxa provides essential information for the development of strategies to manipulate the microbial community in C. equisetifolia.



Sources of microbial communities in different ecological niches

Identifying the potential sources and enrichment processes of microbial communities in C. equisetifolia is essential for understanding the interactions among plants, soil, and microorganisms. Although previous studies have reported that the above-ground and below-ground compartments of plants share a large proportion of microbial taxa (Bai et al., 2015), little is known about enrichment of the microbiome in C. equisetifolia. Our results showed that the bacterial community in rhizosphere soil was mainly derived from bulk soil (unknown source values < 17%) and was sequentially filtered by the plant niches (Figures 7A, B). This was expected because the rhizoplane acts as a selective barrier. Meanwhile, limited bacterial species can colonize the root endosphere, such as those that express chemotaxis-related genes, present the formation of flagella and pellets, produce cell wall-degrading enzymes, and have complex interactions with the host plant immune system. Thus, the diversity of endophytic bacteria was lower than that of soil bacteria (Hardoim et al., 2008; Bulgarelli et al., 2012).

Moreover, although a small proportion of fungal OTUs were shared between the phylloplane and rhizosphere soil, more than 96% of fungi were of unknown sources (Figures7C, D). Therefore, we inferred that phylloplane fungi were mainly derived from the surrounding environment, suggesting air, dust, and rainwater as the primary sources of the phylloplane fungal community. We also found that leaf endosphere fungi originated from the phylloplane and soil (Figures  7C, D), and the roots may serve as an important transition boundary (Hacquard et al., 2015; Vandenkoornhuyse et al., 2015), allowing rhizosphere microbes to enter plant tissues and migrate to the above-ground plant compartments. In the phyllosphere, the unknown source values of bacteria were lower than those of fungi (Figure 7), indicating that a greater proportion of bacterial communities in the above-ground plant tissues was derived from rhizosphere soil. In addition, the unknown source values of leaf endophytes were lower than those of leaf epiphytes (Figure 7), further highlighting the selection of endophytes by hosts. These findings have identified potential sources and driving forces of microbial communities in the phyllosphere. Furthermore, they further confirm the phylloplane and rhizoplane as important interfaces among hosts, microorganisms, and the environment (Lindow and Brandl, 2003; Vorholt, 2012; Vacher et al., 2016; Remus-Emsermann and Schlechter, 2018).

In summary, our research showed that plants can recruit microbial taxa with specific function and niche adaptability, which provides a theoretical basis for the analysis of plant niches and transmission routes of microorganisms. However, the molecular mechanisms by which hosts regulate plant–microbiome interactions and microbial community dispersal are not fully understood; thus, further research is required.




Conclusions

In this study, we provide comprehensive and empirical evidence for the relative contribution of compartment niches to microbiome assembly in C. equisetifolia. Our results suggest that microbiome assemblages along the soil–plant continuum were primarily shaped by the compartment niches rather than the developmental stage. Moreover, bacterial diversity and richness decreased from the soils to roots to leaves, with the highest network complexity found in the roots and the lowest in the phylloplane. However, fungal diversity gradually increased from the soils to roots to phyllosphere, whereas richness decreased from the soils to roots and increased from the roots to phyllosphere; the greatest network complexity was found in bulk soils, and the lowest was in the roots. Furthermore, different biomarker taxa were present in different ecological niches, and significant differences in ecological function were found between bacterial and fungal communities, with bacteria playing an important role in maintaining plant growth and providing nutrients, whereas fungi played a dominant role in the decomposition of organic matter. In addition, the bacterial community of C. equisetifolia was mainly derived from bulk soil, whereas the fungal community primarily originated from the rhizosphere soil and air, with leaf microorganisms positively correlated with organic carbon, and root and soil microorganisms positively correlated with total nitrogen, total phosphorus, and total potassium. These results suggest strong selective and regulatory effects of plant hosts on the composition and potential function of plant microbial communities. The results of this study have implications for future non-crop management by providing baseline data to inform translational research into harnessing the plant microbiome.
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In the Atractylodes lancea (A. lancea)-maize intercropping system, maize can promote the growth of A. lancea, but it is unclear whether this constitutes an aboveground or belowground process. In this study, we investigated the mechanisms of the root system interaction between A. lancea and maize using three different barrier conditions: no barrier (AI), nylon barrier (AN), and plastic barrier (AP) systems. The biomass, volatile oil concentration, physicochemical properties of the soil, and rhizosphere microorganisms of the A. lancea plant were determined. The results showed that (1) the A. lancea - maize intercropping system could promote the growth of A. lancea and its accumulation of volatile oils; (2) a comparison of the CK, AI, and AP treatments revealed that it was the above-ground effect of maize specifically that promoted the accumulation of both atractylon and atractylodin within the volatile oils of A. lancea, but inhibited the accumulation of hinesol and β-eudesmol; (3) in comparing the soil physicochemical properties of each treatment group, intercropping maize acidified the root soil of A. lancea, changed its root soil physicochemical properties, and increased the abundance of the acidic rhizosphere microbes of A. lancea at the phylum level; (4) in an analysis of rhizosphere microbial communities of A. lancea under different barrier systems, intercropping was found to promote plant growth-promoting rhizobacteria (PGPR) enrichment, including Streptomyces, Bradyrhizobium, Candidatus Solibacter, Gemmatirosa, and Pseudolabrys, and the biomass of A. lancea was significantly influenced by PGPR. In summary, we found that the rhizosphere soil of A. lancea was acidified in intercropping with maize, causing the accumulation of PGPR, which was beneficial to the growth of A. lancea.




Keywords: Atractylodes lancea (Thunb.) DC., intercropping, root barrier, volatile oil, rhizosphere, soil physicochemical properties, PGPR, maize



Introduction

Attractylodes lancea (A. lancea) (Chinese: Cangzhu) is used in traditional Chinese medicine (TCM) and has become valued in recent years for its high medicinal and economic value. The rhizome of this plant has been used in clinics to treat rheumatic diseases, digestive problems, night blindness, and influenza (Wang et al., 2008; Nie et al., 2018). A. lancea is a perennial plant that is typically cultivated in long-term continuous monocultures. This practice, however, makes the plant prone to soil-borne diseases and continuous crop obstacles, which negatively affect the yield and quality of A. lancea (Wang et al., 2016; Chen et al., 2021). Many other medicinal materials and crops suffer from this same issue (Wang, 2020; Gu et al., 2021; Ding et al., 2022). The monoculture cultivation problem has become one of the main challenges hindering sustainable medicinal herb production.

By increasing plant diversity, intercropping serves as an important strategy for restoring the microecological balance of the soil and achieving sustainable agricultural development (Li, 2016). In previous studies, diverse intercropping patterns were found to improve the soil’s micro-ecological environment and increase plant productivity (Raseduzzaman, 2016). Researchers have recently revealed that belowground interactions contribute to plant productivity more than aboveground interactions do, and such interactions involve both the microbial community and physicochemical properties of the soil (Fusuo and Long, 2003; Walker et al., 2009; Bai et al., 2022b). The root microbiota, regarded as the second genome of the plant, promotes the growth, development, and quality of Chinese herbal medicines by influencing their absorption of nutrients and resistance against both biotic and abiotic stresses (Vandenkoornhuyse et al., 2015; Martin et al., 2017; Bai et al., 2022a). Research has shown diversified cropping systems to result in higher soil microbial abundance and diversity, as such systems act by altering the dominant soil microbial taxa and communities (Li et al., 2020; Tian et al., 2020; Lin et al., 2022).

Numerous studies have shown that maize can act as a fitting intercropping partner for many medicinal plants and crops (Li, 2020; Liu et al., 2021; Tripathi et al., 2021). Maize promotes the sustainable productivity of intercropped plants by increasing beneficial soil microorganisms, changing the microbial structure, increasing the microbial abundance, suppressing the occurrence of diseases, and promoting nitrogen uptake (Fan et al., 2019; Chang et al., 2020; Huang et al., 2022). In a previous study, maize was selected among various crops for its superior yield and quality advantage conferred to A. lancea, thereby revealing itself as a well-matched intercropping crop. However, the mechanism of the intercropping advantage brought by maize to A. lancea has not yet been elucidated.

In this study, by testing the three respective conditions of using no barrier, plastic, and nylon root barriers in the A. lancea - maize root, we examined the influence of maize on the yield and quality of A. lancea from the perspective of the soil rhizosphere microbiome and physicochemical properties of the soil. This study intends to determine: (1) the effect of maize intercropping on the rhizosphere microbiome structure and abundance in A. lancea-cultivated soil; (2) the effect of maize intercropping on the physicochemical properties of A. lancea-cultivated soil; and (3) the relationship between the growth and development, volatile oil content, soil rhizosphere microbiome community, and soil physicochemical properties of A. lancea.



Materials and methods


Experimental site

Field experiments were conducted in the Lishui District, Nanjing City (119°6′38″E, 31°36′2″N, altitude 40 m) in November 2019 during a north subtropical monsoon climate. The area is characterized as having an annual average temperature of 16.0°C, annual average relative humidity of 77%, annual average precipitation of 1147.0 mm, annual average rainy days of 124 days, annual average sunshine hours of 1969.0 hours, and annual average frost-free period of 224 days. All experimental sites were newly cultivated (Table 1), and random block experiments were used.


Table 1 | Physicochemical properties of soil samples from experimental sites (n ≥ 5).





Experimental design and field management

The intercropping experiment was divided into 4 treatments with 4 replicates each: (1) A. lancea grown separately as monocultures (CK); (2) A. lancea - maize intercropping without a root barrier (AI); (3) A. lancea - maize intercropping separated by a nylon barrier (AN), which prohibited the roots from intermingling between species while permitting the exchange of root exudates, water, and nutrients; (4) A. lancea - maize intercropping separated by a plastic barrier (AP) to completely eliminate the underground effect of the intercropping system (Figure 1). Select A. lancea seedlings with similar growth conditions, good resulting growth, and no disease were transplanted into the field and covered with straw in November 2019. The row spacing of A. lancea was 30 × 20 cm. The maize was planted in April of the second year (April 2020) with a row spacing of 30×40 cm. Each planting site was fertilized with 100 grams of compound fertilizer (N+P2O5+K2O 5%, organic matter 45%) after the A. lancea or maize was planted. The experiment used a randomized complete block design with four replicates, and each experimental plot was 10 m2 (2 m × 5 m), and as shown in Figure 1, two rows of maize were planted after three rows of A.lancea, and the planting ratio was 3: 2.




Figure 1 | Different root barriers separating A. lancea - maize intercropping.





Sample collection and measurement of biomass

A. lancea and its accompanying rhizosphere soil was collected in July 2020. The A. lancea plant roots were carefully removed from the soil and shaken by hand to remove loosely attached soil (not rhizosphere soil). Then, soils tightly adhering to roots were removed by a sterile brush (rhizosphere soils). And these fresh rhizosphere soil samples were stored in dry ice at −80°C for DNA extraction. Six A. lancea plants were randomly selected from each experimental plot for biomass and yield analysis, including both their above- and belowground parts. Measurements included plant height, branch number, sprout number, fibrous root, stem diameter, fresh weight, and rhizome weight.



Determination of volatile oil content

The rhizome of A. lancea. were collected and dried in a 40°C oven for one week to constant weight, then crushed it to a<0.3 mm size. The drying of A. lancea as well as the extraction and determination of volatile oils were conducted according to Peng et al. (2021). The method is accurate, fast, and reproducible.



Determination of soil physicochemical properties

To measure soil total nitrogen (TN), total phosphorus (TP), and total kalium (TK), the soil samples were dried indoors by airflow, cleaned by removing the fine roots, and passed through a 0.25 mm soil sieve (Wang et al., 2022). The total organic carbon (TOC) was measured using the kalium dichromate external heating method. The soil pH was measured using the potential method. The contents of ammonium nitrogen (  ), available phosphorus (Av.P), and available kalium (Av.K) were measured using assay kits manufactured by Sinobestbio Technology Co., Ltd., (Shanghai, China) according to the manufacturer’s instructions.



DNA extraction, library construction, and metagenomic sequencing

Total genomic DNA was extracted from A. lancea rhizosphere soil samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer’s instructions. The concentration and purity of the extracted DNA were determined by TBS-380 and NanoDrop2000, respectively. The quality of the DNA extracts was checked by conducting electrophoresis on 1% agarose gels. DNA extracts were fragmented to an average size of ~400 bp using Covaris M220 (Gene Company Limited, China) for paired-end library construction. The paired-end library was constructed using NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters containing the full complement of sequencing primer hybridization sites were ligated to the blunt end of the fragments. Paired-end sequencing was performed on the Illumina NovaSeq/Hiseq Xten system (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) using NovaSeq Reagent Kits/HiSeq X Reagent Kits according to the manufacturer’s instructions (www.illumina.com) (Yang et al., 2022).



Sequence quality control and genome assembly

The data were analyzed on the free online platform Majorbio Cloud Platform (www.majorbio.com). The paired-end Illumina reads were trimmed of their adaptors, and low-quality reads (length<50 bp or with a quality value<20 or having N bases) were removed by fastp (Chen et al., 2018) (https://github.com/OpenGene/fastp, version 0.20.0).



Gene prediction, taxonomy, and functional annotation

Open reading frames (ORFs) from each assembled contig were predicted using MetaGene (Noguchi et al., 2006) (http://metagene.cb.k.u-tokyo.ac.jp/). The predicted ORFs with lengths equal to or exceeding 100 bp were retrieved and translated into amino acid sequences using the NCBI translation table, which is available online (http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=tgencodes#SG1). A non-redundant gene catalog was constructed using CD-HIT (Fu et al., 2012) (http://www.bioinformatics.org/cd-hit/, version 4.6.1) with 90% sequence identity and 90% coverage. After quality control, the resulting reads were mapped to the non-redundant gene catalog with 95% identity using SOAPaligner (Li et al., 2008) (http://soap.genomics.org.cn/, version 2.21), and the gene abundances in each sample were evaluated. The amino acid sequences of the non-redundant gene catalog were aligned to the NCBI NR database with an e-value cutoff of 1e-5 using Diamond (Buchfink et al., 2015) (http://www.diamondsearch.org/index.php, version 0.8.35) for taxonomic annotations.



Statistical analysis

Microsoft Excel 2016 and SPSS v26.0 (SPSS Inc., Chicago, United States) were used for statistical and correlation analyses. The results were expressed as means ± standard deviations (S.D.). One–way analysis of variance (ANOVA) followed by the Fisher Protected Least Significance Difference (LSD) test was performed to determine the main effects. The figures in the manuscript were created with Adobe Illustrator CS6 and GraphPad Prism 8.




Results


Intercropping promoted biomass accumulation in A. lancea

To assess the advantages of A. lancea - maize intercropping in promoting the growth and development of A. lancea, seven agronomic traits of A. lancea were examined (Figure 2). The AI, AN, and AP treatments were distinguished by using three different root barriers in A. lancea - maize intercropping, thereby respectively representing root system interactions completely, partially, or not at all. In comparison with the CK treatment, the fresh weight and rhizome weight were increased by 16.5% and 25.9% under the AI treatment (Figures 2A, B), but branch number was markedly decreased by 13.4% (Figure 2C). Other agronomic traits saw no significant change between the AI and CK treatments (Figures 2D–G). These results indicate that maize intercropping promotes biomass accumulation in A. lancea. With declining interactions in the root systems employed by respective conditions, both the fresh weight and rhizome weight correspondingly showed decreasing trends under both the AN and AP treatments as compared with the AI treatment. The results of the agronomic traits analysis showed that the root system interactions of A. lancea - maize are involved in the formation of the intercropping advantage and promoted the accumulation of both the fresh weight and rhizome weight.




Figure 2 | The effect of different root intercropping treatments imposed on A.lancea-maize on the growth and development of A. lancea. (A) fresh weight, (B) rhizome weight, (C) branch number, (D) stem diameter, (E) plant height, (F) sprout number, (G) fibrous root. Data are shown as means ± SD. A-G: n=24. Lower-case letters represent significant differences (one-way ANOVA, P<0.05).





Intercropping affected the proportional relationship of four volatile oils in A. lancea rhizomes

The proportion of the individual components comprising the volatile oils of A. lancea is an important characteristic for determining the quality of the plant. Rhizomes of the best quality (termed ‘Dao-di’ (Geo-authentic)) possess a higher proportion of both atractylon and atractylodin compared to hinesol and β-eudesmol (Guo et al., 2002). As shown in Figures 3A, B, the proportion of the concentrations of atractylon and atractylodin to the total volatile oil concentration in the AI treatment was higher than that of the CK treatment (Figure 3A). However, the total combined amount of the four volatile oils saw no significant differences between conditions either with or without underground root system interactions (Figure 3B), though the atractylodin concentration was significantly higher in the AI treatment than the CK treatment (Figure 3C). The atractylon concentration was slightly higher in AI treatment compared to the CK treatment (Figure 3D). The hinesol and β-eudesmol concentrations were no different between the AI and CK treatments (Figures 3E, F). These results showed that the quality of A. lancea was promoted by intercropping it with maize compared to subjecting it to the CK treatment. With an increase in the root system interactions corresponding to the treatment order of AP< AN< AI, the concentrations of hinesol and β-eudesmol were observed to be improved accordingly (Figures 3E, F), while the atractylon content declined (Figure 3D). Although lacking a similar accumulation trend with atractylon, atractylodin was higher in the AP treatment than in the AI treatment, which was consistent with the results for atractylon (Figure 3D). In summary, A. lancea - maize intercropping improved the quality of A. lancea, and root system interactions favored the accumulation of hinesol and β-eudesmol but inhibited the accumulation of atractylon.




Figure 3 | The concentrations of four volatile oils in A. lancea rhizomes under different root intercropping treatments in A. lancea - maize. (A) the proportion of individual components in the four volatile oils, (B) individual volatile oil component concentration, (C) atractylodin, (D) atractylon, (E) hinesol, (F) β-eudesmol. Data are shown as means ± SD. A-D: n=6. Lower-case letters represent significant differences (one-way ANOVA, P<0.05).





Effect of intercropping on the physicochemical properties of A. lancea

The physicochemical properties of soil, which are closely related to plant growth, were examined to analyze the effect of maize intercropping on the physicochemical properties of A. lancea. The basic physicochemical properties of the bulk soil from the experimental sites are represented by a dotted line in each graph. The rhizosphere soil pH of A. lancea was lower than that of the bulk soil. The A. lancea root system has the ability to acidify the surrounding soil. There was no clear significant difference observed in the soil pH between the AP and CK treatments (Figure 4H). However, the soil pH of the AI and AN treatments were significantly lower than that of the CK treatment. These results suggest that the maize root system had enhanced rhizosphere acidification compared to A. lancea. Similar results were obtained for soil carbon levels regarding the nitrogen ratio (Figure 4I). As compared with the CK treatment, the TOC, TP, TK, Av.P, and Av.K of A. lancea soil was decreased by 9.37%, 13.75%, 11.85%, 26.87%, and 4.92% in the AI treatment (Figure 4). With the enhancement in the root interactions of A. lancea - maize corresponding to the order of AP< AN< AI, the contents of TOC, TP, and Av.K were found to be improved. The contents of TN and   exhibited no significant differences among all the groups (Figures 4A, E). These preliminary results demonstrate that TOC, TP, and Av.K of the A. lancea rhizosphere is affected by the root system interactions under A. lancea - maize intercropping.




Figure 4 | The effects of different root system intercropping treatments on the soil physicochemical properties of A. lancea in A. lancea - maize intercropping. (A) total nitrogen (TN), (B) total phosphorus (TP), (C) total kalium (TK), (D) total organic carbon (TOC), (E) ammonium nitrogen   (F) available phosphorus (Av.P), (G) available kalium (Av.K), (H) pH, (I) C/N ratio. Data are shown as means ± SD. (A-I): n=6. Lower-case letters represent significant differences (one-way ANOVA, P<0.05).





Intercropping effects on the rhizosphere microbial community structure of A. lancea

To further understand the effect of maize intercropping on the growth and quality of A. lancea, we performed metagenomic assays on the rhizosphere microbial community of A. lancea. PCA analysis at the phylum level was performed on the microbial communities obtained from the different treatment groups, and the rhizosphere microbial communities of the four treatments were found to be different due to different intercropping treatments (Figure 5A). It can be seen from Figure 5B that the rhizosphere microbial community composition of A. lancea did not change across treatment groups, but its microbial abundance changed significantly. At the phylum level, the act of intercropping A. lancea with maize significantly changed the abundance of microbes in the rhizosphere microbial community of A. lancea. The top 2 phyla in order of their abundance were Actinobacteria (relative abundance ≥ 30%) and Proteobacteria (relative abundance ≥ 20%), followed by Acidobacteria, Chloroflexi, and Gemmatimonadetes (Figure 5B). Observing the rhizosphere flora of A. lancea across the different treatments reveals that intercropping significantly affected the abundance of Actinobacteria and Proteobacteria, especially in the AN and AP treatment compared to the CK treatment, as well as the AN treatment and AP treatment compared to the AI treatment (Figures S1A–D). There was no significant difference observed in the abundance of Actinobacteria or Proteobacteria between the CK treatment and AI treatment (Figure S1E). There was also no significant difference observed between the AN and AP treatment (Figure S1F).




Figure 5 | PCA analysis of the microbial community structure (A) and the microbial community composition (B) at the phylum level.





Effects of intercropping on the microbial community abundance of the A. lancea rhizosphere

At the genus level, Figure 6 shows that the relative abundance of the A. lancea rhizosphere microbial community significantly differed between the CK treatment and the other intercropping treatments. There were 5 genera observed under the AI treatment, 5 under the AP treatment, and 5 under the AN treatment in the top 10 genera compared with the CK treatment, respectively (Figure 6). The AI treatment significantly promoted the abundance of Streptomyces, and unclassified_o:Acidobacteriaceae, Candidatus_Koribacter, while having significantly inhibited Bradyrhizobium and Nocardioides (Figure 6A). Solirubrobacter, Conexibacter, Gaiella, Sphingomonas, and unclassified_o:Solirubrobacterales were significantly inhibited under the AN treatment compared with the CK treatment (Figure 6B). Comparison between the AP and CK treatment (Figure 6C) showed that Streptomyces and Gemmatimonas were significantly promoted, while Solirubrobacter, Conexibacter and Gaiella were significantly inhibited. Bradyrhizobium were found to be significantly promoted in the AN treatment compared with the AI treatment, as well as in the AP treatment compared with the AI treatment, while Solirubrobacter, Conexibacter, Sphingomonas, and Candidatus_koribacter were inhibited (Figure S2).




Figure 6 | Abundance comparison of the top 10 genera comprising the rhizosphere microbial community in A. lancea between the CK treatment and other different root intercropping treatments in A. lancea - maize intercropping. Comparison of microbial abundance at the genus level between the (A) CK and AI treatment, (B) CK and AN treatment, (C) CK and AP treatment. (*P<0.05; **P<0.01; ***P<0.001).





Correlation analysis among the rhizosphere microorganisms, physicochemical properties of the soil, volatile oil content, and biomass of A. lancea

In order to explore the relationship between the microbial community and the growth of A. lancea, its volatile oil content, and soil physicochemical properties (Figure 7), Spearman correlation analysis was performed. Results show that the soil TP, TOC, Av.P, and Av.K were closely related to the microorganisms comprising the A. lancea rhizosphere. The pH was negatively correlated with microbial abundance at the genus level, while the TN, TP, TK, TOC, Av.P, and Av.K were positively correlated with most microbial abundance (Figure 7A). Likewise, microbes were found to be strongly associated with the growth and development of A. lancea especially in relation to its roots (Figure 7B) while only few microorganisms are related with atractylon and atractylodin of four volatile oils of A. lancea. (Figure 7C). The physicochemical properties of the soil were determined to be weakly correlated with the growth and quality of A. lancea rhizoma (Table S1), but showed a strong correlation with the resident microorganisms, especially for the soil concentration changes of the total phosphorus, organic carbon, available phosphorus, and available kalium (Figure 7A).




Figure 7 | Spearman correlation analysis of the top 30 represented microbes at the genus level against the (A) soil physicochemical properties, (B) growth and development, and (C) four volatile oils of A. lancea. (*P<0.05; **P<0.01; ***P<0.001).






Discussion


Increased yield and volatile oil concentration of A. lancea by maize intercropping without root barriers

Much research has shown that improving biodiversity can increase the productivity of entire plant systems (Brooker et al., 2015; Wang et al., 2018; Cong, 2020). There are two predominant mechanisms underlying this effect in intercropping, which are (i) resource complementarity and (ii), niche partitioning (Yu et al., 2021). In our previous research, we found that the intercropping of A. lancea with maize, calendula, marigold, etc. increased the fresh weight and the rhizome weight of A. lancea (Peng et al., 2021). Similar results have been found in the current study, although the fresh weight and rhizome weight of A. lancea under the AI treatment was not significantly higher than that under the CK treatment. This inconspicuous effect of intercropping may be due to the fact that our study provided adequate nutrition for A. lancea, and this must be considered against the fact that crop diversity largely exerts its effects by alleviating a stressful environment for plants to increase their growth; for example, in combating nutrient stress (Liancourt and Dolezal, 2021). In one study, the plant-plant stimulatory effect was observably decreased with the reduction of stress in the intercropping of maize and grass bean under phosphorus and water deficiency conditions (Zhu et al., 2022). Similarly, under either water sufficiency or drought stress conditions, intercropping increased grain yield by 14% and 93%, respectively, over monocropping (Willey, 1990).

In many plant-plant interaction studies, the strength of the rhizosphere interaction determines plant growth outcomes (Zhang et al., 2017; Xiao et al., 2020; Li et al., 2021), but in our study, some rhizosphere interactions of maize evidently failed to promote the growth of A. lancea. Maize is more competitive than A. lancea due to its dominant position in the nylon barrier intercropping system (Li et al., 2011; Worku, 2014; Zhu et al., 2022), and is hence better able to absorb nutrients and soil moisture through the nylon barrier. Therefore, the rhizome weight of A. lancea in the AI treatment group was higher than that in the CK treatment group, but the result was not significant in this experiment. When barrier treatments were applied, the rhizome weight of A. lancea in the AN and AP treatment groups was similar to that of the CK treatment.



Aboveground action of the intercropping system promoted the accumulation of volatile oils in A. lancea

The contents of active ingredients in plants represent an important indicator for evaluating the quality of TCMs (Zhang et al., 2022), and appropriate intercropping can improve their contents (Guo et al., 2020). The intercropping of Mentha piperita L. and Vicia faba L. has been demonstrated to increase the content of menthone in Vicia faba L. (Machiani et al., 2018), while the intercropping of Dracocephalum moldavica (D. moldavica) with Glycine max could increase the content of volatile oils in D. moldavica (Fallah et al., 2018). Similarly, by comparing the volatile oil contents of A. lancea between the AI and the CK treatment, the entire intercropping effect (aboveground + belowground) could promote the accumulation of volatile oils. By comparing the CK treatment with the AP treatment, we could verify our previous conjecture that the aboveground effect of maize can promote the accumulation of atractylon and atractylodin, but inhibit the accumulation of hinesol and β-eudesmol (Peng et al., 2021). It would be premature to draw the conclusion that part of the belowground effect lies in promoting or inhibiting the content of total volatile oils, so this needs further verification.



Effects of A. lancea - maize intercropping on the physicochemical properties of the soil and the rhizosphere microbial community of A. lancea

Compared with the CK treatment, the rhizosphere microorganisms of intercropped plants may have both higher diversity and activity levels (Welbaum et al., 2010). Under intercropping conditions, there was a higher abundance of Acidobacteria bacteria (Zi et al., 2020). This finding is consistent with the existing literature. The relative abundance of the rhizosphere microorganism Acidobacteria in A. lancea under both the AI and AN treatment was higher than that in CK treatment (Figures S1A, E). Changing the soil microenvironment in the plant rhizosphere is known to be conducive to soil nutrient cycling (Kielak et al., 2016), thereby effectively improving the uptake of nitrogen (N), phosphorus (P), kalium (K), and other elements in the soil by plants, which is beneficial to their growth and development (Zeng et al., 2020; Wei et al., 2021). From the correlation analysis of Figure 7A, we observe that TP, TOC, Av.P, and Av.K were significantly positively correlated with the abundance of the majority of the different A. lancea rhizosphere microorganisms (the top 30 species), which was consistent with our Figures 6A-C analysis, where the relative abundance of these genera under the CK treatment was higher. The relative abundances of Streptomyces, Candidatus Solibacter, Gemmatirosa, and Pseudolabrys were lower in the CK treatment than in the AI treatment (Figure S3), and these microorganisms are known to form specific symbiotic relationships with plants to promote plant growth (Kong and Liu, 2022). From Figure S2, we found that these PGPR were most abundant following the AI treatment compared to the AN treatment, and compared with the AN and AP treatments, only the abundance of Bradyrhizobium was significantly higher after the AI treatment. This also provides an explanation for why some subterranean effects have failed to promote the growth of A. lancea.




Conclusion

We analyzed the biomass, volatile oil concentration, physicochemical properties of the soil, and rhizosphere microbial community of A. lancea to characterize the underlying features of the root system interaction between A. lancea and maize. The results showed that in the A. lancea - maize intercropping system, maize could promote A. lancea to enrich the beneficial microorganisms in the rhizosphere, thereby promoting the growth of A. lancea as well as its accumulation of volatile oil. However, it is worth noting that when there is only partial rhizosphere interaction, the reported outcome may not be obvious or may even be entirely absent. In summation, we have demonstrated that intercropping maize can significantly change the soil physicochemical properties of A. lancea, thereby affecting the composition and structure of the microbial community in the rhizosphere of A. lancea, which proved beneficial to the enrichment of PGPR, and ultimately exerted a beneficial effect on the growth of A. lancea.
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Supplementary Figure 2 | Comparison of abundance in the top 10 represented genera of the A. lancea rhizosphere microbial community under AI treatment, AN treatment, and AP treatment. Comparison of microbial abundance at the genus level between the (A) AI and AN treatment, (B) AI and AP treatment, (C) AP and AN treatment. (* P<0.05; ** P<0.01; *** P<0.001).

Supplementary Figure 3 | Abundance comparison of the top 15 genera comprising the rhizosphere microbial community in A. lancea between the CK treatment and AI treatments in A. lancea - maize intercropping. (* P<0.05; ** P<0.01; *** P<0.001).

Supplementary Table 1 | Spearman correlation analysis of soil physicochemical properties with growth and development and four volatile oils of A.lancea. FW, fresh weight; H, plant height; SD, stem diameter; BN, branch number; RW, rhizome weight; SN, sprout number; FR, fibrous root; Hin, hinesol; Eud, eudesmol; Atd, atractylodin; Atn, atractylon; TN, total nitrogen; TP, total phosphorus; TK, total kalium; TOC, total organic carbon;  , ammonium nitrogen; Av_P, available phosphorus; Av_K, available kalium.
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Previous studies have indicated that some Rehmannia glutinosa Leucine-rich repeat receptor-like protein kinases (LRR-RLKs) are involved in the formation of replant disease. However, it remains unclear how the interaction of LRR-RLKs with a key factor, the interaction between root exudates and Fusarium oxysporum, results in formation of replant disease. In this study, the influences of root exudates, F. oxysporum and the interaction of these two factors on expression of nine R. glutinosa LRR-RLKs (RgLRRs) were analyzed. The resulting eight RgLRRs of them were highly expressed at the early stage, and rapidly declined at later stages under mixed treatment of root exudates and F. oxysporum. The functions of nine RgLRRs under root exudates, F. oxysporum and mixed treatment of root exudates and F. oxysporum were preliminarily analyzed using transient overexpression and RNAi experiments. The results showed that high expression of RgLRR19, RgLRR21, RgLRR23 and RgLRR29 could decrease the damage to root cells from the mixed treatment of root exudates and F. oxysporum, but the interference of these genes enhanced the damage levels of root cells. Based on this, stable transgenic R. glutinosa seedlings were acquired. Overexpression of RgLRR29 conferred resistance of R. glutinosa seedlings to root exudates, F. oxysporum and mixed treatment. These results indicated that the continuous proliferation of F. oxysporum supported by root exudates altered the expression patterns of RgLRRs in R. glutinosa, then disordered the growth and development of R. glutinosa, finally leading to the formation of replant disease.
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Introduction

Rehmannia glutinosa, a plant in the Scrophulariaceae family, is a perennial herb that is widely cultivated in China (Li and Meng, 2015). R. glutinosa contains numerous pharmacologically active compounds, including catalpol, Rehmannia glycosides, Leonurus glycosides, Rehmannia polysaccharides, amino acids and stigmasterol. R. glutinosa is an important raw material in many traditional Chinese medicines. However, during production of R. glutinosa, its yield and quality are seriously affected by replant disease. Replant disease has continuously caused damage to R. glutinosa for at least 8-10 years (Zhang et al., 2013). Replanted R. glutinosa grown slowly, and the formation of tuberous roots may be arrested by replant disease (Li Q, et al., 2017). Thus, it is necessary and urgent to solve replant disease in production of R. glutinosa. However, effective methods to control replant disease have not been found until recently.

The majority of studies have demonstrated that an imbalance of the rhizosphere micro-ecological environment mediated by plant root exudates was the primary cause of replant disease (Grotewold and Vivanco, 2003; Xuan et al., 2005; Zhang and Lin, 2009). During the growth process of replanted plants, root exudates in the rhizosphere soils are the main source of allelotoxic substances (Bertin et al., 2003; Narula et al., 2008; Li Q et al., 2014). In previous studies on R. glutinosa, some secondary metabolites including ferulic acid, syringic acid and some flavonoids in root exudates, have been identified as important allelotoxic substances (Li et al., 2012; Zhang et al., 2015; Zhang et al., 2016). In addition, recent advances suggest that iridoid and phenylethanoid glycosides are also potential allelotoxic substances (Zhang et al., 2019). During the formation of replant disease, root exudates are the determining factor regulating the microbial biodiversity of the rhizosphere (Bais et al., 2006; Tu and Wu, 2010; Haichar et al., 2014; Chen et al., 2016). The abundance of Fusarium oxysporum spores was increased significantly in replanted R. glutinosa rhizosphere soils, and thus this fungus has been identified as the crucial pathogen in the formation of replant disease in R. glutinosa (Li et al., 2013; Li et al., 2016; Chen et al., 2019). Furthermore, root exudates of R. glutinosa in replanted conditions could induce proliferation of pathogenic pathogen F. oxysporum, resulting in aggravation of R. glutinosa disease (Li et al., 2016). In addition, the proliferation of F. oxysporum inhibited salicylic acid signal transduction and promoted the formation of replant disease (Chen et al., 2019). Therefore, current opinion holds that the interaction between root exudates and F. oxysporum is closely related to the formation of replant disease of R. glutinosa (Li et al., 2013; Wu et al., 2018). However, the interaction mechanism between root exudates and F. oxysporum in the formation of replant disease remains unclear.

Previous studies found that the genes related to plant immune systems were significantly upregulated in replanted R. glutinosa and that the interaction of these genes were closely related to the abnormal growth and death of replanted R. glutinosa (Chen et al., 2019; Li et al., 2017; Yang YH, et al., 2014, Yang et al., 2015). It is worth noting that in core processes of replant disease, immune system-related proteins such as Leucine-rich repeat receptor-like protein kinases (LRR-RLKs) and pathogenesis-related protein 10 (PR10) were specifically regulated in replanted R. glutinosa (Li MJ et al., 2017; Wu et al., 2015). The immune system of plants is primarily composed of two- layers of defense, effector-triggered immunity (ETI) and pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI). The first layer, PTI, can effectively recognize PAMPs located in the cell walls using conserved regions of the genes. LRR-RLKs are a large protein family in the PTI system that play important roles in plant growth, development, and defense response (Jones and Dangl, 2006; de Lorenzo et al., 2009; Li et al., 2018). Recent research had identified 40 RgLRRs gene members by screening the full-length RgLRRs genes in the full-length transcript of R.glutinosa, and a total of 27 RgLRRs genes were found that were up-regulated in the early stages of formation of R. glutinosa replant disease (Xie et al., 2019). These results suggested that the immune response system, especially RgLRRs, may play an important role in the interaction between rhizosphere harmful microbes and allelotoxic substances. However, these RgLRRs genes were screened under complicated field cultivation conditions, and the expression of R. glutinosa genes was affected by other factors, including biotic and abiotic stressors in the soil. The key mechanism of core immunity proteins that respond to replant disease is still unknown.

In this study, the root exudates and key pathogenic microbe F. oxysporum were used as leading factors in simulated stresses of R. glutinosa under replanted conditions. The dynamic changes of pathogenic microbes in the rhizosphere soils were investigated in detail. We chose nine RgLRRs that were highly expressed in replanted R. glutinosa, and the expression and physiological index levels of the nine RgLRRs were examined in the roots of R. glutinosa. As a representative RgLRR, the function of RgLRR29 under the treatments of root exudates, F. oxysporum, and the comprehensive stress of of root exudates and F. oxysporum was studied by reverse genetic methods. This study provides an effective method to examine the physiological changes and further study the expression patterns of key RgLRRs under replanted stress. These results will provide important clues for revealing insights into the formation mechanism of replant disease in R. glutinosa.



Materials and methods


Plant materials and stress treatments

Tissue culture seedlings of R. glutinosa “Wen85-5” were grown in a tissue culture room at the Institute of GAP for Chinese Medicinal Materials, Fujian Agriculture and Forestry University. Root exudates solution was acquired using a root exudates collection device constructed in previous study (Feng et al., 2022). An F. oxysporum strain specific to replanted R. glutinosa (coded No. CCS043) was prepared from five-day-old cultures in Potato Dextrose Broth (PDB) medium. R. glutinosa seedlings were transferred into pots (10 cm ×10 cm) filled with complex medium consisting of peat and vermiculite (v: v = 2:1) after acclimatization (Chen et al., 2019), and grown in a greenhouse at 28 ± 2°C with a photoperiod of 14 h: 10 h light: dark. According to previous studies, root exudates, conidial suspensions of F. oxysporum and a mixture of the two (root exudates and F. oxysporum, v: v= 1:1) were selected as key stress factors to treat R. glutinosa seedlings (Li et al., 2016; Chen et al., 2019; Feng et al., 2022). The concentration levels of root exudates were adjusted to 1.60 mg·mL−1 with ddH2O, while conidial suspensions of F. oxysporum were adjusted to 1×108 conidia·mL−1. Three different solutions were used to irrigate R. glutinosa in pots with same volume of solution (10 mL) every two days. Each treatment was replicated three times. Root samples treated by different factors were collected at 0, 5, 10, and 15 days (DAP 0, 5, 10, and 15). Appearance of R. glutinosa under different treatments was carefully observed every five days. Root tips of plants from different treatments were sampled and stained by Trypan blue and DAB methods. All root samples were then cleaned and stored at −80°C after being frozen in liquid nitrogen for biochemical index and qRT-PCR analyses.



Construction of expression vectors and definition of subcellular localization for R. glutinosa LRR-RLKs

Previous studies have identified 40 R. glutinosa LRR-RLKs from the screening of the early transcriptomic data (Xie et al., 2019). Of these, nine RgLRRs (RgLRR19, RgLRR21, RgLRR23, RgLRR24, RgLRR25, RgLRR26, RgLRR27, RgLRR29, and RgLRR33) were found to be able to specifically respond to replant disease in field (Xie et al., 2019). To construct overexpression vectors, the full-length open reading frames (ORFs) of RgLRRs were cloned into the entry vector pBI121-EGFP digested by Kpn I and Xho I. To build vectors for RNAi, specific fragments in the range of 100–300 bp in the ORFs of RgLRRs were amplified. The specific fragments were cloned into the entry vector pRNAiGG (Yan et al., 2012).

For subcellular localization of the nine RgLRRs, the RgLRRs were fused with EGFP. The EGFP fusion constructs were driven by the double 35S promoter. All primers used in vector construction are shown in Tables S1a–c. Agrobacterium tumefaciens strain GV3101 containing 35S::RgLRRs-EGFP and 35S::GFP (used as a control) were grown overnight in LB solution containing 50 μg·mL−1 Kan and 100 μg·mL−1 Rif, and then adjusted to OD600 = 0.8. The bacterial solution was resuspended with the injection buffer (10 mM MgCl2, 100 mM 2-morpholinoethanesulfonic acid, and 200 μM acetosyringone (AS), pH = 5.8) and injected into leaves of Nicotiana benthamiana using a needle syringe. At 48 h after injection, the EGFP signals were observed with a laser scanning confocal microscope (LEICA TCS SP8).



Quantification of F. oxysporum

The rhizosphere microbial DNA was extracted using a reference extraction kit (Beijing Tianmo, TD601, China). The quantity of F. oxysporum was detected using absolute quantification PCR (Chen et al., 2019). The specific primers of F. oxysporum (ITS1-F: 5’-CTTGGTCATTTAGAGGAAGTAA-3’, ITS4-R: 5’-TCCTCCGCTTATTGATATGC-3’) were used to amplify the DNA fragments using touchdown PCR. The bright electrophoretic strips of target genes were extracted using a gel pure DNA Kit (Magen, Guangzhou, China), and were inserted into a pMD19-T vector. Then, the vector DNA solution was transformed into E. coli DH 5α. One or two single white colonies were selected to identify whether the target genes were correctly cloned into the vector. The solutions containing the appropriate size of DNA fragments were chosen to extract plasmids using a Hipure Plasmid Micro Kit (Magen, Guangzhou, China) following the manufacturer’s instructions.

Plasmid solutions containing DNA fragments of correct size were amplified by qRT-PCR using the plasmid primer RV-M/M13-47. The concentration of target gene DNA was measured by a Nanodrop2000 spectrophotometer (Thermo Scientific, USA) and diluted to 0,1, 2, 3, and 4 ng·μL–1. The standard curve was drawn according to the DNA concentration of the target gene and Ct value. Finally, the soil DNA extracts were detected by qRT-PCR using F. oxysporum specific primers. The copy number of F. oxysporum spores were calculated from the standard curve. Each gene was analyzed with three replicates.



Chemical tissue staining

The root samples were used to detect the presence of in situ accumulation of superoxide and H2O2 by staining with 3,3-diaminobenzidine (DAB) and Trypan blue, respectively. In brief, root tips 2.0–2.5 cm in length were immediately immersed in an aqueous solution of 1 mg·mL–1 DAB in 50 mmol·L–1 potassium phosphate buffer (pH=6.4) and vacuum infiltrated and incubated for 12 h in the dark according to a previous report (Zhang et al., 2017). The root tips were placed in an ethanol: lactic acid: glycerol (3:1:1) mixture to boil for 5 min, and stored in 60% glycerol. The root tips were washed three times with water before photographing 10–15 individuals randomly sampled from each group in each experiment. According to the method of Liu (Liu et al., 2016), the root tips were immersed in 10% KOH, at 90°C for 1 h; the KOH solution was discarded, and the root tips were washed with ddH2O. Then, 1 mL of 2% HCl solution was added in the centrifuge tubes allowed to stand for 90 min. The HCl solution was discarded, and 1 mL Trypan blue staining solution was added (the final concentration of Trypan blue was 10 mg·mL-1) and stained for 30 min. The root tips were removed and added to 1 mL ethanol for overnight decolorization before photography using fluorescence microscope (Leica DM5000 B, Leica Microsystems Ltd., Heerbrugg, Switzerland).



Measurement of antioxidant enzyme activities and detection of malondialdehyde and chlorophyll content

The root samples of R. glutinosa seedlings under root exudates, F. oxysporum and the mixed solution of root exudates and F. oxysporum were used in these assays. Approximately 2 g of root samples were homogenized in 3 mL of 50 mM potassium phosphate buffer (pH=7.0). The supernatant was collected by centrifugation at 10,000×g for 10 min at 4°C, and then used for the activity determination of peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), and malondialdehyde (MDA). POD activity was determined as guaiacol oxidation by H2O2. SOD activity was analyzed based on the inhibition rates of the reduction of nitro blue tetrazolium (NBT), CAT activity was determined as the H2O2 consumption (Aebi, 1983). MDA content was determined by the thiobarbituric acid reaction method according to our previous report (Peng et al., 2019). A chlorophyll meter (SPAD-502, Minolta Camera Co. Japan) was used to determine the total chlorophyll content according to our previous study (Wang et al., 2021).



Measurement of salicylic acid content

The content of salicylic acid (SA) was detected using a one-step double-antibody sandwich enzyme-linked immunosorbent assay (ELISA). The content of SA was measured at 450 nm using a microplate reader (BIO-Tek ELX800, USA). Calculations of the ELISA data were performed as described in Wang et al. (2012).



Transient overexpression and RNAi of R. glutinosa LRR-RLKs

The overexpression and RNAi vectors of RgLRRs were constructed in this study. The resulting constructs were transformed with the Agrobacterium tumefaciens GV3101 strain using the freeze-thaw method and verified by sequencing (Sangon, Shanghai, China). The A. tumefaciens strains GV3101 harboring RgLRRs-overexpression (RgLRRs-OX) or RgLRRs-RNAi (RgLRRs-Ri) transformation constructs were grown overnight in LB culture solution. The bacteria solutions were adjusted to OD600 = 0.8 and set to 5000/rpm for 5 min, and the bacteria were resuspended with the infection solution (containing 100 μM AS). To transiently transform RgLRRs genes in isolated tuber roots of R. glutinosa, 1 cm diameter segments of root tubers of R. glutinosa were selected and washed using flowing water for 1 h, and then soaked in 75% alcohol for 60 s. The root segments were then cut into 2 mm segments with the same thickness and equal size with a sterile scalpel, and treated in 0.3 MPa for 3 h with different infection solutions using a vacuum pump, respectively. The infected root segments were dried and connected to Murashige and Skoog (MS) solid medium containing 50 mg·L–1 AS. After dark culture for two days, these root segments were transferred into 1% agarose plate that were pre-cultivated in Petri dish at 26°C. Then, 20 μL root exudates solution, 20 μL conidial suspension of F. oxysporum, or 20 μL mixed solution of root exudates and F. oxysporum were added to the root segments every 12 h. Simultaneously, the area of mycelial expansion was used to test the resistance of root segments, the antioxidant enzyme activities, MDA content, and gene expression levels were determined for different treatments of root segments.



Establishment and confirmation of R. glutinosa transformation

The overexpression vector of RgLRR29 was constructed in this study. The full-length ORF of RgLRR29 was cloned into pBI121-EGFP digested by Kpn I and Xho I sites. The expression of RgLRR29 was driven by double 35S promoters. For R. glutinosa seedling regeneration, approximately 20-day-old leaves were detached from the R. glutinosa seedlings, and cut along straight lines. The 100 leaf explants were dipped into a bacterial suspension (OD600 = 0.8) of A. tumefaciens GV3101, harboring the RgLRR29 transformation construct. After 30 min, the leaf explants were blotted dry with autoclaved filter paper, placed in MS basal medium containing 100 μM AS, and cultured at 25°C in the dark for two days. Then the leaf explants were transferred into differentiation medium containing 0.5 mg·L-1 NAA and 2 mg·L-1 6-BA under a 12-h light/12-h dark photoperiod for seedling regeneration, with the medium replaced with fresh medium every 15 days until seedling regeneration.

To evaluate whether the overexpressed RgLRR29 had been integrated into the transgenic R. glutinosa genome, total genomic DNA was isolated from the leaves of the transgenic lines using the cetyltrimethylammonium bromide (CTAB) method. DNA of transgenic plants was detected through the Kan gene with specific primers (Kan-F: CGTTCCATAAATTCCCCTCG; Kan-R: ATCTCGTGATGGCAGGTTGG). The expression level of RgLRR29 was determined by qRT-PCR.



Roles of RgLRR29 during interaction between root exudates and F. oxysporum

The RgLRR29-OX lines were used to assess the expression levels by qRT-PCR. Then, the RgLRR29-OX and wild-type (WT) seedlings were transplanted into pots (20 cm×18 cm) containing organic matrix nutrition soils and grown in a greenhouse under 25°C with a photoperiod of 14 h: 10 h light: dark until the roots of the R. glutinosa expanded to the harvest period. The tuberous roots of RgLRR29-OX and WT R. glutinosa plants were used to culture the next generation of plants. When the fibrous roots were developed and elongated, then the tuberous roots were removed from the plants for avoiding influence of other factors. For studying the change of phenotype and physiological response in replanted R. glutinosa, RgLRR29-OX and WT seedlings were planted in plastic pots (10 cm ×10 cm), root exudates solution, conidial suspension of F. oxysporum and the mixed solution of root exudates and F. oxysporum spores were added, and the seedlings were grown in the above-mentioned greenhouse under normal field management for fifteen days. The roots of RgLRR29-OX and WT seedlings were sampled, immediately frozen in liquid nitrogen, and stored at –80°C for further analyses regarding gene expressions and physiological indexes.



Gene expression analysis

Total RNA was isolated from 100 mg of R. glutinosa roots (fresh-weight) using a plant RNA extraction kit (Nanjing Vazyme Biotech Co., Ltd.). The cDNA synthesis was performed with the Evo M-MLV Mix Kit with gDNA Clean for qRT-PCR AG11728 (Accurate biotechnology (Hunan) Co., Ltd.). Each reaction contained 10 µL of 2 × SYBR Green Pro Taq HS Premix AG11701 (Accurate Biotechnology (Hunan) Co., Ltd.), 2 µL of template cDNA and 0.4 µL of each forward and reverse primers (10 µM). The data were normalized on the basis of the 18S rRNA (DQ469606) threshold cycle (Ct) value. All primers used in this experiment are shown in Table S1d. The qRT-PCR reaction procedure was performed as follows, incubation at 95°C for 2 min followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Each gene was tested in triplicates with three technical repeats. The expression level for each sample was expressed by the 2−△△CT method (Livak and Schmittgen, 2001). The data were exhibited as the mean ± SD of three independent experiments.



Statistical analysis

Raw data were compiled and regression analyses and graphs were prepared using Microsoft Excel. Multiple comparisons (LSD) were used to evaluate the significant differences between the compared values. Each value with three replicates represented as the mean ± SD. p < 0.05 was considered as significant between any two groups.




Results


Changes of phenotypic characteristics in R. glutinosa under treatment with key factors leading to the formation of replant disease

In previous study, a specific culture device was designed to isolate high-purity of root exudates of R. glutinosa (Feng et al., 2022). In this study, root exudates of R. glutinosa were collected based on this device. The root regions of R. glutinosa seedlings were irrigated with root exudates solution, conidial suspension of F. oxysporum and the mixed solution of root exudates and F. oxysporum spores to further investigate the interaction between root exudates and F. oxysporum. At 10 days after treatments, the copy number of F. oxysporum in the comprehensive treatment of root exudates and F. oxysporum was 1.82, 2.27 and 1.36 times of those in the control (CK), single root exudates and F. oxysporum treatments, respectively. At 15 days after treatments, the copy number of F. oxysporum in the comprehensive treatment of root exudates and F. oxysporum was 3.62 times of that in the F. oxysporum treatment group (Figure 1B). Appearance and key physiological indicators of R. glutinosa seedlings were analyzed to explore the effects of different treatments on the growth of R. glutinosa. Leaves of R. glutinosa treated by the comprehensive stress of root exudates and F. oxysporum displayed deeper yellowing and serious wilting, and some leaves presented symptoms of purple leaves in comparison to the controls (Figure 1A). At 15 days after treatment, the chlorophyll contents of leaves in the comprehensive treatment of root exudates and F. oxysporum were significantly lower than in the root exudates and F. oxysporum groups. The chlorophyll content for R. glutinosa leaves under both root exudates and F. oxysporum treatment decreased gradually compared with controls, but the chlorophyll content of the comprehensive treatment of root exudates and F. oxysporum was the lowest (Figure 1C). In the process of three treatments, the content of SA in the roots of plants under the treatment of F. oxysporum and the comprehensive treatment of root exudates and F. oxysporum gradually decreased, and the content of SA under root exudates treatment was firstly increased but then decreased, and the content of SA under the comprehensive treatment of root exudates and F. oxysporum was the lowest (Figure 1D). The results were consistent with previous studies in R. glutinosa treated by single or a combination of representative allelotoxic substances (Li et al., 2016; Feng et al., 2022), again indicating that root exudates was the key factor promoting the proliferation of F. oxysporum in the R. glutinosa rhizosphere.




Figure 1 | Morphological differences, Fusarium oxysporum proliferation, chlorophyll content and Salicylic acid (SA) content analysis of Rehmannia glutinosa seedlings under root exudates, F. oxysporum and comprehensive treatment of root exudates and F. oxysporum. (A) Phenotypic changes of R. glutinosa seedlings under root exudates, F. oxysporum and comprehensive treatment of root exudates and F. oxysporum. There were three biological replicates for each treatment; (B) Analysis of F.oxysporum proliferation in R. glutinosa rhizosphere soils under root exudates, F. oxysporum and comprehensive treatment of root exudates and F. oxysporum; (C) Chlorophyll content analysis of R. glutinosa under root exudates, F. oxysporum and comprehensive treatment of root exudates and F. oxysporum. (D) SA content analysis of R. glutinosa under root exudates, F. oxysporum and comprehensive treatment of root exudates and F. oxysporum. DAP, Days after planting; CK, Normalplanting “Wen85-5” R; glutinosa; RE, the treatment of root exudates; FO, the treatment of F. oxysporum; RE+FO; the comprehensive treatment of root exudates and F. oxysporum. Different letters represent a significant difference at P < 0.05.





Changes of antioxidant enzyme activities and oxidative damage in R. glutinosa roots mediated by key replant disease formation factors

The antioxidant enzyme activities of R. glutinosa seedlings roots were determined to study the damage level of R. glutinosa seedlings in treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. The trends of POD and CAT activities were similar to SOD activities showing an upward trend in the early treated stages (days 1–5) and a downward trend at days 5–15 in comparison to controls (Figure 2A). Simultaneously, the MDA content of R. glutinosa seedlings under different treatments increased gradually with increasing treatment time under each treatment. Overall, the comprehensive treatment of root exudates and F. oxysporum significantly promoted the accumulation of reactive oxygen species (ROS) in R. glutinosa seedlings compared to treatment with single root exudates or F. oxysporum.




Figure 2 | Changes in physiological indexes (A) and reactive oxygen species (ROS) levels (B) of Rehmannia glutinosa seedlings under root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. (A): Measurement of SOD, POD, CAT and detection of MDA in R. glutinosa roots under root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum; (B): ROS levels of Rehmannia glutinosa root tip stained with Trypan blue (left) and DAB (right) mediated by the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. Bar = 100 μm. DAP, Days after planting; RE, the treatment of root exudates; FO, the treatment of F.oxysporum; RE+FO, the comprehensive treatment of root exudates and F. oxysporum. Different letters represent a significant difference at p < 0.05.



To further determine the oxidative damage of R. glutinosa seedlings under root exudates, F. oxysporum and comprehensive stress of the two factors visually, the oxidative damages levels of plant cells in R. glutinosa roots were detected by Trypan blue and DAB staining. The results suggested that the levels of damage of the root cells in R. glutinosa treated with root exudates, F. oxysporum and comprehensive stress of the two factors gradually deepened with increasing of treatment time compared to controls (Figure 2B). The reactive oxygen species content could be detected by the color depth in the root tips of R. glutinosa. It is worth noting that the root tips of plants treated with comprehensive stress of root exudates and F. oxysporum were the most severely damaged compared with the controls, root exudates or F. oxysporum treatments. These results indicated that the comprehensive treatment of root exudates and F. oxysporum increased the damage levels of F. oxysporum to R. glutinosa.



The subcellular localization of R. glutinosa LRR-RLK proteins

To reveal the molecular functions of these RgLRR genes, the nine RgLRRs was further cloned from R. glutinosa roots. To determine the localization of RgLRRs in cells, the complete coding regions of the nine RgLRRs were fused to the N-terminus of EGFP. The 35S::GFP-RgLRRs constructs were transiently expressed in leaves of N. benthamiana, and the green fluorescence from fusion proteins of 35S::GFP-RgLRRs was detected by fluorescence microscopy. The resulting green fluorescence were clearly observed in the cell membranes of N. benthamiana leaves (Figure 3). The results indicated that these RgLRRs of R. glutinosa were all located in the cellular membranes, similar to the cellular position of most plant LRR-RLK proteins.




Figure 3 | Subcellular localization of RgLRRs in Nicotiana benthamiana. GFP, Green fluorescence protein; BF, Bright field. There were five replicates for each experiment.





Expression patterns of RgLRRs Genes in R. glutinosa roots mediated by key replant disease formation factors

To examine the effects of root exudates, F. oxysporum, and their interaction in R. glutinosa, the expression patterns of RgLRRs in R. glutinosa under the treatments of root exudates, F. oxysporum and comprehensive stress of them were analyzed by qRT-PCR. The results showed that the expression patterns of the nine RgLRRs could be divided into three groups according to their expression patterns (Figure 4). The first group included RgLRR33 was weakly significantly expressed during the treatments. The second group consisted of RgLRR19, RgLRR21, RgLRR25, RgLRR26, RgLRR27, and RgLRR29, that were highly expressed at early stages and finally down-regulated at 15 days after three treatments. In the third group, the expression levels of RgLRR23 and RgLRR24 grew steadily. The expression trends of RgLRRs were consistent in that they were up-regulated at first but decreased gradually with increasing of F. oxysporum treatment time. However, RgLRR21, RgLRR23, RgLRR26, RgLRR29, and RgLRR33 were down-regulated at 10 days after the treatment of F. oxysporum, and other RgLRRs were down-regulated at 15 days after the treatment of F. oxysporum. From the expression profiling of all three groups, except for RgLRR33, the other eight RgLRRs all responded significantly to the treatment of comprehensive stress of root exudates and F. oxysporum.




Figure 4 | Expression patterns of crucial RgLRRs in Rehmannia glutinosa under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. DAP, Days after planting; RE, the treatment of root exudates; FO, the treatment of F. oxysporum; RE+FO,the comprehensive treatment of root exudates and F. oxysporum. Different letters represent a significant difference at p < 0.05.





Changes of antioxidant enzyme activities and MDA content of R. glutinosa segments under the treatments of root exudates, F. oxysporum and their interaction after transient overexpression and RNAi of key RgLRRs

To preliminarily identify the functions of RgLRRs in different key replant disease factor stresses, nine RgLRRs (RgLRR19, RgLRR21, RgLRR23, RgLRR24, RgLRR25, RgLRR26, RgLRR27, RgLRR29 and RgLRR33) were transiently transformed into root segments and further treated by root exudates, F. oxysporum and comprehensive stress of them. The phenotypic changes from the transient RgLRRs overexpression and RNAi in R. glutinosa root segments under the treatments of root exudates, F. oxysporum and comprehensive stress of them were further observed (Figure S1). The results showed that the transient overexpression of RgLRRs genes in root segments of R. glutinosa except RgLRR33 showed higher resistance to these three treatments, but transient RNAi of RgLRRs genes resulted in the root segments (Figure 5A), which suffering increased damage, indicating that the transient overexpression of RgLRRs genes had an effect on the resistance to these stresses. In addition, after transient overexpression of different RgLRRs genes, the root segments showed different levels of resistance to the treatments of root exudates, F. oxysporum and comprehensive stress of them. The transient overexpression of RgLRR26 and RgLRR33 was associated with higher resistance to the treatment of root exudates. However, RgLRR19, RgLRR25, RgLRR26 and RgLRR29 may also play positive roles in the resistance to the effects to the treatment of F. oxysporum. In addition, transient overexpression of RgLRR19, RgLRR21, RgLRR23 and RgLRR29 resulted in the lowest degree of damage under the comprehensive treatment of root exudates and F. oxysporum (Figure 5B).




Figure 5 | Phenotypic changes (A) and damage rate (B) of root segments with transient overexpression and interference of different RgLRRs under the treatment of comprehensive stress of root exudates and F. oxysporum. OX, Overexpression; Ri, RNA interference; CK, Empty vector as control; DAT, Days after treatment; RE+FO, the comprehensive treatment of root exudates and F. oxysporum. Different letters above bars indicated significant differences at P = 0.05 using Student-Newman-Keuls multiple comparisons.



To further explore the effects of these treatments on R. glutinosa root segments with transiently overexpressed and interfered RgLRRs, the antioxidant enzyme activities and MDA content were analyzed. As a result, the activities of SOD, POD and CAT in root segments with transient overexpressed RgLRRs were higher than those treated with empty vectors in R. glutinosa root segments, with lower content of MDA in root segments with transient overexpression of RgLRRs. It can be seen that RgLRR19-OX, RgLRR21-OX, RgLRR23-OX and RgLRR29-OX had the lowest damage degree of hydrogen peroxide through trypan blue staining results of root slices (Figure 6A). The opposite results occurred after RNAi of RgLRRs (Figures S1, S2). It was worth noting that under the comprehensive treatment of root exudates and F. oxysporum, the antioxidant enzyme activities of root segments with transient overexpressed RgLRR19, RgLRR21, RgLRR23 and RgLRR29 were higher than those of controls, and the MDA contents were lower (Figure 6B). These results indicated that the expression levels of RgLRRs may be related to resistance of the root cells to root exudates and F. oxysporum.




Figure 6 | Changes of root segments with transient overexpression and RNAi of nine RgLRRs under comprehensive treatment of root exudates and F. oxysporum (A), Trypan blue staining of root segments with transient overexpression and RNAi of nine RgLRRs under comprehensive treatment of root exudates and F. oxysporum; (B), The physiological indexes analysis of root segments with transient overexpression and RNAi of crucial RgLRRs under comprehensive treatment of root exudates and F. oxysporum. OX, Overexpression; Ri, RNA interference; CK, Empty vector as control; RE+FO, the comprehensive treatment of root exudates and F. oxysporum. Asterisks indicate significant difference compared with the corresponding controls (*, P < 0.05; **, P < 0.01).





The overexpression of RgLRR29 in R. glutinosa significantly affected the resistance of R. glutinosa against replant disease

As a representative RgLRR, in this experiment, RgLRR29 was overexpressed in tissue-cultured R. glutinosa seedlings via Agrobacterium-mediated transformation using the leaf disc method. Leaf explant of R. glutinosa infected by Agrobacterium were regenerated on plates with resistance. The resulting 30-day shoots infected by Agrobacterium with RgLRR29 with resistance emerged from leaf explants. These shoots were grown to form complete culture seedling of R. glutinosa with over expressed RgLRR29 (RgLRR29-OX) for 90 days (Figure 7A). Then after three weeks, the root morphogenesis of WT and transgenic R. glutinosa shoots cultured in rooting medium was established (Figure 7B). After these candidate transgenic RgLRR29-OX lines were fully acclimatized, they were transferred into pots with peat and vermiculite matrix. Simultaneously, PCR was used to validate the positive RgLRR29-OX lines in these new R. glutinosa seedling that emerged from the tuberous roots. The results showed that 952 bp of the kanamycin gene were specifically amplified from the DNA of 4 transgenic plants (RgLRR29-OX-S1, -S2, -S3 and -S4) while the WT (wild-type) seedlings showed no amplification (Figure 7C). Simultaneously, qRT-PCR was used to analyze the expression levels of RgLRR29 in RgLRR29-OX lines and wild lines. Compared with the WT, the expression levels of the RgLRR29 in OX-S1#, OX-S2#, OX-S3#, and OX-S4# increased by 75, 18, 14, and 64-fold, respectively. Resulting the RgLRR29-OX-S1 and RgLRR29-OX-S4 lines presented higher expression levels of RgLRR29 compared with WT seedlings (Figure 7D). ROS accumulation was significantly induced in RgLRR29-OX leaves compared with WT plant leaves of the same age (Figure 7E). In this study, we found that plant height, the number of adventitious roots and the rooting rate of RgLRR29-overexpression plants were significantly lower than those of WT plants when they were cultured in MS medium (Figure 7F). These results indicated that transgenic R. glutinosa seedlings of overexpression RgLRR29 were successfully acquired, thereby providing materials for verifying its function in the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum.




Figure 7 | Confirmation of positive RgLRR29-overpression Rehmannia glutinosa. (A) Regeneration process of RgLRR29-overexpression R. glutinosa plants. Bar = 1cm; (B) Morphology of RgLRR29-overexpression R. glutinosa plants cultured in MS medium for three weeks. OX-S1, OX-S2, OX-S3, and OX-S4 represent different lines of RgLRR29-overexpression R. glutinosa plants. Wild-type (WT) plants of the same age are shown as the control; (C) PCR products for the positive screening of transgenic lines; Lanes M and WT represented the DL2000 size marker and WT plants, respectively; Lanes 1–4 represented RgLRR29-overexpression lines 1 to 4, respectively; (D) Expression patterns of different RgLRR29-overexpression lines (OX-S1, OX-S2, OX-S3, OX-S4) in roots. The error bars represent the standard error (n = 3) (***: p < 0.001); (E) ROS accumulation in RgLRR29-overexpression and WT R. glutinosa plants. Trypan blue staining was used to detect ROS accumulation in the leaves of 2-week-old RgLRR29-overexpression and WT R. glutinosa plants; (F) The rooting rate, Plant height and the number of adventitious roots of WT and RgLRR29-overexpression R. glutinosa plants. The rooting rate was calculated from three independent experiments. More than 15 plants were subjected to root induction each time. Other data are shown for one representative result of three independent experiments; the results are shown as the average ± SE (n = 5). *P < 0.05 and **P < 0.01 indicate significant differences based on the t-test.



After 120 days, RgLRR29-OX-S1, RgLRR29-OX-S4, and WT R. glutinosa seedlings generated tuberous roots (Figure 8A). The diameter of roots of RgLRR29-overexpressing plants was less than WT plants (Figure 8B). However, the root length of RgLRR29-overexpressing plants was longer than WT plants (Figure 8C). To further confirmed the biological function of RgLRR29-OX in R. glutinosa under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum, RgLRR29-OX and WT seedlings were cultivated in pots and irrigated with root exudates solution, conidial suspensions of F. oxysporum, and a mixture of the two in the root regions. After 15 days of treatment, the transgenic plants displayed significantly less wilting and lower degree of root browning and rot symptoms than the WT seedlings. Under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum, the antioxidant system including SOD, POD, and CAT in RgLRR29-OX also showed higher activities compared with WT seedlings. In contrast, the content of MDA was lower than WT under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum (Figure 8D), and it may positively regulate the immune defense of R. glutinosa against replant disease. The results indicated that RgLRR29-OX showed higher resistance to root exudates, F. oxysporum, and the double stress compared with WT seedling.




Figure 8 | RgLRR29-overexpression improves plant resistance against root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. (A–C), Phenotypic analysis of the WT and transgenic lines. Bar = 2 cm. (D) Changes of physiological indexes in WT and RgLRR29-overexpression Rehmannia glutinosa plants under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. RE, the treatment of root exudates; FO, the treatment of F. oxysporum; RE+FO, the comprehensive treatment of root exudates and F. oxysporum. The error bars represent the standard error (n = 3) (*: p < 0.05; **: p < 0.01; ***: p < 0.001).






Discussion

Increasing evidence has suggested that replant disease is the results of the comprehensive effects of various factors in the “plant-soil-microbes” system. Among these, the main causes that contribute to the occurrence of replant disease have been found to be allelotoxic substances, microbes, and the imbalance of rhizosphere microecology induced by their interaction (Bertin et al., 2003; Li et al., 2014; Yang RX et al., 2014; Ji et al., 2021; Feng et al., 2022). In other words, allelotoxic substances promote continuously the proliferation of harmful microbes in rhizosphere soils, which then infect the replanted plants and disturb their normal growth (Zhang and Lin, 2009; Dong et al., 2016; Zhang et al., 2016; Westerveld and Shi, 2021). Root exudates and litter mixtures are main sources of allelotoxic substances, which play important roles in regulating microbial community (Jin et al., 2022). Root exudates were be focused on numerous studies of replant disease (Zhang et al., 2013). In this study, we also indicated that root exudates of R. glutinosa in replanted condition could induce chemotaxis proliferation of its pathogenic pathogen F. oxysporum. It was verified once again that the imbalance of microecological environment in the rhizosphere soils caused by root exudates possibly is an important factor causing R. glutinosa replanted disease.

Some studies on the mechanism of replant disease have indicated that the interaction affects each other among allelotoxic substances, harmful microbes and immune-related proteins are closely related to the death of replanted R. glutinosa (Wu et al., 2013; Zhang et al., 2013). To reveal the roles of immune-related proteins during the formation of replant disease, this study analyzed in detail the effects of allelotoxic substances using root exudates collected using specific device (Feng et al., 2022) and harmful microbes on R. glutinosa seedlings from tissue culture under controlled conditions. Using tissue culture seedlings and controlled conditions could avoid the interference of other biotic or abiotic stress factors in the field. In previous studies of replant disease, single or several representative kinds of allelotoxic substances and rhizosphere microbes were used to simulate the interactions between two factors in rhizosphere soils (Zhang et al., 2015; Li et al., 2016). Root exudates have significant allelopathic activity and are the main source of allelotoxic substances (Liu et al., 2010; Zhang et al., 2015). These results more effectively reflected the interactions between allelotoxic substances and harmful microbes compared to replacing several specific allelotoxic substances by root exudates. Among nine RgLRRs in R. glutinosa, there were at least eight RgLRRs that responded to the comprehensive stress of root exudates and F. oxysporum. A total of six RgLRRs (RgLRR19, RgLRR21, RgLRR25, RgLRR26, RgLRR27, and RgLRR29) were highly expressed in the early stages and decreased in the later stages under the stresses of root exudates and F. oxysporum. It is worth noting that their expression patterns showed similar trends with the expression patterns of RgLRRs at different developmental stages of replanted R. glutinosa in natural fields (Xie et al., 2019). This result suggested that early infection of F. oxysporum in R. glutinosa activated the expression of RgLRRs, but with the continuous infection triggered by root exudates, the plant immune system was gradually inhibited. In conclusion, these results preliminarily confirmed that the interaction between root exudates and rhizosphere microbes affected the expression of key immune-related proteins in R. glutinosa during the formation of replant disease.

Previous studies have demonstrated that the function of plant immune proteins will be gradually diminished during the process of F. oxysporum infection of R. glutinosa (Chen et al., 2019). In the field, the continuous accumulation of allelochemicals in rhizosphere soils of replanted plants has led to the proliferation of harmful microbes in the rhizosphere (Zhang et al., 2013; Jiao et al., 2015; Dong et al., 2016; Zhou and Wu, 2018; Westerveld and Shi, 2021). During this, the functions of plant immune proteins will be seriously diminished in comparison to responses against single pathogenic microbes, making replanted plants more susceptible to disease infection. LRR-RLKs have been identified in many plant species and have been implicated in regulating the processes of plant growth, development, and responses to biotic and/or abiotic stresses (Jones and Dangl, 2006; de Lorenzo et al., 2009; Halter et al., 2014). Most of the RLKs identified as being involved in plant defense are of the LRR-RLK class including the rice Xa21 protein and the Arabidopsis Flagellin Sensitive 2 (FLS2) and bacterial translation elongation factor EF-Tu receptor (EFR) (Song et al., 1995; Chinchilla et al., 2007; Schoonbeek et al., 2015). During the interaction of plants and microbes, overexpression of LRR-RLK genes can increase plant resistance to pathogens. For example, overexpression of OsSERK1 in two rice cultivars led to an increase in host resistance to a blast fungus (Hu et al., 2005). GbSOBIR1 played a critical role in Gossypium barbadense resistance to Verticillium dahliae (Zhou et al., 2018). Overexpression of MdBAK1 in Malus domestica inhibited colonization of F. oxysporum in host plants (Liu et al., 2022). Therefore, the enhancement of the activity of immune-related proteins might increase the resistance of replanted plants to harmful microbes. In this study, root segments displaying transient overexpression of RgLRR19, RgLRR21, RgLRR23, or RgLRR29 showed higher resistance levels to a mixed stress of RE and FO. Furthermore, stable overexpression of RgLRR29 effectively improved resistance of R. glutinosa under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. There existed a trade-off between the immune responses and plant growth and development, so overexpression of RgLRR29 affected the root expansion. However, it has been shown that RgLRR29-OX could decrease the mortality levels of R.glutinosa seedlings compared to WT seedlings. These results suggested that RgLRR proteins may be key proteins in the interactions between root exudates and plant, and that the activity degree of RgLRRs determined the damage degree of replanted R. glutinosa. In addition, this study preliminarily indicated that activity of RgLRRs weakened with the proliferation of F. oxysporum induced by root exudates in replanted R.glutinosa.

In conclusion, this study confirmed that root exudates could induce F. oxysporum to colonize in the rhizosphere soils of R. glutinosa and promote the formation of replant disease. RgLRRs played important roles in the process of replant disease. Through the overexpression of key RgLRR, we found that the overexpressing R. glutinosa seedlings had enhanced resistance to the combined stresses of root exudates and F. oxysporum. Hence, this study preliminarily confirmed the interaction among plant immune key proteins, allelopathic substances, and F. oxysporum, thereby providing a key breakthrough for further revealing the mechanism of R. glutinosa replant disease. In addition, the acquisition and identification of an RgLRR protein has provided a key clue for preventing or reducing the harmful effects of replant disease.
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Supplementary Figure 1 | Phenotypic changes of root segments with transient overexpression and interference of different RgLRRs under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. OX, Overexpression; Ri, RNA interference; CK, Empty vector as control; DAT, Days after treatment; RE, the treatment of root exudates; FO, the treatment of F. oxysporum; RE+FO, the comprehensive treatment of root exudates and F. oxysporum; There were three replicates for each treatment.

Supplementary Figure 2 | Trypan blue staining analysis of root segments with transient overexpression and RNAi of nine RgLRRs under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. CK, Empty vector as control; RE, the treatment of root exudates; FO, the treatment of F. oxysporum; RE+FO, the comprehensive treatment of root exudates and F. oxysporum; Bar=5 mm, There were three replicates for each treatment.

Supplementary Figure 3 | Antioxygen enzyme activities and MDA content analysis of root segments with transient overexpression and RNAi of nine RgLRRs under the treatments of root exudates, F. oxysporum and comprehensive stress of root exudates and F. oxysporum. OX, Overexpression; Ri, RNA interference; CK, Empty vector as control.
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Angelica sinensis is a medicinal plant widely used to treat multiple diseases in Asia and Europe, which contains numerous active components with therapeutic value. The interaction between root and rhizosphere microorganisms is crucial for the growth and quality formation of medicinal plants. But the micro-plant-metabolite regulation patterns for A. sinensis remain largely undetermined. Here, we collected roots and rhizosphere soils from A. sinensis in seedling stage (M) and picking stage (G), respectively cultivated for one year and two years, generated metabolite for roots, microbiota data for rhizospheres, and conducted a comprehensive analysis. Changes in metabolic and microbial communities of A.sinensis over growth were distinct. The composition of rhizosphere microbes in G was dominated by proteobacteria, which had a strong correlation with the synthesis of organic acids, while in M was dominated by Actinobacteria, which had a strong correlation with the synthesis of phthalide and other organoheterocyclic compounds, flavonoids, amines, and fatty acid. Additionally, co-occurrence network analysis identified that Arthrobacter was found to be strongly correlated with the accumulation of senkyunolide A and n-butylidenephthalide. JGI 0001001.H03 was found to be strongly correlated with the accumulation of chlorogenic acid. Based on rhizosphere microorganisms, this study investigated the correlation between root metabolism and rhizosphere microbiota of A. sinensis at different growth stages in traditional geoherb region, which could provide references for exploring the quality formation mechanism of A. sinensis in the future.
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Introduction

Angelica sinensis (Oliv.) Diels (Umbelliferae family), known as Dang Gui (in Chinese), is a traditional medicinal and edible plant which was recommended as a first-line treatment for gynecological diseases and is widely used in Asia and Europe. A. sinensis is mainly used in treating female menstrual disorders and amenorrhea, as well as invigorating and replenishing blood, and lubricating the intestines (Hook, 2014; Wei et al., 2016). Numerous pharmacological effects of A. sinensis include enhanced immune function, anti-arrhythmic, heart protection, anti-atherosclerotic, and inhibited platelet aggregation and smooth muscle inflammation to prevent myocardial infraction events (Hu et al., 1991; Liu et al., 2001; Zhou et al., 2015; Yao et al., 2015). Diverse habitats and climates have shaped the qualities and efficacy of medicinal plants. In China, it is generally believed that Geo-authentic Chinese medicinal materials are selected by long-term clinical application which considered with satisfactory clinical efficacy and stable quality and produced in specific ecological environment. A Chinese group standard, Daodi Chinese Medicinal Material – MinDanggui, defines the geoherb region of A. sinensis explicitly. Standard states that the geoherb region of A. sinensis are Min County and its surrounding areas, such as Tanchang, Zhang, Weiyuan, Zhuoni, Lintan Counties in Gansu province, which are located in the eastern branch of Minshan Mountains in southern Gansu province and the transitional zone where loess Plateau in Longzhong and the Qinghai – Tibet Plateau meet (Huang, Guo, & Zhan, 2020). A. sinensis is a typical ecological dominant medicinal plant, and ecological environment is an essential factor affecting the quality of traditional Chinese medicine (TCM). Min County and its surrounding areas are located between 33°46′~35°07′ N, 103°14′~104°59′ E, the altitude ranges from 2040 m to 3747 m, with cool humid climate, moderate rainfall, rich brown soil and black soil, which are favorable to the growth of A. sinensis and are the main areas for the production of Angelica sinensis (Zhang et al., 2016). In 2014, the Radix Angelica sinensis planting system in Min County of China was selected as the second batch of China-NIAHS because of its unique cultivation conditions, traditional cultivation techniques, and processing techniques, as well as the indigenous microbial flora of Min County, which plays a vital role in shaping the quality of A. sinensis.

Secondary compounds in plants (PSCs) are crucial messengers in plant ecology through chemical interactions with plant hosts and the outside world. For example, they can attract herbivorous predators and pollinators to help spread seeds by releasing secondary metabolites. Plant chemical barriers are also formed to prevent invasion by pathogens and herbivorous predators. In turn, pathogen and predator pressures, microbes, and microclimates all influence the levels and types of secondary metabolites that plants synthesize and release (Ehlers et al., 2020). Studies have shown that phthalides, organic acids, and polysaccharides are the primary secondary metabolites in determining the biological activities and pharmacological properties of A. sinensis (Wei et al., 2016). The root microbial community could affect the growth and yield of A. sinensis. Studies have shown that Bacillus isolated from the rhizosphere can promote biomass accumulation and plant growth, and can increase the contents of butylidenephthalide (36 ~ 415%) of A. sinensis (Feng et al., 2020). Nonetheless, little is known about the mechanisms of the accumulation of A. sinensis metabolites and the microbial communities. Soil microbial diversity is closely related to ecosystem functions such as nutrient decomposition and recycling, and positively related to plant productivity in the earth’s microbiome (Delgado-Baquerizo et al., 2020). Plant rhizosphere is the most abundant part of microbial activity. Plants selectively assemble specialized functional rhizosphere microbiota from bulk soil for plant fitness. On the other hand, many rhizosphere microorganisms benefit plants by assisting with acquiring supplements from soil and suppressing pathogen invasion (Bulgarelli et al., 2013; Leach et al., 2017; Ling et al., 2022). The variety and composition of rhizosphere bacterial communities result from a combination of plant species and soil properties (Ling et al., 2022). However, these plant microbes are not constant; they vary with environmental stimuli, including abiotic stress and biotic factors. The microbiota structure is impacted by the physical and chemical aspects of the environment (Pang et al., 2021). It has been determined that the rhizosphere microbiota is a highly modular but unstable network system by the effects of plant hosts and other microbes. This characteristic reflects the interaction between microorganisms and their adaption to dynamic conditions (Ling et al., 2022). Studies have shown that root metabolism and microbiota are sensitive to and driven by changes in plant growth stages. Results showed a correlation between stable and dynamic root microbial taxa and root lipids during plant growth (Bourceret et al., 2022). Plants can influence their microbiome by secreting a variety of metabolites, which in turn can influence the metabolome of host plants (Pang et al., 2021). The chemical assemblage of microbial communities and the composition of root exudates vary in the stages of plant growth. The underlying mechanism may be related to the substrates preference of microorganisms (Zhalnina et al., 2018). On the other hand, the same plant growing in different habitats may affect the type and content of plant secondary metabolites, and these differences may be closely related to indigenous microbes (Köberl et al., 2013). A. sinensis is an herbaceous perennial plant. In cultivation, it has a three-year growth cycle. Traditionally, seedlings are fostered in uncultivated alpine meadows in the first year, transplanting the seedlings, harvesting the fleshy roots in the second year, and collecting the seeds in the third year (An et al., 2020). The cultivation pattern of transplanting determined that A. sinensis had to adapt to different habitats and corresponding microbial environments during its growth. Studies of specific ecosystems observed that alpha-diversity in rhizosphere of cultivated land continued to decline (-0.8% ~ -9.3%), while in grassland and forest ecosystems, there were no significant differences in Faith’s phylogenetic diversity and species richness between the rhizosphere and bulk soil (Ling et al., 2022). Therefore, the microbial environment in different habitats has different shaping effects on the quality of medicinal plants. Root length, soil pH, climate temperature, rainfall, root diameter, and plant weight are also considerable factors affecting the composition of A. sinensis rhizosphere microbial community (An et al., 2020).

Research on rhizosphere microbiome for sustainable ecosystem development has focused on identifying the core of plant microbiota and clarifying the functional mechanisms that regulating plant-microbiome interactions. (Busby et al., 2017; de Vries et al., 2020). Here, we collected 14 batches of annual seedlings from the traditional geoherb region of A. sinensis and planted them in the same experimental field in Min county, Gansu province. The same measures of cultivation and management were carried out during the planting period, and it was allowed to grow for 180 days before harvest. Seedlings and mature roots of A. sinensis were measured the root metabolites and medicinal components using UPLC-QTOF-MS/MS and performed 16S rRNA sequencing on rhizosphere samples. We generated metabolites profiles, medicinal components and microbial community composition for seedlings (M) and mature roots (G) of A. sinensis, profiled the differential metabolites and medicinal components of A. sinensis over growth, deciphered the compositional characteristics of microbes colonizing A. sinensis roots in different growth stage, and characterized the dynamic regulations between the accumulation of secondary metabolites and rhizosphere microbial community. We focused the following questions during the A. sinensis transplanting cultivation model: (1) Does the synthesis of secondary metabolites and the contents of principal bioactive constituents of A. sinensis change at seedling stage and picking stage? (2) The assembly of rhizosphere microbial community changes with the different growth stage. How does the rhizosphere microbial community of A. sinensis assemble over growth? (3) Are there any correlations between the accumulation of secondary metabolites and the change of rhizosphere microbial community?



Materials and methods


Sample collection

Collection of 14 batches of seedlings of annual A. sinensis in Min County, Tanchang County, Zhang County, Lintan County and Zhuoni County in Gansu Province, China. The seedlings were planted in Min County Medicinal Plants Growing Technology Extension Centre (34°22′30” N, 104°53′20” E; black soil, pH ≈ 8.0) with same measures of cultivation and management during the planting period, and it was cultivated to grow for 180 days then harvest. Three samples for each batch were randomly selected, each sample was comprised of 5 healthy plants, and 42 samples were taken for each growth stage. The seedlings and mature roots were both authenticated by Dr. Hui Yan. Carefully, uproot fresh plants and shake loose bulk soil that clings to the roots. Remove the rhizosphere soil which tightly attached to roots with a sterile brush. Fresh plants and soil samples were stored at -80 °C refrigerator for analyses.



Soil DNA extraction and sequencing

According to manufacturer’s approach, total DNA was extracted from per sample using the HiPure Soil DNA Kits (Magen, Guangzhou, China). The bacterial sequence was amplified with the primers 806R (5’-GGACTACHVGGGTATCTAAT-3’) and 341F (5’-CCTACGGGNGGCWGCAG-3’). PCR reactions were performed in triplicate in 50 μL mixture containing 3 μL of 25 mM MgSO4, 5 μL of 2 mM dNTPs, 5 μL of 10 × KOD Buffer, 1.5 μL of each primer (10 μM), 100 ng of template DNA, and 1μL of KOD Polymerase. The bacterial V3-V4 hypervariable region of 16S rRNA was amplified by PCR (94°C for 2 min, followed by 30 cycles at 98°C for 10 s, 62-66°C for 30 s, and 68°C for 30 s, and a final extension at 68°C for 5 min) using primers. Related PCR reagents were from TOYOBO, Japan. According to the manufacturer, the PCR amplicons were extracted from 2% agarose gels and purified using the AMPure XP Beads (Beckman Agencourt, USA), and quantified using ABI StepOnePlus Real-Time System (Life Technologies, Foster City, USA). Purified amplicons were pooled in equimolar and paried-end sequenced (PE250) on an Illumina platform in accordance with the standard protocols.



Bioinformation analysis

FASTP (Chen et al., 2018) (version 0.18.0) mainly used for the quality control of the raw reads which containing less than 50% of bases with quality (Q-value)>20 and more than 10% of unknown nucleotides (N). The splicing was done by FLASH (Magoc and Salzberg, 2011) (version 1.2.11). The clean tags were grouped into operational taxonomic units (ASVs) by UPARSE (Edgar, 2013) (version 9.2.64) according to the similarity ≥ 97%. The representative OUT sequences was analyzed by RDP classifier (Wang et al., 2007) (version 2.2) based on SILVA (Pruesse et al., 2007) database (version 132), were classified into organisms according to the confidence threshold of 0.8. Diversity indices of data were performed in QIIME (version 1.9.1) and R packages (version 2.5.3). Statistic analysis of Anosim test, Tukey’s HSD test, Welch’s t-test, Kruskal-Wallis H test, Wilcoxon rank test and Adonis was calculated in R project Vegan package (version 2.5.3).



Medicinal components and metabolite analysis

The ACQUITY™ UPLC system was used to perform the medicinal components of A. sinensis with an A Thermo Syncronis C18 (2.1 mm × 100 mm, 1.7 μm) column. The 0.1% formic acid in chromatographic (A) and acetonitrile (B) were used as mobile phase. The gradient elution were as follow: 0 ~ 2 min, 5% ~ 10% B; 2 ~ 10 min, 10% ~ 40% B; 10 ~ 13 min, 40% ~ 40% B; 13 ~ 19 min, 40% ~ 50.8% B; 19 ~ 23 min, 50.8% ~ 90% B; 23 ~ 24 min, 90% ~ 90% B; 24 ~ 24.5 min, 90% ~ 5% B; 24.5 ~ 26 min, 5% ~ 5% B The detection wavelength are 260 nm, 280 nm and 320 nm. The medicinal components (ferulic acid, chlorogenic acid, Z-ligustilide, senkyunolide A, senkyunolide H, senkyunolide I, n-butylphthalide, coniferyl ferulate) were measured by comparing with the calibration curves. The 8 reference compounds bought from National Institutes for Food and Drug Control (China), Shanghai Macklin Biochemical Co., Ltd (China) and Nanjing Jin Yibai Biological Technology Co., Ltd (China) respectively. The Waters ACQUITY™ Synapt Q-TOF mass spectrometer equipped with an electrospray ionization (ESI) source. ESI-MS spectra was generated in both positive (ESI+) and negative (ESI-) ion modes through scanning from 100-1000 Da. The flow rate was 0.4 mL·min-1, column temperature was kept at 35°C, with 2 μL injection volume. The optimized conditions include: capillary voltage 3 kV for both positive ion mode and negative ion mode; source temperature 120°C; desolvation gas temperature 350°C; desolvation gas flow 600 L/h; sample cone voltage 30 V; cone gas flow 50 L/h; extraction cone voltage 2.0 V; secondary collision energy 25 ~ 45 V. Quantitative mass spectrometric analysis was performed using Xevo Triple Quadrupole MS (Waters Corp., Milford, MA USA) equipped with electrospray. ESI-MS spectra were obtained by using MRM mode.



Statistical analyses

Using IBM SPSS Statistics 19 and R (4.2.0) to perform all statistical analyses. The mean and standard deviation were calculated by multiple comparison analysis and analysis of variance (ANOVA) for statistical tests. The univariate approach depends on t-tests (or their nonparametric alternatives). Spearman correlation coefficients were calculated using R v 4.2.0. RStudio v 2022.02.1 and SIMICA v14.1 were employed to perform PCA and OPLS-DA. Differences between groups were considered significant when p < 0.05. TBtools v 1.09876 (Chen et al., 2020) was employed to perform heatmaps and hierarchical clustering. Statistical analysis of rhizosphere microorganisms taxonomic differences between groups using STAMP v 2.1.3. Cytoscape v3.9.1 and MetScape v3.1.3 were employed to visualize the co-occurrence networks of microbiota and metabolome data. Results were built and optimized using OriginPro 2021.




Result


Bacterial alpha-diversity and beta-diversity

The depth of sequencing in this experiment has basically covered all the species in the sample, as shown in the Figure S1. As shown in Table 1, the indices representing alpha-diversity were estimated as community richness and evenness. The diversity indices were lower in G compared with M, however, no significant differences in bacterial richness or diversity between M and G, as indicated by Sobs, Shannon, Simpson, Chao1, Pielou, and Pd. There are significant differences in coverage of ASV with low abundance between M and G, as indicated by Goods coverage index. The ACE index was significantly lower in G compared with M, showing that the richness and evenness of community in M were significantly higher than in G. NMDS was utillzed to analyze the comparability of the assemblage of bacterial communities between group M and G at the ASV level (Figure 1). Group M was located in the left part of the graph, and the distribution of different samples was discrete. The group G was gathered at the right, and the distribution of different samples was centralized. The results showed a distinctive difference in bacterial community structures between group M and G.


Table 1 | Richness and alpha-diversity indices of the different ASVs between group M and G.






Figure 1 | Unweighted unifrac nonmetric multidimensional scaling of the bacterial community compositions in the soil between group M and G.





Taxonomic composition analysis

The species composition of rhizosphere microorganisms was analyzed at phylum and genus level. Figure 2A shows Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Planctomycetes, Verrucomicrobia, Gemmatimonadetes, Chloroflexi, Firmicutes, Patescibacteria are most abundant at the phylum level, representing about 96.6% of the microorganisms detected in the 84 soil samples. Compared with group M, the abundance of Proteobacteria, Gemmatimonadetes, Patescibacteria, and Firmicutes have significantly (p <0.05) increased while the abundance of Actinobacteria, Bacteroidetes, Verrucomicrobia has significantly (p <0.05) decreased in group G. Proteobacteria, Acidobacteria, Actinobacteria were the most three abundant in the rhizosphere of A. sinensis. The relative abundance of Actinobacteria declined, showed a negative response to plant growth. The relative abundance of Proteobacteria increased, showed a positive response to plant growth. The relative abundance of Acidobacteria showed no significant difference during the plant growth. This observation is consistent with many other successional studies: including Arabidopsis thaliana (Roller et al., 2016), wheat (Bulgarelli et al., 2015), rice (Lu et al., 2006), switchgrass (Mao et al., 2014), maize (Peiffer et al., 2013) and Avena barbata (Zhalnina et al., 2018). It is indicating that the reconstruction of rhizosphere microbial communities had a general rule in different plant species and soil types. Research showed (Zhalnina et al., 2018), rhizosphere microbes that respond positively to plant growth are predicted to have longer generation times based on codon-usage bias, which means that their genomes are characterized by slower growth rates. Since slower-growing organisms can have higher substrate utilization efficiency (Chaparro et al., 2013), growth efficiency may be preferred over growth rate in the rhizosphere. Top 10 phyla with significant differences between group M and G are shown in Figure 2B.




Figure 2 | Taxonomic composition and abundance distribution of bacteria at the phylum level between group M and G (A). The top 10 phyla with significant differences between group M and G (B).



At the genus level, the dominant genera were Pseudomonas, Sphingomonas, RB41, Flavobacterium, Pedobacter, Candidatus Udaeobacter, Stenotrophomonas, Acinetobacter, Gemmatimonas, Chthoniobacter. The hierarchical clustering of TOP 35 genera showed that there were significant differences in microbial community structure between group M and G as shown in Figure 3A. The dominant genera also showed significant differences. Compared with group M, the abundance of Acinetobacter, Gemmatimonas, and Sphingomonas has significantly (p <0.05) increased while the abundance of RB41, Pedobacter, Candidatus Udaeobacter, Chthoniobacter has significantly (p <0.05) decreased in group G as shown in Figure 3B.




Figure 3 | Heatmap of TOP 35 bacteria at the genus level between group M and G (A). The top 10 genus with significant differences between group M and G (B).





Variations in metabolites of Angelica sinensis between M and G

Untargeted metabolomics facilitates botanical metabolomics studies through efficient high-throughput screening techniques. At present, LC-MS/MS has been widely used for metabolomics studying (Tsugawa et al., 2021). In this study, UPLC-QTOF-MS/MS method was used to characterize metabolites in A. sinensis samples between M and G. Principal components analysis (PCA) (Figure 4A) and the OPLS-DA model (Figure S2) showed that the metabolic profiles varied significantly (p < 0.05) between groups, and the samples were clustered into two groups significantly. The hierarchical clustering heatmap (Figure 4B) showed the differences between group M and G, suggesting that the synthesis of secondary metabolites pattern at seedling stage and collection period of medicinal material are distinct. Further analysis (Table S1) combined with a hierarchical clustering heatmap (Figure 4B) revealed that group G had a higher level of organic acids, such as dicaffeoylquinic acid, chlorogenic acid, genipic acid, and ferulic acid. In addition, the contents of comuside, phenylethyl primeveroside and QUIZALOFOP-ETHYL, 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl and [12]-gingerdione in group G were higher than M, while the levels of phenylpropanoids, phthalide and other organoheterocyclic compounds, flavonoids, amines, and fatty acid were lower compared to group M. These results suggest that different growth stages of A. sinensis have different secondary metabolite synthesis patterns, which indicate that changes in the composition of the secondary metabolites over time may contribute to the observed successional patterns in the rhizosphere microbiota (Figure 1). Metabolites with the Variable Importance for Projection (VIP) value greater than 1 and the p-value less than 0.05, combined with s-plot (covariance greater than 0.05) were screened as markers that contributing to grouping. A total of 29 markers were identified. (Table 2) (Zhang et al., 2019).




Figure 4 | PCA scores for the comparison of metabolomic profiles between M and G (A). Hierarchical clustering heatmap of the differential metabolites of A. sinensis between group M and G (B). Covariation between differential abundant microbes and metabolites match against standards between group M and G (Spearman’s rank correlation) (n=3) (C).




Table 2 | Differential metabolites for discriminating A. sinensis samples between M and G.





Quality evaluation in medicinal components of Angelica sinensis between M and G

To further explain the cause of differences in metabolites of A. sinensis between group M and G, phthalides and organic acids were comprehensively analyzed. The result showed that the contents of medicinal components differed remarkably (p < 0.05) between groups. Specially, the level of coniferyl ferulate, senkyunolide A, and ligustilide of A. sinensis in group M were significantly (p < 0.01) higher than in group G (Figure 5). The level of chlorogenic acid in group G was significantly higher than in group M (p < 0.001).




Figure 5 | Comparison of the medicinal components of A. sinensis samples between group M and G. **P ≤ 0.01; ***P ≤0.001.





The characteristics of metabolites and rhizosphere microbial communities succession of Angelica sinensis over growth

The utilization of specific chemical components of exudates by microorganisms has potential metabolic differences, which may be crucial for bacterial success in the rhizosphere (Zhalnina et al., 2018). Thus, the chemical composition of plant secondary metabolites synthesis and plant exudates may represent key means of shaping the microbial composition of the rhizosphere. The hierarchical clustering heatmap showed that the differential metabolites were clustered into two groups (Figure 4C), and the distribution and type of differential metabolites are highly consistent with Figure 4B. The results showed that the rhizosphere microbial community have different assembly patterns between group M and G, and the rhizosphere microbial community had a key contribution to grouping and quality-related factors of A. sinensis. Combined Figures 4B, C, we found that Actinobacteria, Proteobacteria and Bacteroidetes were predominant in synthesizing secondary metabolites such as phenylpropanoids, phthalide, and other organoheterocyclic compounds, flavonoids, amines, and fatty acid in the seedling stage or early growth stage of A. sinensis. Proteobacteria, Acidobacteria and Firmicutes were predominant in the synthesis of organic acid in the drug-producing stage or later growth stage of A. sinensis. Aromatic organic acids, such as cinnamic acid, have been found to shape plant rhizosphere microbes and influence plant-microbe interactions (Sasse et al., 2018; Cotton et al., 2019). Therefore, the synthesis of medicinal components and differential secondary metabolites is closely related to the growth stage of A. sinensis. The synthesis and secretion of secondary metabolites also affect the assembly of the rhizosphere microbial community.



Correlation between the differential microbial community, differential secondary metabolites and medicinal components

In the case pf medicinal plants, specific microorganisms may be directly related to the biosynthesis of medicinal components of the host plant. For example, Lysobacter was identified strongly associated with gene CYP72A154, which was required glycyrrhizic acid biosynthesis of Glycyrrhiza uralensis Fish (Zhong et al., 2022). Therefore, to further elucidate the relation between differential microbial community, differential secondary metabolites and medicinal components, two interactive networks were constructed (Figures 6, 7). The significance test and correlation of differential microbial community, differential secondary metabolites and medicinal components were showed in Figures S3, S4.




Figure 6 | Co-occurrence network of the differential secondary metabolites and differential microbial taxa in rhizosphere of A. sinensis.






Figure 7 | Co-occurrence network of the medicinal components and differential microbial taxa in rhizosphere of A. sinensis.





Correlation between differential microbial community and differential secondary metabolites

There showed a complex correlation between differential microbial community and differential secondary metabolites (Figure 6). For differential secondary metabolites, the flavonoids mulberroside F showed the greatest correlation with the differential bacterial members (Figure 6), and the phenol 4-Tert-Amylphenol, the amines dehydrophytosphingosine, the organic acid genipic acid and pantothenic acid, the organoheterocyclic loliolide are also important nodes that correlate with the differential bacterial members. 4-Tert-Amylphenol, loliolide and mulberroside F were negatively correlated with JGI 0001001.H03, Candidatus Solibacter, Aquicella and Bryobacter, while genipic acid and comuside was positively correlated with Candidatus Solibacter and Bryobacter, genipic acid was positively correlated with Candidatus Solibacter (r > 0.7). Various rhizodeposits may differentially influence the composition of the rhizosphere microbiome composition (Pascale et al., 2020). Recently studies showed that selected secondary including flavonoid, coumarin, benzoxazinoid, phytohormones, and triterpenes affect the succession of rhizosphere microorganisms of host plants. (Pang et al., 2021). In this paper, we classified the differential secondary metabolites of A. sinensis according to its chemical structure, and made a further Venn comparative analysis on the primary, and secondary metabolites of carbohydrates and glycosides, organic acid, flavonoids, phthalides, and other organoheterocyclic compounds, phenol (Figures 8A, B). The results showed that carbohydrates and glycosides, organic acid, and phenol were positively correlated with Candidatus Koribacter (r > 0.7), carbohydrates and glycosides, organic acid were positively correlated with Candidatus Solibacter (r > 0.7), flavonoids, phenol, Phthalide, and other Organoheterocyclic compounds were positively correlated with Pedobacter and Bosea (r > 0.7), flavonoids and organic acid were positively correlated with Iamia (r > 0.7), flavonoids and phenol were positively correlated with Thermomonas (r > 0.7).




Figure 8 | Venn comparative analysis of main differential secondary metabolites of A. sinensis and differential microbes correlated positively (A). Venn comparative analysis of main differential secondary metabolites of A. sinensis and differential microbes correlated negatively (B). Venn comparative analysis of the correlation between differential medicinal components of A. sinensis and differential microbes (C).



Flavonoids, phenol, phthalide, and other organoheterocyclic compounds were negatively correlated with JGI 0001001.H03, Candidatus Solibacter, Aquicella (r > 0.7), carbohydrates and glycosides, organic acids were negatively correlated with Clostridium sensu stricto 12, flavonoids and organic acid were negatively correlated with Burkholderia.Caballeronia.Paraburkholderia (r > 0.7), flavonoids and phenol were negatively correlated with Ralstonia (r > 0.7). From the above results, we can see that flavonoids, phthalides, and other organoheterocyclic compounds have consistent correlation with specific bacterial communities; carbohydrates and Glycosides, and organic acids have consistent correlation with the other specific bacterial communities, which have opposite trend with the former. In short, flavonoids, organic acids, carbohydrates and glycosides, phthalide, and other organoheterocyclic compounds are strongly related to microbes, which may be the main driving factors of microbial community assembly in the rhizosphere of A. sinensis.



Correlation between the medicinal compounds and differential bacterial community

There showed a complex correlation between differential microbial community and medicinal components (Figure 7). Chlorogenic acid, senkyunolide A, and n-butylidenephthalide showed the greatest correlation with rhizosphere bacterial communities among 8 medicinal components. Chlorogenic acid was positively correlated with Rhodobacter, JGI 0001001.H03 (r > 0.7), while negatively correlated with Aridibacter, Arthrobacter, Cellulomonas, Luteolibacter (r > 0.7). Senkyunolide A was positively Kineosporia, Arthrobacter, Devosia, Sphingorhabdus, and Brevundimonas (r > 0.7). n-butylidenephthalide was positively with Arthrobacter, while negatively correlated with Alkanindiges, JGI 0001001.H03, Chthonomonas (r > 0.7). Interestingly, the Venn comparative analysis showed that Arthrobacter was positively correlated with senkyunolide A and n-butylidenephthalide, while negatively correlated with chlorogenic acid (r > 0.7) (Figure 8C). And JGI 0001001.H03 was positively correlated with chlorogenic acid, while negatively correlated with n-butylidenephthalide (r > 0.7) (Figure 8C). In the previous analysis, the level of chlorogenic acid in group G was significantly higher than in group M (p < 0.001), while the level of senkyunolide A was significantly lower than in group M (p < 0.001). And the content of n-butylidenephthalide in group M was also higher than in group G. Therefore, Arthrobacter and JGI 0001001.H03 may be the key microorganism related to the quality of A. sinensis. Arthrobacter is known for its nutritionally versatile nature and wade prevalence in stressful environments, with efficient survivability under high attitude stress conditions (Mukhia et al., 2021). And the strains of Arthrobacter also have the ability to degrade Dibutyl phthalate (DBP), dimethyl phthalate (DMP), 4-chlorophenol efficiently (Kim et al., 2008; Wang et al., 2019; Liu et al., 2020). Therefore, we speculate that Arthrobacter may be able to provide energy to A. sinensis decomposing harmful substances in high altitude and cold environment, and promote the synthesis of medicinal components such as n-butylidenephthalide and senkyunolide A in the early growth of A. sinensis.




Discussion

The primary active components of A. sinensis include phthalides, organic acids and polysaccharides (Wei et al., 2016). Research on the production of medicinal bioactive components from rhizosphere microbiome and metabolomic perspective for medicinal plants is still lacking. Since phthalides and organic acids are the marker components for assessing the quality of A. sinensis, studying how to stimulate the accumulation of these two main bioactive components has become a key technical point for improving the quality of A. sinensis. The accumulation of secondary metabolite and the rhizosphere microbes are essential for improved active constituents of A. sinensis. Here, we measured root metabolites, contents of medicinal components, and sequenced the rhizosphere microbes for A. sinensis under seedling stage and picking stage. We exploited quality-related mechanisms of authentic Angelica sinensis using a combination of metabolites content and microbial community to identify regulation of microbes and secondary metabolites synthesis mechanisms.

Extensive studies have proved the soil microenvironment influenced the growth and level/type of active components in A. sinensis (Zhu et al., 2021). In this study, we found that the developmental stage is also an important factor affecting the accumulation of medicinal components of A. sinensis. Compared with seedling stage of A. sinensis, the level of chlorogenic acid in picking stage was significantly increased, while the level of coniferyl ferulate, senkyunolide A and ligustilide were significantly decreased in picking stage (Figure 5). It has been shown that the accumulation of secondary metabolites of A. sinensis is tightly connected to the growth periods. The four chemical markers of A. sinensis are Z-ligustilide, Z-butylidenephalide, butylphthalide, linoleic acid, which were remarkable differences in their contents during growth, and concentrations of these markers were relatively higher in September and October (Qian et al., 2013). Through further analysis of metabolomics of A. sinensis root, we found that secondary metabolites had significant differences between different growth stages (seedling stage and picking stage) of A. sinensis. Organic acid, such as dicaffeoylquinic acid, chlorogenic acid, genipic acid, and ferulic acid, were mostly synthesized at the picking stage. While the levels of phenylpropanoids, phthalide, and other organoheterocyclic compounds, flavonoids, amines, and fatty acids were lower compared to seedling stage, indicating that different growth stages of A. sinensis have different secondary metabolite synthesis patterns. Root exudates are a mix of a wide variety of compounds, including primary and secondary metabolites. Primary metabolites, including carbohydrates, amino acids, and organic acids, are secreted in larger quantities than secondary metabolites, such as flavonoids, glucosinolates, auxins.etc. Among them, the differential metabolites of group M and G, such as ferulic acid, vanillic acid, pathothenic and glucosides can be secreted to the rhizosphere (Badri et al., 2009; Vives-Peris et al., 2020). The composition of root exudates is not constant, its composition varies with developmental stage, environmental conditions, plant species, soil type, nutrition, and root traits, and among other factors. (Jones, 1998; Aulakh et al., 2001; Badri and Vivanco, 2009; Iannucci et al., 2013). In maize, several studies have shown that benzoxazinoids (BXs) are synthesized and secreted in plant early stage that display allelopathic activities and insecticidal action, and affect root -related microbiota by inhibiting plant pathogens and colonization by specific microbial taxa (Hu et al., 2018; Kudjordjie et al., 2019). Released compounds have been shown to influence the assembly of rhizosphere microbiota, thus improving the ability of plants to adapt to their environments (Bulgarelli et al., 2013).

Correlation between differential secondary metabolites and differential microbes were linked to the quality of A. sinensis, as well as environmental factors. Our study revealed a regulatory microbe-metabolite network for the correlation of microorganisms and differential metabolites at the molecular level, showed that the composition of rhizosphere microbes in picking stage were dominated by proteobacteria, which had a strong correlation with the synthesis of organic acids. The composition of rhizosphere microbes in seedling stage were dominated by Actinobacteria, which had a strong correlation with the synthesis of phthalide and other organoheterocyclic compounds, flavonoids, amines, and fatty acid. On the one hand, the succession of rhizosphere microbial communities based on different growth stages is related to bacteria generation time, as slower-growing microorganisms have higher rhizodeposits utilization efficiency (Roller et al., 2016). On the other hand, the growth and succession of bacteria in the rhizosphere is not only determined by the root exudates, but also can be predicted by the substrate preferences of rhizosphere bacteria. This study provides direct evidence that specific rhizosphere exudates manipulate rhizosphere microbial community assembly. In the rhizosphere, substrate preferences may provide a selection advantage (Zhalnina et al., 2018). Proteobacteria contained significantly more organic acid transporter genes than Actinobacteria, suggesting that positive and negative bacteria respond to plant growth differed in their predicted metabolic potential to utilize organic acids (Zhalnina et al., 2018). These factors interact and affect the assembly patterns of the rhizosphere microbial community of A. sinensis at different growth stages. Therefore, we speculate that the stage-specific microbes may be associated with the particular root exudates that drive the microbes to respond quickly (Zhang et al., 2017).



Conclusion

In this study, we have explored quality-related mechanisms of authentic A. sinensis at the metabolite and microbiota levels based on samples, and first identified the differences of A. sinensis under different growth status at the medicinal components and metabolite levels: we have confirmed that A. sinensis at the picking stage accumulated significantly more chlorogenic acid than seedling stage, while the contents of coniferyl ferulate, senkyunolide A and ligustilide were significantly decreased. The synthesis of differential secondary metabolites at different growth stages also showed a similar trend: organic acids were mainly synthesized at the picking stage, while phenylpropanoids, phthalide, and other organoheterocyclic compounds, flavonoids, amines, fatty acids were mainly synthesized at the seedling stage. The differences in the biosynthesis of different types of secondary metabolites over growth are also related to the changes of composition of microorganisms in the rhizosphere of A. sinensis. Our study showed that the composition of rhizosphere microbes in picking stage were dominated by proteobacteria, which had a strong correlation with the synthesis of organic acids. The composition of rhizosphere microbes in seedling stage were dominated by Actinobacteria, which had a strong correlation with the synthesis of phthalide and other organoheterocyclic compounds, flavonoids, amines, and fatty acid. Secondly, in view of the co-occurrence network analysis, we have comprehension of the integrated microbe-medicinal associations. This finding was exemplified by rhizosphere microbes Arthrobacter and JGI 0001001.H03, which were thought to be the key microorganisms related to the quality of A. sinensis. Arthrobacter was found to be strongly associated with the accumulation of senkyunolide A and n-butylidenephthalide, JGI 0001001.H03 was found to be strongly associated with the accumulation of chlorogenic acid. Microbe-differential secondary metabolites indicated that flavonoids, organic acids, carbohydrates and glycosides, phthalide, and other organoheterocyclic compounds were closely and strongly related to differential rhizosphere microbes, which may be the main driving factors affecting the assemble of microbial community in rhizosphere of A. sinensis. Collectively, These findings provide such a basis for further exploration into the relationship between rhizosphere microorganisms and the medicinal bioactive markers over growth, are also helpful in guiding future cultivation of A. sinensis.
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Introduction

Several microorganisms in the plant root system, especially in the rhizosphere, have their own compositions and functions. Corm rot is the most severe disease of Crocus sativus, leading to more than 50% mortality in field production.



Methods

In this study, metagenomic sequencing was used to analyze microbial composition and function in the rhizosphere of C. sativus for possible microbial antagonists against pathogenic Fusarium oxysporum.



Results

The microbial diversity and composition were different in the C. sativus rhizosphere from different habitats. The diversity index (Simpson index) was significantly lower in the C. sativus rhizospheric soil from Chongming (Rs_CM) and degenerative C. sativus rhizospheric soil from Chongming (RsD_CM) than in others. Linear discriminant analysis effect size results showed that differences among habitats were mainly at the order (Burkholderiales, Micrococcales, and Hypocreales) and genus (Oidiodendron and Marssonina) levels. Correlation analysis of the relative lesion area of corm rot showed that Asanoa was the most negatively correlated bacterial genus (ρ = −0.7934, p< 0.001), whereas Moniliophthora was the most negatively correlated fungal genus (ρ = −0.7047, p< 0.001). The relative lesion area result showed that C. sativus from Qiaocheng had the highest resistance, followed by Xiuzhou and Jiande. C. sativus groups with high disease resistance had abundant pathogen resistance genes, such as chitinase and β-1,3-glucanase genes, from rhizosphere microorganisms. Further, 13 bacteria and 19 fungi were isolated from C. sativus rhizosphere soils, and antagonistic activity against pathogenic F. oxysporum was observed on potato dextrose agar medium. In vivo corm experiments confirmed that Trichoderma yunnanense SR38, Talaromyces sp. SR55, Burkholderia gladioli SR379, and Enterobacter sp. SR343 displayed biocontrol activity against corm rot disease, with biocontrol efficiency of 20.26%, 31.37%, 39.22%, and 14.38%, respectively.



Discussion

This study uncovers the differences in the microbial community of rhizosphere soil of C. sativus with different corm rot disease resistance and reveals the role of four rhizospheric microorganisms in providing the host C. sativus with resistance against corm rot. The obtained biocontrol microorganisms can also be used for application research and field management.
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1
Introduction

The rhizosphere is a narrow soil zone affected by root secretions (Zhalnina et al., 2018). The soil microbial community is the largest biological resource pool known thus far (Torsvik et al., 2002), with its microbial species adding up to tens of thousands (Mahoney et al., 2017). Plants are closely related to microorganisms in rhizosphere soil. Rhizosphere microorganisms are essential in determining plant health, which may be related to microbial community structure and core microbial composition (Hou et al., 2021). Host plants may induce health beneficial microbes by the regulation of plant and microbiome signaling pathways (Gao et al., 2021), and this result is caused by their coevolution (Li et al., 2021b). Plant disease development may be affected by environmental factors, including commensal microbes, which either inhabit plant niches or live in soil (Kwak et al., 2018). Many beneficial microorganisms possess plant disease control activity in the rhizosphere; thus, revealing the secrets of microbial structure of the rhizosphere can help control plant diseases. For example, Hawaii 7996, a tomato variety resistant to the soil-borne pathogen Ralstonia solanacearum, possessed more abundant Flavobacteriia, Flavobacteriaceae, Sphingomonadaceae, and Pseudomonadaceae bacteria in the rhizosphere than the susceptible variety Moneymaker. Further, transplantation of rhizosphere microbiota from the resistant variety Hawaii 7996 could help the susceptible variety Moneymaker resist wilt, and the key strains may be the cause of the change and play an important role in disease resistance (Kwak et al., 2018). These results suggested that a good microbial composition can prevent pathogens from showing pathogenicity (Gordon, 2017; Zhou et al., 2019; Hu et al., 2020).

Crocus sativus L. (saffron) is a medicinal plant, whose stigma is used as valuable traditional Chinese medicine. The three main active components of C. sativus are crocin, picrocrocin, and safranal (Khorasanchi et al., 2018), which have an antidepressant effect (Dai et al., 2020) and antisenile dementia effect (Wang et al., 2019). However, C. sativus suffers from serious diseases in field production. The most severe disease of C. sativus is corm rot, leading to more than 50% mortality (Di Primo et al., 2002). Corm rot can be caused by various pathogens, but Fusarium oxysporum infection is the main cause (Hu et al., 2021). Various methods to manage plant rot diseases include chemical pesticide application, soil improvement technology, breeding of resistant varieties, and field rotation (Eshel et al., 2000; Shang et al., 2021; Dong et al., 2022; Wohor et al., 2022), but these methods are cumbersome with low efficiency and may cause severe environmental pollution. The interest in controlling plant diseases by beneficial microbes has recently increased because of the global need for environmentally friendly alternatives to chemical pesticides and fertilizers (Niu et al., 2020). Various microorganisms, such as phyllosphere microorganisms, endophytes, and rhizosphere microorganisms, can be used as biocontrol agents to prevent plant diseases (Vurukonda et al., 2018; Legein et al., 2020; Wang et al., 2021). Among these, biocontrol agents from rhizosphere microorganisms are the most common (Gu et al., 2020; Jiao et al., 2021). For example, rhizosphere bacteria Pseudomonas chlororaphis, P. extremaustralis, and Acinetobacter lwoffii A07 could alleviate damping-off disease caused by Rhizoctonia solani on Pinus sylvestris var. mongolica (Song et al., 2022).

Metagenomics is effective in revealing the microbiota related to pathogen infection and offers clues for the source of resistance against pathogens in plants (Mendes et al., 2011). Using metagenomic analysis, a previous study determined the diversity and abundance of bacteria and fungi in sour rot-affected table grapes, and confirmed that four of the isolated bacterial strains (two Cronobacter species, Serratia marcescens, and Lysinibacillus fusiformis) and five of the isolated fungal strains (three Aspergillus species, Alternaria tenuissima, and F. proliferatum) spoiled grapes (Gao et al., 2020). Many reports have analyzed the disease resistance of rhizosphere microorganisms to pathogens by co-culturing them with host plants. In a field experiment, inoculation with two antagonistic bacteria (Pseudomonas and Bacillus) in rhizospheric soil of tomato could stimulate its defense against R. solani (Kwak et al., 2018). Two rhizobacterial isolates Bacillus subtilis K4-4 and GH3-8 could completely suppress citrus dry root rot disease caused by Neocosmospora solani in greenhouse trials (Ezrari et al., 2021). The relationship between C. sativus rhizosphere microorganisms and phenology has been revealed by high-throughput sequencing (Ambardar et al., 2016); however, the relationship between the rhizosphere microbiome and disease resistance is unclear.

In this study, metagenomic tools were used to analyze the microbial composition in rhizosphere soil of C. sativus and predict gene function. Microorganisms related to the rot disease resistance of C. sativus were evaluated. We aimed to explore the relationship between the rhizosphere microbiome and host plant C. sativus, as well as the potential biocontrol fungal and bacterial strains against pathogenic F. oxysporum. These antagonistic microbes can be candidates for developing a microbial formulation for the biocontrol of corm rot disease of C. sativus.


2
Materials and methods

2.1
Sample collection and processing

C. sativus corm and its rhizosphere soil were collected from five distinct sites in China: Jiande, Zhejiang Province (29°32′34″N, 119°36′51″E), Xiuzhou, Zhejiang Province (30°39′41″N, 120°42′58″E), Chongming, Shanghai Municipality (31°39′59″N, 121°28′30″E), Chengcheng, Shaanxi Province (35°13′40″N, 109°57′5″E), and Qiaocheng, Anhui Province (33°37′33″N, 115°39′33″E). C. sativus corm was used for the disease resistance test, and rhizosphere soil was used for metagenomic analysis and microorganism isolation. The names and abbreviations of the groups are listed in Table S1. The loose soil around C. sativus corms was shaken off, and attached soil was brushed off gently and stored in an ice box. Plant tissue and gravel in rhizosphere soil were removed, and only rhizosphere soil was collected (Zhang et al., 2017).

Loose soil was air-dried, crushed, and passed through a screen mesh to assess chemical properties. Soil pH was determined with a digital pH meter (PHS-3E; Shanghai INESA & Scientific Instrument Co., Ltd., China) in a suspension of 1:2.5 soil/water ratio (w/v). Available nitrogen (AN) was determined by the alkaline hydrolysis diffusion method. Acidic available phosphorus (AP) and non-acid AP were extracted by NH4F–HCl solution (pH< 6.5) and NaHCO3 solution (pH ≥ 6.5), respectively, and the extracted AP was determined by the Mo-Sb anti-spectrophotometric method (Saudner, 1956). Available potassium (AK) was extracted by NH4OAc solution and determined by a flame photometer (F-500; Shanghai Metash Instruments Co., Ltd., China) (Shu et al., 2017). Soil organic matter (OM) was determined by the potassium dichromate oxidation method (Walkley and Black, 1934). Chromium (Cr) was determined by inductively coupled plasma mass spectrometry (X-2; Thermo Fisher Scientific, USA) after the soil samples were digested with HF–HNO3–H2O2.


2.2
Sequencing and metagenomic analysis

2.2.1
Metagenomic sequencing and gene prediction

To reveal the C. sativus rhizospheric microbial structure, a high-throughput metagenomic sequencing approach was used. The rhizosphere soil in the previous step was used for DNA extraction and metagenomic sequencing. Metagenomic shotgun sequencing libraries were prepared and sequenced by Majorbio (Shanghai Majorbio Bio-pharm Technology Co., Ltd.) using the HiSeq 2000 platform. After quality control, the low-quality (<20 average quality) and N-containing reads were removed from the initial sequence data obtained from the metagenomic sequencing of C. sativus rhizosphere soil, and the high-quality sequences required for subsequent analysis were obtained. MEGAHIT was used for splicing, and the obtained contigs were predicted by open reading frame (ORF). MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/) was used for ORF prediction (Hideki et al., 2006). Genes with nucleic acid lengths ≥100 bp were selected and translated into amino acid sequences. Redundancy was removed with CD-HIT (http://www.bioinformatics.org/cd-hit/) using bacterial and fungal redundant coding sequence catalogs. Sequences with ≥95% identity and 90% coverage were considered redundant (Fu et al., 2012).


2.2.2
Species and functional analyses

Taxonomy information was matched against non-redundant (NR) protein databases (including Swiss-Prot, Protein Information Resource, Protein Research Foundation, Protein Data Bank, and the protein data translated from CDS data of GenBank and RefSeq) by DIAMOND (https://github.com/bbuchfink/diamond) (Buchfink et al., 2015; Buchfink et al., 2021) with E-value<1 × 10−5. Carbohydrate-active enzyme information was matched against the Carbohydrate-Active enZYme (CAZy) database (http://www.cazy.org/) by hmmscan (HMMER 3.0) with E-value<1 × 10−5 (Lombard et al., 2014). Gene function information was matched against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/) by DIAMOND with E-value<1 × 10−5 (Ogata et al., 1999).


2.2.3
Statistical analysis

Alpha diversity, such as Simpson and Chao1 indices, was calculated by the number of reads of species using Quantitative Insights into Microbial Ecology 2 (QIIME2). The number of reads of species was also used for principal component analysis (PCA) based on the Euclidean distance by QIIME2. Adonis analysis was performed based on the Bray–Curtis distance and a significance test with 999 Monte Carlo test permutations in QIIME2 (Anderson, 2001). Also, linear discriminant analysis (LDA) effect size (LEfSe) was calculated by Kruskal–Wallis sum-rank test and LDA using LEfSe (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload) (Segata et al., 2011). Redundancy analysis (RDA) was performed by vegan in R (programming language), and the significance of RDA was judged by permutest analysis.



2.3
Isolation and identification of rhizosphere microorganisms

The pure-culture method was used to isolate microorganisms from rhizosphere soil (Jogaiah et al., 2013; Ezrari et al., 2021). The rhizosphere soil collected in Section 2.1 was used to isolate rhizosphere microorganisms. Serial dilutions were prepared up to 10−5 mg/mL using sterile water. Exactly 100 μL of each diluted sample was spread onto plates with nutrient agar (NA) medium (15 g peptone, 5 g NaCl, 3 g beef extract, 15 g agar, 1 L distilled water, and pH 7.2 ± 0.2) and potato dextrose agar (PDA) medium (200 g potato, 20 g glucose, 15 g agar, and 1 L distilled water). Plates with NA were incubated in the incubator (LMI-100; Shanghai Longyue Instrument Equipment Co., Ltd., China) at 28°C in the dark for 2 days, whereas plates with PDA were cultured at 26°C in the dark for 7 days. Bacterial colonies were transferred to fresh NA plates and purified by the streak plate method, whereas fungi were purified by constantly choosing hyphae and placing them on fresh PDA plates with an inoculating needle.

Identification of the purified isolates was achieved using 16S rRNA or ITS gene sequence analysis. First, total genomic DNA was extracted from bacteria or fungi using the TIANamp Bacteria DNA Kit (Tiangen, China) and DNAiso Reagent (TaKaRa Bio, China), respectively. Fungal ITS genes were amplified by polymerase chain reaction (PCR) with the primer pair ITS5 and ITS4, whereas bacterial 16S rRNA genes were amplified by PCR with the primer pair 27F and 1492R (Liu et al., 2019). PCR was performed in a 50 μL reaction mixture containing 2 μL of DNA, 1 μL forward primer (10 mM), 1 μL reverse primer (10 mM), 25 µL 2×Taq Mix (+Dye) (Monad Biotech, China), and 21 μL sterile PCR-grade water. The amplification procedure included an initial denaturation at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final elongation step of 72°C for 10 min (Yang et al., 2020). The PCR amplified products were analyzed by agarose gel electrophoresis and sequenced at Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China). Bacteria and fungi were identified based on similarities to 16S rRNA and ITS sequences, respectively. The sequences of the isolates were searched against the NCBI database (https://www.ncbi.nlm.nih.gov/nuccore) and have been deposited in GenBank under the accession numbers listed in Table S2.


2.4
Disease resistance test of C. sativus corm

Disease resistance was evaluated by a C. sativus corm rot model. The corm rot disease model was constructed by injecting C. sativus with the corm rot pathogen (F. oxysporum CS60) spore solution. F. oxysporum CS60 was isolated from a typical rot C. sativus corm and identified based on the ITS rRNA gene sequence according to the methods in Section 2.3 (Figure S1). To satisfy Koch’s postulates, the causal fungus was reisolated from the lesions of inoculated C. sativus corm, with morphological and cultural characteristics, as well as ITS rRNA gene sequence identical to the original isolate (Ben et al., 2021). The spore solution was prepared as follows: three PDA disks containing 7-day-old F. oxysporum were inoculated into 30 mL sterilized potato dextrose broth (PDB), and the PDA disks were obtained by beating the edge of the colony with a cork borer (sterilized, 6 mm diameter). After culture in the shaker (MC-100B; Shanghai Muce Instrument Technology Co., Ltd., China) at 28°C and 180 rpm in the dark for 7 days, the spore suspension was obtained by filtering, and the spore concentration was adjusted to 106/mL. C. sativus corms were injected with spore solution by a micro syringe, 30 μL each time, three injections with an interval of three days, and cultured in a greenhouse at 28 ± 2°C. C. sativus corm samples were tested for rot disease resistance by the relative lesion area (RLA) in the corm rot model. The corm area and lesion area were measured using AutoCAD 2019 software.

	


2.5
In vitro inhibition of F. oxysporum

Strains that could improve the corm rot resistance of C. sativus were screened. Based on microorganisms isolated from Section 2.3, the predicted active bacteria and fungi were evaluated for their antagonistic activity against F. oxysporum. The antagonism experiment was performed with PDA disks and filter paper (circle, 6 mm diameter). PDA disks containing 7-day-old F. oxysporum were placed at the center of PDA plates. Isolates with possible antagonism were placed 2.5 cm away from the center (three replicates per isolate). Specifically, 6 mm diameter PDA disks containing fungal threads were used in fungal antagonism, and filter papers containing 5 μL bacterial culture solution were used in bacterial antagonism. A week later, the diameter of the inhibition zone or inhibition rate was assessed (Liu et al., 2012).


2.6
In vivo evaluation of antagonistic microbes

For in vivo biocontrol evaluation of antagonistic microbes (Trichoderma yunnanense SR38, Talaromyces sp. SR55, Burkholderia gladioli SR379, and Enterobacter sp. SR343), antagonistic solutions were used. The antagonistic fungal solution was prepared as described in Section 2.4, whereas the antagonistic bacterial solution was prepared as follows. The bacterial colonies were scraped and placed in a flask containing 30 mL nutrient broth (NB). After culturing in the shaker at 28°C and 180 rpm in the dark for 2 days, the culture solution was filtered using a gauze and diluted to OD600 = 0.8 to obtain the antagonistic bacterial solution (Zu et al., 2022).

About 20 g healthy corms were selected for the experiment, and the antagonistic solutions were injected three times, 30 μL each time, with an interval of three days (day 0, 3, and 6). Pathogen spore solution was then injected three times, 30 μL each time, with an interval of three days (day 3, 6, and 9), and cultured in a greenhouse at 28 ± 2°C to investigate the incidence rate of corm rot. The blank group was injected with PDB or NB, and the positive control group was injected with carbendazim, 12 corms per group, repeated three times (Li et al., 2019).

Disease resistance was evaluated by the disease index, which was calculated as follows (Tian et al., 2021a):

	

Level 0: no disease, Level 1: RLA ≤ 20%, Level 2: 20%< RLA ≤ 40%, Level 3: 40%< RLA ≤ 60%, Level 4: 60%< RLA ≤ 80%, Level 5: 80%< RLA ≤ 100%.



3
Results

3.1
Microbial species composition and differential analysis

Soil DNA was sheared into 500 bp fragments, amplified, and sequenced to obtain an average of 93 729 748 raw reads. To build a high-quality sequencing library, an average of 91 247 300 clean reads were obtained from raw reads by quality control, and the percentage in raw reads (%) was 97.35%. The high-quality sequences were then assembled into contigs (average 890 335). Finally, ORFs were taken for analysis after ORF prediction (Table S1).

Among these, the analyzed NR gene set was constructed by the sequences related to bacteria and fungi, and the gene sequence numbers were 9 033 718 and 128 495, respectively. The annotation results with the NR database showed that the genes in the gene set belonged to 91 phyla, 170 classes, 335 orders, 658 families, 2 268 genera, and 13 789 species. To evaluate the abundance and diversity of microbial communities, the diversity index (Simpson index) and richness index (Chao1 index) were calculated based on species (Figures 1A, B). The Simpson index was significantly lower in Rs_CM and RsD_CM than in others. Rs_XZ had a significantly lower Chao1 index among all the groups. Although rhizosphere microbial diversity was often related to host conditions, specific microbes in the microbiome could play key roles.




Figure 1 | Rhizosphere microorganism composition of Crocus sativus from different origins. Boxplot of alpha-diversity indices: (A) Shannon index; (B) Chao1 index (group significance is indicated by letters; non-identical letters indicate p< 0.05). (C) Relative abundances of bacterial genera in samples. (D) Relative abundances of fungal genera in samples. (E) Cladogram generated from LEfSe analysis showing the most differentially abundant bacterial taxa enriched in rhizosphere with LDA scores (LDA score > 4 are shown). (F) Cladogram generated from LEfSe analysis showing the most differentially abundant fungal taxa enriched in rhizosphere with LDA scores (LDA score > 4 are shown).



The microbial species composition was also analyzed. Bacterial composition could be divided into two categories, with either (Microbacterium + Nocardioides) or (Burkholderia + Sphingomonas) as the most dominant genus. Rs_JD had the highest abundance of Sphingomonas (5.83%), and Rs_CC had the highest abundance of Microbacterium (11.14%). In addition, a higher abundance of Mycobacterium was found in Rs_XZ, reaching 8.11%, which was 2.06 times that of RsD_CC (Figure 1C). Fungal samples could be divided into two categories, with the most dominant genus as either Oidiodendron or Marssonina. The abundance of Oidiodendron in Rs_JD was the highest and even up to 55.35%, which was 13.98 times higher than RsD_CC. The abundance of Talaromyces and Pseudogymnoascus in Rs_QC was unusual and up to 3.52% and 7.76%, which were 2.83 and 1.30 times as large as in RsD_CC, respectively (Figure 1D).

Dissimilarity among samples was explored using PCA, and the compositions of the groups were distinct from each other (Figure S2, PC1 = 59.23%, PC2 = 19.11%), which was similar to the Adonis analysis (sample variation 0.9785, p = 0.001). The different taxon units were confirmed by LEfSe analysis, and Burkholderiales was enriched in RsD_JD, whereas Micrococcales was enriched in Rs_CC at the order level, and Proteobacteria with the highest LDA (5.17) was enriched in Rs_JD at the phylum level (LDA > 4, Figure 1E). For fungi, LefSe results revealed that Marssonina was enriched in Rs_QC, whereas Ascomycota was enriched in Rs_CC. Moreover, Helotiales, Oidiodendron, and Myxotrichaceae were the groups with top three LDA. Oidiodendron and Myxotrichaceae were enriched in Rs_JD, whereas Helotiales was enriched in Rs_QC (LDA > 4, Figure 1F).


3.2
Correlations among taxonomic levels, soil physicochemical properties, and disease resistance

To evaluate the resistance of different C. sativus corms to F. oxysporum, samples of eight groups from five regions were tested. RLA denoted the incidence rate of corm rot in C. sativus. The RLA result showed that RsD_CC had the highest incidence rate (RLA = 67.17 ± 5.02%), followed by RsD_CM (48.17 ± 2.06%), Rs_CC (40.20 ± 3.37%), RsD_JD (35.66 ± 3.12%), Rs_CM (34.32 ± 3.84%), Rs_JD (25.50 ± 0.66%), Rs_XZ (25.35 ± 6.12%), and Rs_QC (22.29 ± 3.87%), indicating that Rs_QC had the highest resistance (Table S3, Figure S3). There was a close relationship between taxonomic levels and disease resistance. Specifically, the top 10 genera in abundance were revealed by RDA (Figure 2). RLA significantly affected the bacterial community (r2 = 0.32, permutest p< 0.05), which was negatively correlated with the abundance of Burkholderia and positively correlated with the abundance of Agromyces.




Figure 2 | Redundancy analysis of rhizospheric genera corresponding to soil and corm properties. The 10 best-fitting genera are shown.



The determined soil chemical properties (Table S4) were used for RDA, and a significant correlation was found between soil chemical properties (pH, AN, AP, AK, OM, and Cr) and taxonomic levels (Figure 2). pH was the closest environmental factor related to microbial communities (r2 = 0.94, permutest p< 0.001), followed by Cr (r2 = 0.67, permutest p< 0.001) and AN (r2 = 0.62, permutest p< 0.001) (Table S5), and it was most positively correlated with the abundance of Microbacterium (Figure 2). The abundance of Burkholderia, Caballeronia, Mycobacterium, Sphingomonas, and Rhizobium was positively correlated with Cr and AN. In addition, pH had the closest correlation with RLA, showing a positive correlation, whereas the strongest negative correlation was with AK, according to the angle between the vectors of representative factors.

To clarify a deeper relationship between RLA and taxa, Spearman’s correlation analysis was performed. A total of 2 269 genera were used in the analysis, including 586 genera with significant correlation in which 384 genera were positively correlated and 202 genera were negatively correlated (Table S6). Moreover, the top 50 close genera with both positive and negative correlations are shown in Figure 3. Among the genera with positive correlation, Bacteriovorax had the greatest correlation (ρ = 0.8906, p< 0.001), followed by Lewinella (ρ = 0.8881, p< 0.001), Mariniradius (ρ = 0.8872, p< 0.001), and Terrimonas (ρ = 0.8669, p< 0.001). Among the genera with negative correlation, the bacterial genus Asanoa had the closest correlation (ρ = −0.7934, p< 0.001), whereas the closest fungal genus was Moniliophthora (ρ = −0.7047, p< 0.001). In addition, genera negatively correlated with RLA included many microbes of disease resistance, such as Massilia (ρ = −0.7277, p< 0.001) (Li et al., 2021a), Talaromyces (ρ = −0.6398, p< 0.001) (Tian et al., 2021c), Burkholderia (ρ = −0.5569, p< 0.01) (Ahmad et al., 2022), etc.




Figure 3 | Top 50 rhizospheric genera correlations with relative lesion area. (A) Positive correlation and (B) negative correlation.




3.3
Metagenomic analysis of rhizosphere microorganism functions

To understand the gene functions of rhizosphere microorganisms in resistance to different diseases, the CAZy and KEGG databases were used for annotation. Further exploration of the metagenomic data revealed a higher abundance of sequences associated with chitinase (GH19, EC 3.2.1.14) and β-1,3-glucanase (GH128, EC 3.2.1.39). These were usually considered defense enzymes against pathogens in Rs_QC or Rs_JD. In particular, chitinase was significantly higher in Rs_QC than in other groups (p< 0.05), even 2.43 times as high as in RsD_CC (Figure 4A). Although the levels of β-1,3-glucanase in Rs_QC and Rs_JD were excellent, they were lower in Rs_XZ with good disease resistance (Figure 4B). Moreover, a higher abundance of sequences was associated with the spermidine/putrescine transport system substrate-binding protein (K02055) in Rs_QC, Rs_JD, and Rs_XZ, which were significantly higher than RsD_CC and RsD_CM (Figure 4C). Meanwhile, a higher abundance of sequences focused on aldehyde dehydrogenase (K00128, EC 1.2.1.3) in Rs_JD (Figure 4D), which was significantly higher than in RsD_CM and RsD_CC (p< 0.05). These functions were related to quorum sensing and biosynthesis of polyketides, which might increase competition to hinder pathogen invasion (Table S7, S8).




Figure 4 | Boxplot of functional gene sequences proportion. (A) chitinase; (B) β-1,3-glucanase; (C) spermidine/putrescine transport system substrate-binding protein; and (D) aldehyde dehydrogenase (group significance is indicated by letters; non-identical letters indicate p< 0.05).




3.4
Biocontrol activity evaluation of microbial antagonists

A total of 65 bacteria and 41 fungi were isolated from C. sativus rhizosphere soils. By the functional prediction of microorganisms (Table S6), 13 bacteria and 19 fungi were selected as potential microbial antagonists for biocontrol activity experiments. Of these, 26 (81.25%) showed inhibitory effects on F. oxysporum on PDA plates (Table S2; Figure 5). The top two fungi and bacteria, T. yunnanense SR38, Talaromyces sp. SR55, B. gladioli SR379, and Enterobacter sp. SR343, were chosen to test in vivo C. sativus corm (Figure 6A). SR379 had the best defense effect against pathogenic F. oxysporum, and its RLA was 30.10%. The group with only F. oxysporum was seriously diseased, and RLA was 1.77 times higher than SR379, even reaching 53.41% (Table S9). The disease index was evaluated after inoculating microbial antagonists, which showed that treating SR38, SR55, SR343, and SR379 had good biocontrol effect, with biocontrol efficiency of 20.26%, 31.37%, 14.38%, and 39.22%, respectively. Biocontrol activities of all antagonistic groups were higher than those of the pesticide group (Figure 6B).




Figure 5 | Antagonistic activity against F. oxysporum. (A) control F. oxysporum; (B) SR379 vs. F. oxysporum; (C) SR38 vs. F. oxysporum; (D) SR343 vs. F. oxysporum; (E) SR55 vs. F. oxysporum.






Figure 6 | Evaluation of corm rot disease resistance of rhizosphere microorganisms in vivo. (A) Photographs of lesions on corm. (B) Histogram of disease index (SR38: Trichoderma yunnanense SR38 + Fusarium oxysporum; SR55: Talaromyces sp. SR55 + F. oxysporum; SR343: Enterobacter sp. SR343 + F. oxysporum; SR379: Burkholderia gladioli SR379 + F. oxysporum; F. ox: Sterile medium + F. oxysporum; and Carbendazim: 0.125% carbendazim solution + F. oxysporum) (group significance is indicated by * or #: ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ##p< 0.01).
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Discussion

The plant rhizosphere is an essential environment, which is affected by root exudates (Sasse et al., 2018); therefore, microorganisms in the rhizosphere, including bacteria and fungi, are more closely related to plant life activities compared with field soil. In particular, the relationship between rhizosphere microorganisms and plant health has been a research hotspot. A previous study investigated the relationship between key rhizosphere microorganisms and traits of Arabidopsis, and found that plants could regulate the rhizosphere microbiome composition and that different rhizosphere microbial composition has different effects on plant traits, such as growth and disease resistance (Hou et al., 2021). Few studies have also investigated the relationship between rhizosphere microbes and C. sativus or other medicinal plants. Some rhizosphere microbes, including Pseudomonas aeruginosa, Brevibacterium frigoritolerans, Alcaligenes faecalis subsp. phenolicus, and Bacillus aryabhattai, were found to have plant growth properties and effectively control the growth of pathogenic fungi of C. sativus (Hu et al., 2021; Rasool et al., 2021). In this study, the microbial structure related to rot disease resistance in the rhizosphere of C. sativus was preliminarily revealed by metagenomic sequencing.

Microbial diversity and composition were different in C. sativus from different habitats, but those in the same habitat tended to be the same. Rhizosphere microorganisms of Pseudostellaria heterophylla were analyzed using phospholipid fatty acid analysis, and great differences were found in the microbial composition and structure of P. heterophylla from different habitats (Zou et al., 2018). This is related to the weather and planting methods in different places, and it is also regulated by the host (Gu et al., 2022; Silva et al., 2022; Zhong et al., 2022). In this study, Hypocreales and Burkholderiales were enriched in the microbial communities in the groups with high disease resistance. Among these, the common biocontrol fungi Talaromyces and Trichoderma belong to Hypocreales (Sood et al., 2020; Thambugala et al., 2020). Also, Proteobacteria was enriched in the high resistance groups, which was similar to the findings of Trivedi et al. (2012), who analyzed the citrus rhizosphere and found that it was enriched in Proteobacteria when plants were healthy. In addition, the abundance of F. oxysporum in different samples was compared, and the groups with high disease resistance had higher F. oxysporum abundance, which might be because of the higher tolerance of the microbial communities in these groups to F. oxysporum. This is similar to an analysis of ginseng in which the abundance of Fusarium in healthy ginseng was higher, suggesting nutritional competition between Fusarium and another pathogen Ilyonectria (Liu et al., 2019). Pseudomonadales, Corynebacteriales, and Propionibacteriales had higher abundance in the group with high disease resistance. A previous study analyzed the rhizosphere soil of common bean with F. oxysporum-resistant microorganisms and found that it had a higher abundance of Pseudomonadaceae than the rhizosphere soil of susceptible varieties (Mendes et al., 2018). Corynebacteriales and Propionibacteriales, belonging to Actinobacteria, are common groups that produce antibiotics, cellulase, and other antibacterial substances (Palaniyandi et al., 2013). In addition, there was a high abundance of Oidiodendron in Rs_JD, suggesting that Rs_JD has high disease resistance because Oidiodendron was found to produce biocontrol substances including polyketides and antibiotics (Andersen et al., 1983; Navarri et al., 2017). However, studies of Oidiodendron and its biocontrol activity in plant disease are few, and it may be a highly underestimated biocontrol strain.

Correlation analysis between rhizosphere microbes and rot disease resistance revealed that Asanoa and Moniliophthora were the most likely genera to enhance host rot resistance. Asanoa is a rare bacterial genus within Micromonosporaceae. Asanoa was previously isolated as a rhizosphere microbe of the alpine medicinal plant Leontopodium nivale subsp. alpinum, but its activity was not investigated (Oberhofer et al., 2019). Using 16s rDNA sequencing technology, Asanoa was found as an endophyte of L. nivale subsp. alpinum, suggesting that it plays a role in resisting rot disease as a colonizing endophyte. However, this bacterial species was not isolated from C. sativus, and its biocontrol activity against corm rot disease of C. sativus needs to be further studied. In addition, no studies discuss the relationship between Moniliophthora and C. sativus, but because Moniliophthora is a pathogen of Theobroma cacao (Ali et al., 2021), its specific activity in C. sativus requires further experimental investigation. In the range of isolated microbes, the genera most closely related to disease resistance were Enterobacter (bacteria) and Talaromyces (fungi). Enterobacter can improve host disease resistance, promote plant growth, and enhance abiotic stress resistance (Ajmal et al., 2022; Mukherjee et al., 2022; Panebianco et al., 2022). Talaromyces is ubiquitously used as biocontrol agents worldwide (Thambugala et al., 2020). In addition, RDA showed that Burkholderia abundance had a high positive correlation with AK and a high negative correlation with RLA, indicating a correlation among disease resistance, soil physicochemical properties, and microbial composition. Lower pH and higher AK may be beneficial to the health of C. sativus. Both environment and rhizosphere microbiome may directly affect the health of C. sativus corms, or they may play a role by affecting each other (Ren et al., 2020; Tian et al., 2021b).

The possible mechanism of the resistance of rhizosphere microorganisms to plant disease is synthesizing pathogen-antagonizing compounds (Jiao et al., 2021). The production of antibiotics, polyketides, chitinases, etc. is a sign that microorganisms can help host disease resistance. Bacillus thuringiensis has become the main microorganism used in biological control because it produces chitinases (Melo et al., 2016). Rs_QC, a group with high disease resistance, had a higher abundance of chitinase-related genes, whereas the other high disease resistance groups Rs_QC and Rs_JD had a high abundance of β-1,3-glucanase-related genes, which might be the reason for their high disease resistance. In addition, Rs_XZ with high disease resistance had a high abundance of polyketide synthesis genes (Figure S4). k00128 and k00626 (acetyl CoA C-acetyltransferase, EC: 2.3.1.9) are pathways related to polyketide synthesis. There was a high abundance of k00128 in all high resistance groups, whereas Rs_XZ had a high k00626 pathway abundance, which was significantly higher than that in the other groups (Figure S5). In addition, several groups were compared in the KEGG pathways (level 2), and the gene abundance of cell motility was higher in the high resistance groups (Figure S6). B. seminalis in which the antagonistic effect against pathogens was reduced by mutation had low cell motility, indicating that cell motility plays an important role in microbial antagonism (Zhang et al., 2020).

Fungicides and host resistance cannot often offer adequate and sustainable control of soil-borne diseases (Weller et al., 2002). Therefore, four antagonists with antifungal activity against pathogenic F. oxysporum were isolated and screened. T. yunnanense SR38 and Talaromyces sp. SR55 belonging to Hypocreales, B. gladioli SR379 from Burkholderiales, and Enterobacter sp. SR343 belonging to Proteobacteria were microbial taxa enriched in all high resistance groups, and their related disease resistance activities have already been reported in other studies (Sharma et al., 2015; Luo et al., 2021; Ahmad et al., 2022; Zhao et al., 2022). A new Talaromyces strain DYM25 was isolated from the Yap Trench and identified as a biocontrol agent against Fusarium wilt of cucumber (Luo et al., 2021). However, Enterobacter, an occasional pathogen, has not been reported in C. sativus (Zhang et al., 2022). Enterobacter cloacae isolated from C. sativus could produce cellulase and indole acetic acid, which usually have the potential for disease resistance and growth promotion (Sharma et al., 2015). In addition, it has been found that B. gladioli E39CS3 isolated from C. sativus corms can significantly improve the disease resistance of C. sativus, and verified that B. gladioli can produce chitinase and β-1,3-glucanase (Ahmad et al., 2022). In addition, because of the complexity of practical application, single biocontrol antagonists are usually considered to have the disadvantages of inadequate colonization and inefficient inhibition (Niu et al., 2020). They may have the problems of poor colonization rate and stability, including poor survival rate in soil, poor compatibility with host, and influence of original host microorganisms (Martínez-Viveros et al., 2010; Sarma et al., 2015; Vejan et al., 2016). Multi-strain biological control agents may have unique advantages in dealing with these problems (Niu et al., 2020). Therefore, correlation network analysis was used to analyze the relationships among genera based on metagenomic data, and Trichoderma (at the center of the network) and Paenibacillus (at the edge of the network) were combined (T. yunnanense SR38 + Paenibacillus peoriae SR235), which showed a 1.5-fold biocontrol effect compared with SR379 (unpublished data). Similarly, T. virens Gl006 and Bacillus velezensis Bs006 in combination can control Fusarium wilt of Cape gooseberry better (Izquierdo-García et al., 2020). Therefore, studies on multi-strain antagonists, one of the development directions of biocontrol, should be increased in follow-up research. More investigation is needed to understand the interactions between rhizosphere microorganisms and C. sativus to improve C. sativus yields and increase its resilience to biotic and abiotic stresses. To more comprehensively reveal the effective mechanism of rhizosphere microorganisms, the relationship between rhizospheric and endophytic microorganisms will be considered in follow-up research.
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Conclusion

Soil chemical properties and corm susceptibility influenced rhizosphere microbiome of C. sativus. pH was the closest environmental factor related to microbial communities, followed by Cr and AN. The order Burkholderiales was a vital taxon that kept C. sativus corms healthy. Other bacterial and fungal taxa were also differentially distributed in high and low disease resistance groups. Such differences played an important role in improving C. sativus corm rot disease resistance. Four rhizosphere isolates displayed biocontrol effects against C. sativus corm rot disease. These antagonists are promising isolates to be developed as biological agents to control corm rot disease of C. sativus. This study can serve as a reference for the exploration of the relationship between rhizosphere microorganisms and the host. However, further experiments are required to gain insight into the molecular mechanisms of these antagonists and explore the impact of microbial inoculation on biological activities of soil under natural conditions.
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Background

The consecutive monoculture of Rehmannia glutinosa leads to a serious decrease in its production and quality. Previous studies have demonstrated that intercropping altered species diversity and rhizosphere microbial diversity. However, it remained unknown whether the impaired growth of monocultured plants could be restored by enhanced belowground interspecific interactions.



Method

In the present research, a continuous cropping facilitator Achyranthes bidentata was intercropped with R. glutinosa under pot conditions, and three different types of root barrier treatments were set, including that complete belowground interaction (N), partial belowground interaction (S), and no belowground interspecies interaction (M), with the aims to investigate belowground interaction and the underlying mechanism of alleviated replanting disease of R. glutinosa by intercropping with A. bidentata.



Results

The results showed that the land equivalent ratio (LER) of the two years was 1.17, and the system productivity index (SPI) increased by 16.92 % under S treatment, whereas no significant difference was found in N and M regimes. In the rhizosphere soil, intercropping systems had significantly increased the contents of sugars and malic acid in the soil of R. glutinosa, together with the content of organic matter and the invertase and urease activities. Meanwhile, intercropping increased the community diversity of fungi and bacteria, and the relative abundance of potential beneficial bacteria, such as Bacillus, Nitrospira, and Sphingomonas, despite the pathogenic Fusarium oxysporum was still the dominant genus in the rhizospheric soil of R. glutinosa under various treatments. The results of antagonism experiments and exogenous addition of specific bacteria showed that Bacillus spp. isolated from rhizosphere soil had a significant antagonistic effect on the pathogen of R. glutinosa.



Conlusion

Taken together, our study indicated that the R. glutinosa//A. bidentata intercropping systems alleviate the consecutive monoculture problem of R. glutinosa by recruiting beneficial bacteria. The studies we have conducted have a positive effect on sustainable agricultural development.





Keywords: consecutive monoculture problem, intercropping, root exudate, rhizosphere microbe, allelopathy



Introduction

Traditional Chinese Medicine (TCM) is one of the oldest healing systems and it is an important aspect of Chinese healthcare (Tang et al., 2008). Herbs are the substances mostly used in TCM, and many of those drugs have shown dramatic effects in the treatment of diseases, such as Artemisia annua L. (Xu et al., 2019). Large-scale monocultures are becoming increasingly popular to meet market demands. However, continuous monocropping has also led to many problems, including an increased rate of disease incidence and a loss of crop yield and quality, which is also known as replanting disease or soil sickness. These problems are particularly acute in the cultivation of medicinal herbs, such as Rehmannia glutinosa, Pseudostellaria heterophylla, and Panax ginseng (Yin et al., 2009; Dong et al., 2018; Li et al., 2020; Chen et al., 2021; Liu et al., 2021). R. glutinosa plants belong to the family of Scrophulariaceae, a famous Chinese herbal medicine, with various pharmaceutically active compounds, contains iridoids, amino acids, and inorganic ions, et. (Zhang et al., 2008). It is produced mainly in Jiaozuo city, Henan Province, central China, which is recognized as the geo-authentic source in Chinese medicine. However, consecutive monoculture planting of R. glutinosa in the identical land led to a significant increase in root rot disease and a serious decrease in tuber production (Wu et al., 2015) (Supplementary Figure 1). Regulation of soil negative feedback for consecutive monoculture problems needs almost 15 years to be eliminated (Yang et al., 2011). In traditional Chinese medicine, geo-authentic medicinal herbs are considered to be one of the highest qualities in all samples from different regions. The replanting disease has significantly reduced the available arable land in the geo-authentic production zone, resulting in the migration of herb cultivation to non-geo-authentic production areas, which affects the quality of the herbs, which is detrimental to the sustainable development of Chinese herbs. Therefore, it is urgent to implement sustainable and ecological cultivation patterns to ensure the quality of medicinal materials and food security.

In recent years, numerous studies have suggested that belowground microbes play an essential role in plant growth, development, and health (Trivedi et al., 2020; Xiong et al., 2020). Rhizosphere microbes act as the second genome of plants enabling greater environmental adaptability, resource acquisition, defense reactions, and the communication between plants. However, previous studies suggested that replanting disease of Chinese herbs was attributable to changes in soil microbial community structure mediated by root exudates in continuous cropping system (Wu et al., 2017; Li et al., 2022; Xu et al., 2022). In addition, consecutive monoculture of R. glutinosa markedly enhanced the relative abundances of two major pathogenic fungi, Fusarium oxysporum and Aspergillus flavus, but decreased the relative abundances of potentially beneficial microorganisms genera Pseudomonas, Burkholderia, Azotobacter, among others (Wu et al., 2018b). Comparable cases have been found in a number of other medicinal plants, for instance, consecutively monocultured Radix pseudostellariae is known to be in charge of increasing the species size of pathogenic Fusarium oxysporum and Talaromyces helices and to reduce the population size of potentially beneficial bacteria Pseudomonas spp. and Burkholderia spp (Wu et al., 2017; Wu et al., 2019). However, a recent study found that consecutive monoculture of Achyranthes bidentata can be enriched with beneficial microbes, such as Bacillus, Fictibacillus, Bradyrhizobium, etc. through root exudates (Wang et al., 2019; Wang et al., 2021b). A. bidentata (family Amaranthaceae) is a commonly used Chinese herbal planted in the same geo-authentic production zone as R. glutinosa. However, R. glutinosa accumulates pathogens in its surrounding soil and forms negative soil feedback, but A. bidentata can increase the potentially beneficial microbes that produce soil memory or ‘soil-borne legacy’. This unbreakable relationship among plants and soil microbiome is important for plant health and productivity (Berendsen et al., 2012; Lapsansky et al., 2016; Ling et al., 2022). Therefore, it is suggested that the rhizosphere management of improving the rhizosphere microenvironment may be an effective strategy for the control of replanting disease.

Accordingly, it has been hypothesized that plants influence their abundances by changing the structure of their soil communities; negative soil feedback can regulate plant biodiversity, which is an important regulator of plant community structure (Klironomos, 2002; Berendsen et al., 2018). Therefore, a promising strategy has been adopted to alleviate replanting disease using biologically diversified farming to provide multiple ecosystem services. Meanwhile, in the process of soil memory formation, root exudates play an important role (Berendsen et al., 2018; Sasse et al., 2018; Yuan et al., 2018); the plants can release allelochemicals into the microenvironment of rhizosphere to suppress harmful soil-borne pathogens (Meiners et al., 2012). However, since the chemicals do not spread widely in soil, they can only have an impact in a limited area. Therefore, intercropping patterns between different plants are suitable for this type of direct pathogen suppression (Homulle et al., 2021). For instances, watermelon (Citrullus lanatus Trunb) rotated with rice can reduce Fusarium wilt disease of watermelon (Ren et al., 2008). Peanut intercropping with Atractylodes lancea effectively suppressed pathogenic Fusarium populations by using volatiles from the A. lancea rhizome, thereby increased the production of peanuts (Li et al., 2018). In the field experiment, researchers intercropped two different varieties of R. pseudostellariae, by which the replant disease could be alleviated (Wu et al., 2020). Therefore, root exudates from the interspecific plants in intercropping systems may alleviate replant diseases in agriculture by altering the composition of microbial community structure and changing the soil’s feedback regulation among the whole ecosystem through this domino effect. In the context of agroecosystems, if a particular function is desired, it can be beneficial to focus on a few efficient species supporting this function (Cappelli et al., 2022). In in vitro interactions, Wang et al. (2021a) found that the root exudate of A. bidentata showed a positive interaction with dominant beneficial species and had a detrimental impact on the existence of the pathogenic fungi F.solani and F. oxysporum. Therefore, is it a feasible strategy to alleviate the replanting disease of R. glutinosa by intercropping with A. bidentata?

In our previous study, we revealed that intercropping R. glutinosa with A. bidentata could reduce the effect of continuous cropping on the yield of R. glutinosa, which is related to the altered microenvironment in the underground after intercropping (data not available here). In addition, in intercropping systems, competitive underground activities usually come in various paths and involve in complex processes (Schenk, 2006). Therefore, to clarify the underlying mechanisms of belowground interactions and ecological relationships among the species in soil ecosystem, we adopted the root partitioning technique as described by previous studies (Wang et al., 2018) to uncover the scientific mysteries existing in the interspecific cropping system. In this study, we developed three root barrier treatment types to study subsurface interactions: no root barrier, a nylon mesh barrier, and a plastic film barrier. Using the R. glutinosa variety ‘Jing9’ and A. bidentata variety ‘HeTaoWen’, we first tested whether the intercropping of the two medicinal plant species was able to alleviate the replanting disease of R. glutinosa in the cropping system. Then, we analyzed the soil physicochemical and biological properties in this process. Finally, we analyzed the changes of interspecific-root microorganisms and root exudates under different barrier treatments to explore the effects of intercropping between R. glutinosa and A. bidentata in interspecific-root microenvironment, which aids the understanding the underlying mechanisms through the intercropping to alleviate the replanting disease of R. glutinosa by the other intercropping crop, A. bidentata medicinal plants in cropping system.



Materials and methods


Experimental site and soil sampling

In this study, the soil used for pot trial, was taken from a field in Xitao town, Wuzhi city, Henan Province, China (35.6 N, 113.22 E) in April 2020. The field had been used to plant R. glutinosa in past year. The site is recognized as the geo-authentic production zone of R. glutinosa and A. bidentata. In addition, the control soil was taken from the fields never planted with R. glutinosa. The upper soil samples within 20 cm layers were randomly collected and sifted to allow for removal of plant fragments and rocks, and then stored at ambient temperature. The soil pH was 8.2, which was sampled from and detected in the field of R. glutinosa monocultured for one year, and the contents of available nitrogen, potassium, and phosphorus were 128.33, 287.67, and 275.27 mg·kg−1, respectively. For the newly planted soil, the total nitrogen, potassium, and phosphorus were 0.54, 0.67, and 0.57 g·kg−1. The pH was 8.1, and the contents of available nitrogen, potassium, and phosphorus were 117.98, 282.89, and 270.86 mg·kg−1, and the total nitrogen, potassium, and phosphorus were 0.48, 0.56, and 0.62 g·kg−1, respectively.

The pot experiments were conducted at the agroecological experimental station of Fujian Agriculture and Forest University (26.5 N, 119.13 E), Fuzhou, Fujian Province, China. The mean annual precipitation in this region is 1415 mm and the mean annual temperature is 20.9°C. R. glutinosa cultivar ‘Jing9’ and A. bidentata cultivar ‘HeTaoWen’ were used as the experimental materials for this study. In this experiment, R. glutinosa (R) and A. bidentata (A) were grown in pots of a 1-year monoculture R. glutinosa soil, and three root partitioning patterns for the intercropping of R. glutinosa with A. bidentata plants were designed with three replications. Without root partition (i.e., belowground interactions existed, N), a nylon mesh barrier root partitioned (partial belowground interactions existed, S), and a plastic film root partition (no belowground interactions existed, M). Furthermore, R. glutinosa were grown alone in a plot with newly planted (FR) soil as control with three replications.

Based on the design, in the first year, R. glutinosa was planted on April 20 in 2020, and A. bidentata was planted on July 20 in 2020, and all were harvested on November 30, 2020; for the second year, R. glutinosa was planted on April 15 in 2021 and A. bidentata was planted on July 15 in 2021, and all harvested on December 2 in 2021. Each treatment had three experimental repetitions (0.78 m long × 0.39 m wide × 0.37 m high) (Figure 1A, Supplementary Figure 2). Each plot was subjected to the same fertilization and water management over the duration of the experiment. R. glutinosa was regarded as the major crop and A. bidentata as the intercrop component. The grain yield of A. bidentata from each plot was transformed into the equivalent yield of intercropping system as the Land Equivalent Ratio (LER) and System Productivity Index (SPI) (Agegnehu et al., 2006).




Figure 1 | Phenotypic distribution of yield traits. The schematic diagram of experimental design (A). The picture of plant growth in 2020 and 2021 (B). The Fresh weight of R. glutinosa root in 2020 and 2021 (C, D). The Fresh weight of (A) bidentata root in 2020 and 2021 (E, F). FR, newly planted R. glutinosa; MR, plastic film barrier treatment R. glutinosa; MA, plastic film barrier treatment A.bidentata; SR, nylon mesh barrier treatment R. glutinosa; SA, nylon mesh barrier treatment A.bidentata; NR, no root barrier R. glutinosa; NA, no root barrier A.bidentata; the same below. Different letters in columns show significant differences determined by LSD’s test (p<0.05, n=3).



The samples were taken from each potted plot randomly, and the roots were dug out with a shovel to remove bulky soil, and then the soil with a thickness of about 2 mm on the surface of the roots was collected as rhizosphere soils. The three independently sampled soils were mixed into one sample and replicated three times. All soil samples were then sifted with a 2 mm sieve, and then some were kept at -80°C for soil total DNA extraction and metabolic extraction, and the others were stored at -20°C for determination of soil enzyme activity and physic-chemical properties.



Soil physicochemical and biological properties

The physicochemical properties of airdried soil were determined in up to three technical replicates, as previously stated in the study (Wu et al., 2013; Wang et al., 2021).The enzyme activities were measured after the plants were harvested. Soil invertase activity was study by colorimetric method using 3,5-dinitrosalicylic acid; soil peroxidase was analyzed by colorimetric method; the soil catalase activity was identified by potassium permanganate titration method; measurement of soil urease by the sodium-phenol colorimetric method; colorimetric determination of soil alkaline phosphatase by p-nitrophenyl disodium phosphate (Guan, 1986).



Extraction and profiling of rhizosphere soil metabolites

The soil sample was collected in the stage of maturity of the plant and stored at -80°C. The extraction procedure of soil metabolite and detection was previously described by (Song et al., 2020). In brief, first add 2 g soil in 15 ml tube, and add 3 ml 75% methanol, 3 ml ethyl acetate, and 10 μl adonitol (10 mg/ml), oscillating 30 s. Then put the samples in shaker, 300 rpm, 4°C for 30 min, and then sonicate for 10 min. Afterwards, the samples were centrifuged at 12,000 rpm and 4°C for 10 min, and transferred the supernatants into a new tube. Repeat the step, and then all the supernatants were freeze drying. Then add 100 μl of methoxyamine hydrochloride into the samples, 37°C for 2 h. Final, add 70 μl silylating reagents (MSTFA) filled with samples, and reacted at 37°C for 30 min with continuous oscillating, then were centrifuged and the supernatant stored at -20°C for testing.

The samples were analyzed by GC-MS (TQ8040, Shimadzu, Japan). The extraction and detection of soil metabolites were previously described by Jiang et al. (2022). Briefly, the column oven temperature procedure was as follows: 90°C-170°C by 5°C/min, hold for 2 min, then 170°C-280°C by 10°C/min, then 280°C-300°C by 20°C/min, hold for 5 min. The samples were vaporized at 280°C by injection port. The flow linear velocity was 42.8 cm/s, the flow rate was set at 1.38 ml/min. The temperature of the ion source (EI) and interface were 200 and 250°C respectively, the solvent cut time was 3 min, the ionization energy was 70 eV.

The data were screened by NIST 2014. The compounds with more than 80% similarities were retained for the analysis. PCA-X and OPLS-DA for variance of root exudates between the different treatments was employed by using SIMCA 14.1.



Extraction of soil genomic DNA

Each sample was weighed 0.7 g of soil, and use BioFast Soil Genomic DNA Extraction kit (BioFlux Hangzhou, China) to extracted the DNA. Then use the Nanodrop 2000C Spectrophotometer (Thermo Fisher Scientific, United States) to detection concentration. The bacterial community region (V3-V4) and the fungi region (ITS1) were used to sequenced. The samples were then commissioned to be sequenced by Biomarker Technologies (Beijing, China) using the Illumina Novaseq2500 platform.

A quantitative PCR assay was performed on the CFX96 Real-Time system (Bio-RDA, United States) to determine the abundance of microorganisms in different rhizosphere soils, including total soil bacteria, total fungi, Actinomycetes, Firmicutes, Bacteroides, and Acidobacteria. The bacterial primers were Eub338/Eub518; Fungi: ITS1F/ITS4; Actinobacteria: Actino235/Eub518; Firmicutes: Lgc353/Eub518; Bacteroidetes: Cfb319/Eub518; Acidobacteria Acid31/Eub 518 (Supplementary Table 1). The plasmid vectors with the specific fragment were constructed through gene cloning and vector link transformation in the early stage of the laboratory. Based on the optimized PCR system, fluorescence quantitative PCR was used for amplification. Four independent quantitative PCR assays were performed for each treatment.



Exogenous addition of specific bacteria

Based on the previous screening in our laboratory, the specific bacteria (Pseudomonas aeruginosa 9, Bacillus amyloliquefaciens 4, Bacillus subtilis 35, Bacillus subtilis 74, Bacillus halotolerans 75) which isolated from the rhizosphere soil of A. bidentata (Wang et al., 2021), were used for the antagonistic experiments against the pathogenic fungi of R. glutinosa (F. oxysporum and F. solani) in lab as described by Wu et al. (2015). Then we added those specific bacteria to the pots under continuously planted R. glutinosa. Briefly, the specific bacteria were inoculated separately into 100 ml LB medium and incubated in shaker at 200 rpm and 37°C, when the OD600 value of the liquid reaches 0.8-1.0, centrifugate and remove the supernatant, then resuspend with 50 ml of distilled water, then add it to the potted treatments (3-gallon size bucket), at the same time, take and add the equal amounts of distilled water to blank pot as the control treatment. R. glutinosa was planted at the same density (2 plants/pot) on April 15 in 2021, the pot test was conducted on June 15th, 2021, repeat every 7 days, adding bacterial liquid four times in total. Each treatment had four replicates. The treated plants per pot were harvested on November 20th, 2021, then the fresh weight of the roots was measured and recorded. Then, a quantitative PCR assay used to determine the number of pathogenic fungi which belong to the Fusarium genus. The bacterial primers were ITS 1F/AFP308 (Supplementary Table 1).



Statistical analyses

Apply Usearch (Edgar, 2013) to cluster reads with similarity greater than 97.0% to generate OTUs. Use SILVA as reference database for taxonomic annotation. Alpha diversity was analysed by QIIME2 (V1.9.1) (Bolyen et al., 2019). The more bioinformatics analysis is completed by using BMKCloud (http://www.biocloud.net/). The relationships between environmental factors and microbial abundances were explored by redundancy analyses (RDAs). All data were subjected to one-way analysis of variance (ANOVA) using the least significant difference (LSD, P<0.05) multiple range test in Data Processing System version (DPS) 7.05 software.




Results


Effects of intercropping on Rehmannia glutinosa growth

The A. bidentata and R. glutinosa yields are visualized in (Figures 1 C–F). Data pooted for two years (2020-21) showed that the effect of the intercropping systems on the growth of A. bidentata in these treatments was slight. However, the yield of R. glutinosa under consecutive monoculture cropping was significantly lower than that of the first crop (FR) yield. The yield of R. glutinosa proliferated in a nylon mesh barrier (SR) treatment by 31.63% and 35.76%, in the compares with those under no root barrier treatment (NR) and the completely root separated (MR) treatment. There existed no major difference in the yield of R. glutinosa in the NR and MR treatments. In comparison with the M treatment, the S treatment produced 1.17 LER (the average two-year land equivalent ratio) and the system productivity index (SPI) increased by 16.92%, while there was no significant difference in LER value between N and M treatments (Supplementary Table 2). Therefore, the results of this study suggest that S treatment with A. bidentata plants contributed to increase the yield of R. glutinosa under continuous cropping system.



Soil physicochemical and biological properties

The physicochemical properties of the soils are shown in (Table 1, Supplementary Table 3). The pH of soil samples ranged from 7.14 to 7.58 and decreased significantly with increasing years of transplanting. Compared to FR rhizosphere soil, monoculture of R. glutinosa increased soil TN, TP, AN and AK contents, but decreased TK, AK and organic matter contents. AP and organic matter content in the rhizosphere soil were increased under SR and NR treatments in comparison to that in MR treatment. And AP in MA rhizosphere soil was higher than that under SA and NA treatments. Meanwhile, the activities of catalase, peroxidase, sucrose, and urease were higher in the rhizosphere soil of FR than those in MR regime, while the activities of alkaline phosphatase were lower. The MA rhizosphere soil had significantly higher activities of catalase, peroxidase, urease and sucrase than the MR. Activities of catalase, peroxidase, urease and sucrase were increased by 3.6%, 2.7%, 27.3% and 12.2%, respectively, in SR rhizosphere soil versus MR counterpart.


Table 1 | Content of soil under different planting patterns.





Impact of interspecific root compartment regime on the metabolite profiles of rhizosphere soil

The nontargeted gas chromatography-mass spectrometry (GC-MS) metabolomic results revealed 141 metabolites of rhizosphere soils, and their functions were identified, including sugars (25), organic acids (38), esters (10), alcohols (21), lipids (15), and others (32). Among them, the main groups were sugars (18%) and organic acids (27%). The one-way ANOVA further revealed that 16 different soil metabolites were screened between MR rhizosphere soils and MA counterpart. These included six sugars such as D-alginate, D-galactose, xylose, etc. Five organic acids and their derivatives such as malic acid, glycolic acid and obscure esters and alcohols. As shown in Figure 2A, most of the metabolites were up-regulated under MA compared to those in MR. A total of 12 different metabolites were retrieved from the metabolites extracted from SR rhizosphere soil and MR counterpart (Figure 2B), including sugars, organic acids, esters and others involved in starch and sucrose metabolism, amino and nucleotide metabolism such as sucrose, xylose, succinic acid, malic acid, legumes sterols and others. All metabolites were up-regulated with respect to MR, except mannobiose or 2-pentadecanone. The majority of metabolites screened from the rhizosphere soils in NR and MR were organic acids and alcohols (Figure 2C), including succinic acid, malic acid, stigmasterol, phytol, and maltose. Nine metabolites were up-regulated in NR, while five were down-regulated when measured against metabolites in MR.




Figure 2 | Histogram of differential soil compounds in comparison groups. The abscissa is log2FC of differential metabolites, and the ordinate is differential metabolites. (A) Red represents that MA is up-regulated than MR, and green represents down-regulated. (B) Red represents that NR is up-regulated compared to MR, and green represents down-regulated. (C) Red represents that SR is up-regulated than MR, and green represents down-regulated.





Effect of different treatments on microbial alpha diversity of rhizosphere community

Among the 16S rRNA sequencing data, 1,200,852 pairs of reads were acquired from sequencing 15 samples, and a total of 1,196,302 clean tags were created after splicing and filtering of double ended reads. At least 79,565 clean tags were produced per sample, with an average of 79,753 clean tags generated. ITS high-throughput sequencing yielded 1,180,036 effective clean tags in the 15 soil samples, respectively. At least 66,386 clean tags were generated for each sample, and an average of 78,669 Clean tags was generated. The sequences from all of the samples clustered into 6,140 fungal OTUs and 23,746 bacterial OTUs based on an identity threshold of 97%, (Supplementary Tables 4, 5). The Shannon and Simpson indices of the fungi from the FR and SR rhizosphere soils were higher than those from the MA, MR and NR rhizosphere soils. The Chao1 and ACE indices showed only a slight difference in these treatments. The Chao1 indices of the bacterial communities in NR were higher than those in the other regimes. The Shannon diversity index of NR and SR was greater than that of MR.



Beta diversity of rhizosphere microbial community under different treatments

PCoA shows general structural resemblance of the bacterial and fungal community structure across samples using the OTUs of 16S rRNA sequencing data and ITS rRNA sequencing data. For bacteria, PCo1 accounted for 40.45%, while PCo2 constituted only 25.26% of the variation detected in the bacterial community composition (Figure 3A). However, for fungi, PCo1 represented 18.49%, while PCo2 accounted for 16.51% of the variation detected in the composition of the fungal community (Figure 3C). Analysis of NMDS at the OTU levels variation in fungal and bacterial beta diversity according to Euclidean distance dissimilarities (Figures 3B, D). Bacterial and fungal communities were clustered in the rhizosphere soils of FR and MR, as well as in the soils of SR and NR. In addition to this, the fungal and bacterial communities in the rhizosphere soil of A. bidentata under MA were separated from those in the rhizosphere soil of R. glutinosa in each of the treatments.




Figure 3 | Principal Coordinate Analysis (PCoA) and of 16S rRNA and ITs diversity in the rhizosphere of the five samples (A, C). Variations of bacterial and fungal communities among different samples based on Nonmetric Multidimensional Scaling (NMDS) analysis (B, D).





Shifts in microbial community structure in response to different cropping systems

We identified 26 bacterial phyla across all of the samples. The dominant phyla were Proteobacteria (29.25%-34.51%), Gemmatimonadetes, Acidobacteria (26.88%-32.35%), Actinobacteria, Chloroflexi, Firmicutes, Rokubacteria, Bacteroidetes, Nitrospirae (total relative abundance > 95%). Proteobacteria under the MA regime were detected at a higher relative abundance than other phyla, while Actinobacteria exhibited the opposite trend. Furthermore, the relative abundances of Acidobacteria under MR more significantly decreased than that of FR. The relative abundances of Firmicutes, Bacteroidetes, and Nitrospirae were increased in intercropping when compared with MR.

Taxonomic analysis of fungal sequences obtained 12 phyla from the valid sequence at a 97% similarity level. Based on the 10 most abundant bacterial phyla, the relative abundance of the dominant fungal phyla in the soil was similar among all the treatments, including Ascomycota (59.09%-64.25%), Basidiomycota (15.71%-29.96%), Mortierellomycota (2.41%-6.43%).

We explored differences in the relative abundances of the bacteria genera among different treatments. Except for unknown genera, Bacillus, RB41, Sphingomonas, Nitrospira, MND1, Bryobacter, Steroidobacter, Enterobacter, and Subgroup-10 were dominant genera (Figure 4A). In MR, a significant decrease in relative abundances of RB41, Sphingomonas, Nitrogenspira and MND1 as compared to those in FR. Compared with those in MR, the abundances of Bacillus and Sphingomonas in SR and NR had been remarkably improved by 73% and 69%. Meanwhile, Nitrospira, Steroidobacter in SR increased by 12.64%, 12.62% and 74.1%, and Nitrospira, Bryobacter, Steroidobacter in NR increased by 3.88%, 19.42%, and 26.97%, respectively.




Figure 4 | Distribution of dominant genera (top 10) in five different samples. (A) represents the bacterial community in the soil of the rhizosphere. (B) represented the fungal community in rhizosphere soil) The thickness of each ribbon represents the abundance of each taxon. The relative tick above the outer segment stands for the relative abundance of each taxon. Data were visualized using Circos (version 0.69, http://circos.ca/).



The structure of the fungal community differed substantially among samples. Hierarchical cluster heat maps were used to analyze the 20 most abundant fungal genera in all samples (Figure 4B). The dominant genera across the samples under MR were Vishniacozyma (23.36%), Acremonium (11.20%), Cladosporium (10.56%) and Fusarium (3.61%). Furthermore, a higher abundance of Vishniacozyma under MR than others. In addition, SR significantly increased the relative abundances of Mortierella, Aspergillus, Botryotrichum and increased the relative abundances of Vishniacozyma, Acremonium, Gibellulopsis, and Thanatephorus compared to those in MR.

LEfSe analysis was adopted to detect differentially abundant bacteria and fungi in the rhizosphere soil under different treatments. The LEfSe analysis of the soil bacterial community showed 23 distinctly abundant taxa among the five groups (Figure 5A). Of the 23 taxa, the Bacillus genus was enriched in soil from the rhizosphere under the treatment of SR and NR compared to the others. The enriched taxa in MA were the classes of the phylum Bacteroidetes, Gemmatimonadetes, and Bacteroidia. The distinctly abundant taxa in MR were the Actinobacteria, Chloroflexi Gemmatimonadetes and the phylum Rhizobiales. The Rokubacteria phyla, and the order Rokubacteriales were enriched in FR. In addition, a total of 27 abundant fungal taxa significantly differed across FR, MR, NR, SR and MA (Figure 5B). Among the 27 fungal taxa, 7 taxa were enriched in FR, mainly the Mortierellates order and the Mortierella genus. The abundant fungal taxa in MR were the Tremellales order. While the most distinctly abundant fungal taxa were Cephaliophora genus in the SR. The enriched fungal taxa in NR were the Filobasidiales order and the Plectosphaerella and Solicoccozyma genus.




Figure 5 | Bacterial and fungal under different planting patterns. (A means bacterial, B means fungal.) In the figure, circles from inner to outer layers represent the taxonomic level from phylum to species. The dots on circles represent a term on corresponding taxonomic level. The size of the dots indicates relative abundance. Coloring: Species with no significant difference are colored yellow. Other colors stand for different groups. Species with certain color means the abundance of this species is the highest in the corresponding group, which helps visualize the most important microbial communities in each group.



Quantitative PCR analysis showed that FR and NR had the highest number of bacteria in the rhizosphere soil. However, the total amount of fungi in MA and NR rhizosphere increased than the others. The abundance of Acidobacteria phylum in MR rhizosphere soils was lower than other treatments. Intercropping significantly increased the relative abundances of Firmicutes phylum in SR rhizosphere soils and Actinomycetes phylum in NR rhizosphere soils (Supplementary Figures 3, 4).



Co-occurrence network and correlation analysis

Spearman correlation analysis identified significant correlations between microbial taxa across all treatments. To compare the complexities of microbiome associations among all treatment soils, two networks were constructed based on the microbiomes identified in the 15 soil samples. Of those nodes and edges, soil bacterial relationships were more complicated than soil fungal relationships (Figures 6A, B). Sphingomonas, MND1, Nitrospira, Steroidobacter, Bryobacter, Morganella, Haliangium were widely distributed among bacteria genera, respectively (Figure 6A). Most of the bacteria genera had positive correlations among the 50 most abundant genera in the soil microbial community, including Sphingomonas and MND1, Gaiella and Nocardioides, Steroidobacter and Nitrospira, and Bryobacter. While Haliangium and Steroidobacter, Defluviitaleaceae and Iamia, Nocardioides were on negative correlations. The relatively high abundance of fungal communities was Cladosporium, Vishniacozyma, Acremonium, Solicoccozyma, Morganella, Aspergillus, etc., respectively (Figure 6B). Additional fungal genera were observed to have a positive correlation with each other, while only nine fungal genera were in the contrary.




Figure 6 | Circles represents species, size of circle represents the abundance; (A) means the results of  bacterial and (B) means the results of fungal. The edges represent the correlation between the two species, the thickness of the edge represents the strength of the correlation, and the color of the line: orange represents the positive correlation, while green represents the negative correlation.



RDA analyses indicated that bacterial community structure changed substantially among all soils (Figure 7). Sucrose, stigmasterol, and phthalic acid levels were positively correlated with higher relative abundances of Bacillus, reverse was true in the case of xylose levels. Strong associations were found between malic acid and gorgostenol levels and the relative abundances of Steroidobacter and Bryobacter.




Figure 7 | Redundancy analysis of soil microorganisms (genus) and main differential metabolites under different intercropping modes.





Functional verification of key microorganisms in vitro interaction

In this study, we found that the B. amyloliquefaciens 4, B. subtilis 74, B. halotolerans 75, and Pseudomonas 9 exhibited a strong antagonism against the two pathogenic fungi of R. glutinosa (Figure 8A). The root fresh weight of R. glutinosa plants significantly increased under the mixed bacterial liquid treatment (Figure 8B). In addition, qPCR results showed that exogenous addition of the bacterial solution remarkably reduced the pathogenic fungi in the rhizosphere soil of R. glutinosa (Figure 8C).




Figure 8 | Functional verification of species microbe in vitro interaction. (A) means effect of different bacteria against the pathogenic fungi of R. glutinosa. PA 9 means Pseudomonas aeruginosa 9, BA 4 means Bacillus amyloliquefaciens 4, BS 35 means Bacillus subtilis 35, BS 74 means Bacillus subtilis 74, BS 75 means Bacillus halotolerans 75. (B) means growth of R. glutinosa under different treatments. AR means add the mix bacterial agent R. glutinosa, MR means monoculture R. glutinosa, and FR means first stubble R. glutinosa. The number of Fusarium in rhizosphere soil under each treatment (C). Different letters in columns show significant differences determined by LSD’s test (p<0.05, n=3).






Discussion


Intercropping increases root biomass of R. glutinosa, induced changes in root exudate metabolites

In the multi-cropping system, intra- and interspecific competition among crop individuals is essential for the development and production of components. Compared with the competition in aboveground parts, root competition is also a key factor affecting crop growth. In the present study, the yield of A. bidentata showed no significant variation among the three treatments. Meanwhile, we found that the yield of R. glutinosa was higher in the S (a nylon mesh barrier) treatment than under the N (no root barrier) and M (plastic film barrier) treatments, while the yield of R. glutinosa was almost the same under the N and M treatments. Therefore, the results of this study suggest that intercropping with A. bidentata has an interspecific promotion effect on the growth of R. glutinosa. However, there was a competitive relationship between below ground of the two interspecific plants. In the presence of the simultaneous subterranean communication, the yield of R. glutinosa increased under the S treatment, showing the beneficial of intercropping, whereas the yield of R. glutinosa did not reflect the advantage of intercropping under the N treatment. We presume that this is attributed to the limited space under the pot experiment. The roots of A. bidentata occupied the space of R. glutinosa, thus creating a competitive relationship, which in turn affected the yield of R. glutinosa. This result further suggests that interactions between rhizosphere microorganisms and exudates under subterranean intercropping conditions may be the crucial for alleviating the replanting disease in R. glutinosa.

The regulation and alteration of rhizosphere microorganisms are mainly driven by root exudates. Based on the results of our experiments, the root exudate profiles varied between treatments; with the main differences focusing on malic acid, sugars and sterols. Our study indicated that malic acid, sugars, and sterols were positive with beneficial microbes. Sugar serves as primary energy sources for microbial growth in the rhizosphere. Our previous studies have shown that beneficial soil bacterial species (Bacillus subtilis, Rhizobium leguminosarum, and et al.) use various sugars and show chemotaxis, and the sugar exudates were reduced in response to pathogen inoculation (Abu-Nada et al., 2007; Chaparro et al., 2013; Wu et al., 2020). Sucrose has been mentioned as an essential element in the evolution of symbiotic plant-microbial interactions and potential plant defensive mechanisms (Vargas et al., 2009; Zhalnina et al., 2018). Other studies have shown that malic acid could recruit beneficial rhizosphere microorganisms. For example, Lakshmanan et al. (2012) found that inoculation of Arabidopsis leaves with pathogen resulted in the induction of malic acid secretion into the rhizosphere, which in turn enriched more beneficial rhizobacteria Bacillus subtilis. Likewise, watermelon roots could excrete malic acid to attract root colonization of the plant growth-promoting rhizobacterial Paenibacillus polymyxa (Ling et al., 2011). In our study, the relative abundance of Bacillus has increased in rhizosphere soil of the R. glutinosa plants in the intercropping systems. Therefore, our results suggest that intercropping changes the rhizosphere compounds of R. glutinosa, thereby enhanced the diversity and abundance of microorganisms in R. glutinosa rhizosphere, which indirectly improved the yield of R. glutinosa.



Intercropping improved soil enzyme activity and rhizosphere microenvironment

Intercropping has repeatedly been demonstrated numerous occasions to improve ecosystem functioning, such as increased productivity and robustness, enhanced utilization efficiency of resources, and minimized environmental costs (Yu et al., 2022). However, in our study, the nutrient elements were improved in rhizosphere soil under each treatment caused by fertilization. Indeed, our previous study has shown that the available soil nutrients did not reduce in the case of consecutive monoculture of R. glutinosa and R. pseudostellariae, fertilization was not found to be active in combating replant disease (Wu et al., 2015a; Wu et al., 2019). Therefore, our results indicated that in the A. bidentata-R. glutinosa intercropping system, nutrient elements are not the key cause in alleviating the replanting disease of R. glutinosa. Moreover, relative to monocultures, intercropping may enhance soil fertility by raising soil organic matter (Li et al., 2021). In our study, soil fertility via observed increases in soil organic matter when comparing SR and NR with MR soils, this result confirmed the finding documented by previous research.

Soil fertility involves nutrient elements and soil enzymes. Previous studies have shown that suitable intercropping can enhance soil enzyme activity. As an example, soil invertase, urease, and alkaline phosphatase activities were increased under garlic-cucumber intercropping system when compared to monoculture, and the urease and alkaline phosphatase promotion by intercropped garlic were sustained up to garlic harvest (Xiao et al., 2012). Sorghum and cowpea intercropping improved the activity of acid and alkaline phosphatase in cowpea rhizosphere soil, resulted in a clear improvement P nutrition in cowpea, vigorous plant growth (Makoi et al., 2010). During our study, the catalase, peroxidase, urease and sucrase activity in continuous cropping R. glutinosa rhizosphere soil decreased compared to the first cropping. However, the activity of soil urease and invertase was encouraged under S and N compared with that in M regime. These results showed that in the intercropping system, the allelopathy mediated by root exudates improved organic matter and increased the activities of invertase and urease activities in R. glutinosa rhizosphere soil, alleviated the replanting disease of R. glutinosa.



Intercropping enriches beneficial microorganisms to antagonistically act against the pathogen infection

Replanting disease is a classical negative soil memory that occurs in the context of intensive consecutive monoculture. For exemplified by the fact, those plants, such as potatoes, watermelons, tobacco, R. pseudostellariae, and P. notoginseng, will form a serious replant disease under monoculture. Replanting disease typically results in an increase in the number of pathogens and reduction in the level of beneficial microbe (Dong et al., 2018; Liu et al., 2021). Former research has suggested that some species of Mortierella, which generate antibiotics, as well as several isolates, have been shown to be potential antagonistic agents against a range of plant pathogens (Wang et al., 2021). LEfSe results showed a significant decrease in the populations of Mortierella in the rhizosphere soil as the number of monoculture years increased. Furthermore, our previous research indicated that R. glutinosa monoculture caused an increased F. oxysporum and a decreased abundance of beneficial bacterial microbes (i.e., Pseudomonas spp., Bacillus spp.) (Wu et al., 2015; Wu et al., 2018a; Wu et al., 2018b). Earlier studies have revealed that biofertilizer amendment could mitigate the replanting disease of medicinal plants by modifying the rhizosphere microbial colony and inhibiting the abundance of pathogenic Fusarium, Ilyonectria, and F. oxysporum (Wu et al., 2021). From here, we observed that, compared to MR treatment, SR and NR treatments increased the relative abundance of potentially beneficial microbes at the genus level of Nitrospira, Steroidobacter and Bacillus. The result has demonstrated that the genus Steroidobacter serves as a bacterial antagonist to phytopathogenic fungi, promoting plant growth (White et al., 1996). The genus Nitrospira is a worldwide community of nitrite oxidizers and a critical component of nitrogen-cycling microbial assemblages (Daims et al., 2015). Generally, Bacillus spp. have a wide variety of activity antagonistic to plant pathogenic bacteria, fungi and viruses (Fira et al., 2018). Du et al. (2020) revealed that the DU-1 belongs to the genus Bacillus and showed an antagonistic effect against F. oxysporum. Therefore, our results showed that intercropping increased the relative abundance of beneficial bacteria in the R. glutinosa rhizosphere. In the current study, it was confirmed by plate standoff experiments that Bacillus spp. isolated from the soil had a significant antagonistic effect on the specific pathogenic pathogens (F. oxysporum and F. solani) of R. glutinosa. Moreover, exogenous additive experiments have shown that these beneficial bacteria exhibit relatively strong biological activities, consequently enhanced the yield of R. glutinosa. However, the Fusarium was still the dominant genus in all the samples. Those results suggest that intercropping did not directly lead to the decrease of pathogens in R. glutinosa rhizosphere but by increasing the abundance of beneficial bacteria to compete for the ecological niche and reduce the damage of pathogens to host plants. Our findings are in agreement with a similar study (Wu et al., 2020), which indicated that the intercropped R. pseudostellariae plants can enhance rhizosphere microorganisms biodiversity and stabilize selection pressure on Fusarium, thus preventing the capability of the pathogenic fungus to undergo rapid evolution towards higher virulence. In addition, a variety of root secretions (analogue or antibiont) derived in the course of intercropping might act as allelochemicals to remediate the unbalance rhizosphere ecosystem. In view of the above, these findings suggest that intercropping A. bidentata can ameliorate soil biological properties and mitigate the monocropping obstacle of R. glutinosa.




Conclusion

In summary, our study suggested that R. glutinosa-A. bidentata intercropping systems can alleviate the consecutive monoculture problem of R. glutinosa. In this study, the mechanism by which intercropping alleviated the consecutive monoculture problem was that species diversity caused a change in root exudates, elevated the abundance of PGPR, activated soil enzyme activity, and repaired the imbalanced microorganisms. However, interspecific competition exists between R. glutinosa and A. bidentata, which is linked to the distance of the roots. In field experiments, how strengthening the root interaction and reduce physical competition is also urgent problem to be solved. In the long term, we need to explore the formation of soil memory mechanism, which is an important theoretical basis for solving the consecutive monoculture problem, and has a positive effect on agriculture sustainability.
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To determine the allelopathic effects of root exudates from Flaveria bidentis on function of Bacillus, pot experiment was used to collect root exudates from living plants and test its allelopathic effects on function of Bacillus frigoritolerans and Bacillus megaterium, which were two dominant bacteria in the rhizosphere soil of F. bidentis. To obtain the allelopathic substances, the root exudates were successively extracted by N-hexane, dichloromethane, ethyl acetate, and N-butanol, and their allelopathic effects were tested. The results showed that B. frigoritolerans and B. megaterium considerably increased the concentration of available phosphorus and nitrogen, respectively, when the soil was treated with different concentrations of root exudates. Among the four organic solvent extracts, dichloromethane extracts significantly increased the abundances of B. frigoritolerans and B. megaterium and promoted their nitrogen-fixing and phosphate-solubilizing abilities. Phenol was detected in dichloromethane extracts by gas chromatograph-mass spectrometer (GC-MS). Meanwhile, phenol promoted the ability to fix nitrogen of B. megaterium and its growth by increasing the soil available nitrogen concentration, but phenol promoted the ability to solubilize phosphate of B. frigoritolerans only in 0.1mg/mL concentration. Therefore, phenol was an allelochemicals in the root exudates of F. bidentis that affects the growth and activities of B. megaterium.




Keywords: flaveria bidentis, root exudates, Bacillus, nitrogen-fixation, phosphorous-solubilization



Introduction

Allelopathy directly influences the growth of surrounding plants (Schalchli et al., 2012; He et al., 2019). Phenolics and their derivatives, terpenoids, and alkaloids are the main categories of plant allelochemicals (Qu and Wang, 2008; Li et al., 2010; Lupini et al., 2018; Wang et al., 2018), which are released through different means, such as in root exudate, volatiles from leaves, and through decomposition products (Li et al., 2016). Allelochemicals can affect the soil microbial community, alter the soil nutrient cycle, and indirectly influence plant growth and interspecific competition among plant species (Zhang et al., 2021). Previous studies have discussed allelochemical identification and their means of release of various plants such as rice, Spartina alterniflora and Rehmannia glutinosa (Kong et al., 2008; Zhang et al., 2019; Yuan et al., 2020); however, few have focused on describing the mechanism through which allelochemicals affect the soil microbial community.

An increasing number of studies have shown that allelopathy plays an important role in the process of exotic plant invasion (Li et al., 2015; Adomako et al., 2019). According to the “novel weapons hypothesis”, some invasive plants can invade a new range because they possess novel biochemical weapons that function as unusually powerful allelopathic agents or as mediators of new plant-soil microbial interactions (Callaway and Ridenour, 2004; He et al., 2009). For example, root exudates of invasive plants can produce large quantities of allelopathic or antimicrobial chemicals in the soil and alter the soil microbial community (Kong et al., 2008), contributing to a successful invasion (Inderjit et al., 2011; Li et al., 2017). The interactions between invasive plants and their soil microbial community are partly based on biochemistry. For instance, Centaurea maculosa directly inhibits the growth of native plants by releasing secondary metabolites, such as catechins, which can significantly improve the competitiveness of invasive plants (Callaway et al., 2009). The flavonoids in the root exudates of Sapium sebiferum can promote the colonization of arbuscular mycorrhizal fungi (AMF), increase its biomass, and facilitate successful invasion of the invasive (Tian et al., 2021). Yet we still know little about the allelopathic agents that affect soil microbial community, further studies are required to determine the associations between novel biochemistry, soil microbial communities, and invasion success.

Flaveria bidentis (L.) Kuntze, has invaded more than 100 counties of 5 provinces in northern China (Xing, 2014). Extensive evidence indicates that the allelopathy of F. bidentis helps it to grow better than native plants (Zhang et al., 2012; Xing, 2014; Song et al., 2017), leading to loss of biodiversity and causing considerable economic loss. Zhang et al. (2012) found F. bidentis residues to adversely affect the early growth of cotton and impact soil fertility by releasing water-soluble allelochemicals. Root secretion is its main allelochemical release pathway (Fen et al., 2009), which mainly includes flavonoids, thiophenes, phenolics, esters, and steroids (Li et al., 2014). The invasion of F. bidentis disrupts the soil microbial community to its benefit (Song et al., 2017). Bacillus is an important group of plant growth-promoting rhizobacteria in the rhizosphere of F. bidentis (Khalid et al., 2004; Batoul et al., 2022). Bacillus can remarkably activate soil enzymes associated with carbon and nitrogen metabolism and accelerate soil circulation (Palacios et al., 2014). Its ability to fix nitrogen and solubilize phosphorus is influenced by environmental factors. For example, Bacillus can efficiently utilize root exudates to accelerate its growth and reproduction rate and enhance its phosphate-solubilizing ability (Valetti et al., 2018). Our previous study showed that Bacillus megaterium and Bacillus frigoritolerans, the dominant bacteria in the rhizosphere of F. bidentis, promote the plant’s competitive growth by increasing the phosphorus and nitrogen content of the soil (Chen et al., 2021). However, the relationship between root exudates and the ability of Bacillus strains to fix nitrogen and solubilize phosphorus poorly understood.

To address this knowledge gap, we characterized the effect of F. bidentis root exudates on soil available nutrients and on the growth and phosphate-solubilizing and nitrogen-fixation ability of Bacillus megaterium and Bacillus frigoritolerans. We asked the following questions: (1) Do the root exudates of F. bidentis change soil available nutrients by influencing growth and phosphate-solubilizing and nitrogen-fixation ability of B. megaterium and B. frigoritolerans? (2) If so, then which are the dominant allelopathic chemicals of the root exudates? (3) What is their action mechanism on soil nutrients?



Materials and methods


Soil and seeds

The soil was collected from a depth of 20-40 cm on Hebei University campus (38°52′25″N, 115°31′E), sieved (< 2 mm), and its basic properties were measured: pH (w: v=1:5) = 8.721, total nitrogen = 1.604 g/kg, organic carbon content = 10.21 g/kg, available phosphorus content = 13.3 mg/kg, nitrate nitrogen content = 14 mg/kg, and ammonia nitrogen content = 57 mg/kg. The soil was mixed with vermiculite (v/v = 1:1), purchased from Hemiao Plant and Flower Co., Ltd., Bao, China.

F. bidentis seeds were obtained from the Plant Protection Institute, Chinese Academy of Agricultural Sciences, Langfang, China. To eliminate the effect of pathogenic bacteria on seedling growth, the seeds were surface-sterilized in 1.5% sodium hypochlorite (NaClO) for 2 min, rinsed 5 times with sterile distilled water, submerged in 70% ethanol for 1 min, and again washed 5 times.



Bacillus frigoritolerans and Bacillus megaterium

Bacillus frigoritolerans F60 (Accession: MN918279) and Bacillus megaterium F71 (Accession: LC430058) were selected to explore the effect of root exudates of F. bidentis on their growth and their ability to fix nitrogen and solubilize phosphate. They are the dominant Bacilli in the rhizosphere soil of F. bidentis (Chen et al., 2021).



Experiment I: Effect of root exudates of F. bidentis on the density and function of Bacillus strains

To test whether the root exudates of F. bidentis changed soil available nutrients by influencing growth and phosphate-solubilizing and nitrogen-fixation ability of B. megaterium and B. frigoritolerans, the root exudates of F. bidentis on soil available nutrients was tested firstly, then the densities of B. megaterium and B. frigoritolerans and their phosphate-solubilizing and nitrogen-fixation ability were measured.



Collection of root exudates of F. bidentis

The root exudates were collected under a natural soil environment. To initiate the experiment, the mixed soil was sterilized to eliminate the effect of soil microbial activity. Three hundred gram of the soil was put into each plastic pot (12 × 14 × 14 cm as length × width × height), a total of 220 plastic pots were used in this experiment. The surface-sterilized seeds were soaked in distilled water for 12 h and 30 seeds were planted in each pot. After germination, each pot was weeded to contain only 4 plants. The pots were randomly placed in a greenhouse for 90 days under a 10-h L: 14-h D photoperiod at 25 °C.

To test the effect of root exudates of F. bidentis on soil available nutrients, a Polyvinyl chloride (PVC) tube was used to collect the root exudates from F. bidentis (Figure 1). The 4 plants from each pot were carefully transferred into the top of the Polyvinyl chloride (PVC) tube (a). Five hundred mL sterile water was poured in each PVC tube (a) slowly, and the root exudates were exported from the bottom hose of this device (b) to the conical flask(c). About 120 L root exudates were collected from each PVC tube. Then the root exudates were concentrated to 1/60 of its volume using a rotary evaporator at 30 °C. The concentrated solution was filtered through a 0.22 μm microporous membrane to remove any microorganisms. The filtered fluid was divided into three parts and stored at 4 °C.




Figure 1 | The device for collecting root exudates from F. bidentis. The device was made of PVC tube (160mm diameter and 40cm height) and was divided into two parts. The plant grew at the top of the device (A). There is a hose (B), which is connected to a triangular flask (C), in the lower part. I was the control valve. During the growth, sterile water was poured in the top of the device (A) and the root exudates were collected in a triangular flask (C). We can also collect the remaining root exudates through hose (D), and the process was controlled by valve II.





Preparation of bacterial suspension

The B. megaterium and B. frigoritolerans strains were taken from glycerin tubes and incubated on nutrient agar plates (1% peptone, 0.3% beef extract, 0.5% NaCl, and 1.5% agar) separately at 30°C for 24 h to obtain individual colonies. The colonies of activated Bacilli were selected with an aseptic toothpick and incubated in 1 mL of nutrient liquid medium culture in a 1.5 mL centrifuge tube. After shaking at 180 rpm for 24 h at 37°C, the liquid was transferred into a triangular flask containing 100 mL of nutrient liquid broth medium and shaken at 180 rpm for 24 h at 37°C. The optical density of the suspension was adjusted to approximately 1.0 (O.D. at 600 nm) by diluting it with sterile distilled water. The population count of Bacillus was maintained at 108 CFU/mL.



Effect of F. bidentis root exudates on strain density, the ability of B. megaterium and B. frigoritolerans to fix nitrogen and solubilize phosphate

The densities of B. megaterium and B. frigoritolerans were determined to explore the effects of different treatments on their growth for each fresh soil sample using suspension dilution techniques on agar plates with the nutrient broth medium (Du et al., 2020). Soil samples (1 g) were collected, and 9 mL of distilled water was added. After being shaken to homogeneity at 200 rpm for 1 day, the suspension was heated in a hot water bath at 90°C for 10 min. After 12 h standing, the supernatant was serially diluted from 10-2 to 10-5. Up to 0.1 mL was taken from each aseptic dilution using a flattened micropipette and added to nutrient agar plates. The plates were incubated at 37°C for 12 h. The amounts of B. megaterium and B. frigoritolerans were estimated by counting the single colonies. According to the number of colonies and colony separation, 10-3 of the supernatants was used to determine the densities of Bacilli. The colony forming units/1 g dry weight of soil (CFU/g DWs) was calculated according to the volume dilution. Each treatment was conducted in triplicate.

Fermentation medium for inorganic phosphorus-solubilizing (glucose 10.0 g, (NH4)3SO4 0.5 g, MgSO4·7H2O 0.5 g, NaCl 0.2 g, Ca3(PO4)2 5.0 g, KCl 0.2 g, MnSO4 0.03 g, FeSO4 0.003 g, distilled water 1000 mL, pH: 7.0 to 8.0) and organic phosphorus-solubilizing (glucose 10.0 g, (NH4)3SO4 0.2 g, MgSO4·7H2O 0.5 g, KCl 0.1 g, MgCl2 6H20 5.0 g, calcium phytic acid 2.0 g, distilled water 1000 mL, pH: 7.0 to 8.0) were sterilized at 121 °C for 30 min. The activated bacterial suspension (1 mL each) was put into 50 mL fermentation medium for inorganic and organic phosphorus-solubilizing and cultured at 30 °C in a shaking incubator at 180 rpm for 5 days. The fermentation broth was centrifuged at 8000 rpm for 15 min in a sterile centrifuge tube. Subsequently, the culture supernatant was harvested and used for measuring the amount of phosphate produced by isolates, using the molybdenum-antimony-D-iso-ascorbic-acid colorimetry method at 720 nm in a spectrophotometer.

Ashby’s nitrogen-free agar (Mannitol 10.0 g, KH2PO4 0.2 g, MgSO4·7H2O 0.2 g, NaCl 0.2 g, CaSO4 0.1 g, CaCO3 5 g, distilled water 1000 mL, pH: 7.0 to 7.2) was sterilized at 121 °C for 30 min. Bacterial suspension (1 mL) was put into 50 mL of Ashby medium for nitrogen-fixing and cultured at 30 °C in a shaking incubator at 180 rpm for 5 days. The fermentation broth was transferred to digestion tube. After acid digestion with H2SO4-H2O2, the suspension was harvested and was measured for the amount of nitrogen produced by isolates, in accordance to the Nessler’s reagent colorimetric method at 420 nm in a spectrophotometer.



Changes of soil available nutrients

To test the root exudates and Bacillus species on soil available nutrients the changes of soil available phosphorous and nitrogen were measured. In specific, the filtered fluid was divided into 3 concentrations levels: C1 (20×the volume of concentrated root exudates), C2 (40×the volume of concentrated root exudates), and C3 (60×the volume of concentrated root exudates). In total, 40 Petri plates of 10 cm diameter were prepared for the experiment. Sterilized soil (30 g) was put into each Petri plate. Ten Petri plates of 10 cm diameter were prepared for each concentration. One mL of root exudate of each C1, C2, and C3 were put into their respective plates; 1 mL of sterile water (C0) was put in the control Petri plate. After being homogeneous mixed with soil, the 4 concentration levels were divided across 2 types of treatment: inoculation with either B. megaterium or B. frigoritolerans suspension. Five times were repeated for each concentration of B. megaterium or B. frigoritolerans suspension in the experiment. After the soil was homogenized, the Petri dishes were sealed with Parafilm membranes and incubated at 25 °C for 14 days. Soil available phosphorous was measured using the molybdenum antimony colorimetry method (Quevauviller, 1998), and nitrogen by the automatic chemical analyzer (Smart-Chem200).



Experiment II: Effect of different extraction phases of F. bidentis root exudates on soil available nutrients, and density and function of Bacillus Strains

To analysis of allelopathic substances, 4 organic reagents that have different polarity were used to extract the root exudates and their allelopathic effects were tested. Specially, the concentrated solution of root exudates of F. bidentis was diluted to 500 mL with sterile water and extracted with 200 mL of each of the 4 organic reagents with increasing polarity: N-hexane, dichloromethane, ethyl acetate, and N-butanol. The 4 components were obtained. Each organic phase was concentrated under reduced pressure, dried, and weighed. The 4 components were then mixed with methanol to obtain mother solutions (1 mg/mL for each organic phase). Each organic phase repeated 3 times. Mother solutions (1 mL each) were added to sterilized Petri dishes; 1 mL of methanol was used as the control. After methanol volatilization, 30 g of sterilized soil and 1 mL of sterile water were added into the Petri dishes. B. megaterium or B. frigoritolerans (1 mL) suspension was added into the sterilized soil; 1 mL of liquid medium was added to the control. After the soil was homogenized, the Petri dishes were sealed with Parafilm membranes and put into dark constant temperature incubator at 25 °C for 14 days. Each treatment was replicated 5 times.

After the Bacillus strains were treated with different extraction phases, their densities and abilities to fix nitrogen and solubilize phosphate were determined by the method described previously in Experiment I.



Experiment III: Identification of the allelochemicals that affect the function of B. megaterium and B. frigoritolerans strains

Gas chromatography mass spectrometry (Agilent GC7890B MS7000C, HP-5MS UI column 30 m × 0.25 mm × 0.25 μm) was performed to determine the allelopathic organic components in root exudates of F. bidentis. The analyses were conducted in splitless injection mode; the septum purge flow was 3 mL/min. Carrier gas was helium (constant flow rate of 2.5 mL/min), while nitrogen was collision gas (constant flow rate of 1.5 mL/min). Samples (1 mL) were introduced into the GC system. The initial oven temperature was set at 50°C, then increased at 20°C/min up to 150°C and held for 1 min, then at a rate of 1 °C/min up to 250°C, and then at 1°C/min up to 300°C. The total run time was 157 min. The temperature of injector was set at 250 °C, the transfer line at 285 °C, and the temperature of ion source was 230°C. The ions were generated using electron ionization (EI) ion source at 70 eV and scanned mass range of 50 to 500 amu. Primary identification of compounds was based on the Mass spectrum library (NIST14 library, Scientific Instrument Services, Inc., Ringoes, NJ, USA). Some compounds were further identified according to the mass spectrum and retention time of the standard compounds.

The determined compound of phenol was treated with methanol solution and divided into 5 concentrations: 0.01, 0.05, 0.1, 0.2, and 0.4 mg/mL. In total, 25 Petri plates of 10 cm diameter in this treatment were prepared, sterilized soil (30 g) was put into each Petri plate. Compounds of different concentrations (1 mL) were added to Petri plates and mixed with the soil; 1 mL of sterile water was put on Petri plates as the control. The 5 concentration level compounds were performed to inoculate either B. megaterium or B. frigoritolerans suspension. After homogenization, the Petri dishes were sealed with Parafilm membranes and put into dark constant temperature incubator at 25 °C for 14 days. Each treatment was replicated 5 times. Soil available phosphorous and nitrogen was determined as described previously.

After the Bacillus strains were treated with different compounds, their densities and abilities to fix nitrogen and solubilize phosphate were determined as described previously.



Statistical analyses

For non-targeted data analysis, the normality and homoscedasticity of raw data were verified. The non-normally distributed data were normalized by  . All statistical analyses were performed in SPSS 21.0 (IBM). Multiple comparisons of significant differences in the ability to fix nitrogen or solubilize phosphate of B. megaterium and B. frigoritolerans and their density between different treatments were examined by one-way analysis of variance (ANOVA). The difference was considered significant at confidence level of 0.05.




Results


Experiment I:Effect of root exudates of F. bidentis on the density and function of Bacillus strains

After pot treatment with different concentrations of root exudates, changes in soil available phosphorus and nitrogen concentrations were different in each strain (Table 1). B. frigoritolerans significantly increased the concentration of soil available phosphorus (F = 35.814, P < 0.001), and B. megaterium increased the concentration of soil available nitrogen (F = 85.329, P < 0.001); the maximum concentrations increased by 1.45 and 2 times, respectively. The F. bidentis root exudates promoted their phosphorus solubilization or nitrogen fixation activity (Figures 2A, B) and increased the number of Bacillus colonies (Figure 2C, all P < 0.001). The ability of B. frigoritolerans to solubilize phosphorus enhanced significantly with the increasing concentration of root exudates. The ability to solubilize organic and inorganic phosphorus reached 185 and 293 mg/L in C3 treatment, respectively (Figure 2A, all P < 0.001). The nitrogen-fixation ability of B. megaterium also showed an obvious upward trend with increased concentration of root exudates. Maximum nitrogen fixation ability was 30.18 g/50 mL (Figure 2B, F = 389.4, P < 0.001).


Table 1 | Effect of Bacillus on soil available nutrients after being treated with root exudates of F. bidentis.






Figure 2 | The effect of root exudates on the phosphate-solubilizing ability of B. frigoritolerans (A) and the nitrogen-fixation of B. megaterium (B) and their densities (C). C0, sterile water; C1, 20×the volume of concentrated root exudates; C2, 40×the volume of concentrated root exudates; C3, 60×the volume of concentrated root exudates. Different lowercase letters above the data bar indicate that the strain with different concentrations root exudates has significant differences at the p < 0.05 level. The “*”indicated that density of the Bacillus strains multiplied by 106.





Experiment II:Effect of different extraction phase of root exudates on soil available nutrients, the density and the function of Bacillus strains

The concentration of available phosphorus in the soil inoculated with B. frigoritolerans was significantly increased by 164.88%, 113.56%, and 130.68%, with respect to the control, when treated with the 3 extracts (dichloromethane extract, ethyl acetate extract, and n-butanol extract) respectively (Figure 3A, F = 539.044, P < 0.001). Its ability to solubilize organic and inorganic phosphorus was also significantly increased when treated with the extracts (all P < 0.001). The concentrations were the highest in dichloromethane extracts treatment (Figure 4A). The number of B. frigoritolerans significantly increased by 69.94% and 42.86% in N-butanol and dichloromethane extracts respectively, as compared to the control (Figure 4C, F = 47.85, P < 0.001).




Figure 3 | Effect of B. frigoritolerans on soil available phosphorus (A) and effect of B. megaterium on soil available nitrogen (B), after being treated with different extraction phases of root exudates. Different lowercase letters indicate that the same strain with different extracts treatments has significant differences at the P < 0.05 level.






Figure 4 | The effect of different extraction phases of root exudates on the phosphate-solubilizing ability of B. frigoritolerans (A) and the nitrogen-fixation of B. megaterium (B) and their densities (C). Different lowercase letters above the data bar indicate that the strain with different extracts treatments has significant differences at the P < 0.05 level. The “*”indicated that density of the Bacillus strains multiplied by 106.



The available nitrogen concentration in the soil that was inoculated with B. megaterium significantly increased by 75.1%, 84.5%, and 40.6%, relatively to the control, when the soil was treated with N-hexane, dichloromethane, and ethyl acetate extraction, respectively, while it decreased when the soil was treated with N-butanol (Figure 3B, F = 58.471, P < 0.001). The ability of B. megaterium to fix nitrogen significantly increased in N-hexane and dichloromethane extract treatments (Figure 4B, F = 2819.77, P < 0.001). The number of B. megaterium in the soil treated with N-hexane and dichloromethane extract significantly increased by 48.6% and 21.94% respectively, as compared to the control (Figure 4C, F = 16.077, P < 0.001).

In general, the effect of dichloromethane extracts on the functional characteristics and growth of B. frigoritolerans and B. megaterium was higher than that of any other reagent. Therefore, the extraction phase of dichloromethane was further separated and identified by GC-MS to explore the related allelochemicals.



Experiment III: Identification of the allelochemicals that affect the function of B. frigoritolerans and B. megaterium strains

More than 38 compounds, belonging to esters, alcohols, ketones, hydrocarbons, amines, nitriles, phenolics, and acridines, were identified in the dichloromethane extract (Supplementary Figure 1A and Supplementary Table S1). The concentration of phenol (C6H5OH) was the highest among phenolic compounds (Supplementary Figures 1B, C). Moreover, phenolics are reported as the most important allelopathic substances in soil-plant-environment interaction (Quideau et al., 2011). Therefore, the compound of phenol was conducted to measure the allelopathic effects on Bacillus strains.

After B. frigoritolerans was treated with different concentration of phenol, it was noted that the concentration of soil available phosphorus was significantly increased only in 0.1mg/mL phenol-treated soil (Figure 5). After B. megaterium was treated with different concentrations of phenol, it was observed that the available nitrogen concentration in the soil significantly increased by 85.27% and 34.83% when the soil was treated with 0.05 mg/mL and 0.2 mg/mL phenol, respectively (Figure 6A, all P < 0.001). The ability of B. megaterium to fix nitrogen significantly increased at 0.01 mg/mL, 0.05 mg/mL, 0.1 mg/mL and 0.2 mg/mL levels of phenol treatments (Figure 6B, all P < 0.001). The number of B. megaterium significantly increased in phenol treatments of 0.01 mg/mL, 0.05 mg/mL, 0.1 mg/mL, and 0.2 mg/mL, with respect to the control (Figure 6C, all P < 0.001). The experimental evidence indicated that phenol is an allelopathic substance affecting the ability of nitrogen fixation of B. megaterium.




Figure 5 | Effect of B. frigoritolerans on soil available phosphorus after being treated with different concentration phenol treatments. Different lowercase letters indicate that the same strain with different concentration of phenol treatments has significant differences at the P < 0.05 level.






Figure 6 | Effect of B. megaterium on soil available nitrogen after being treated with different concentration phenol treatments (A), and the nitrogen-fixation ability (B) and density (C) of B. megaterium. Different lowercase letters indicate that the same strain with different concentration of phenol treatments has significant differences at the P < 0.05 level. The “*”indicated that density of the Bacillus strains multiplied by 106.






Discussion

Our results indicate that (i) root exudates of F. bidentis can alter the growth and function of B. frigoritolerans and B. megaterium, and (ii) phenol can promote nitrogen-fixation ability of B. megaterium and its density by increasing the soil available nitrogen concentration. The successful invasion of certain exotic species depends on some beneficial bacteria, such as nitrogen-fixing and phosphate-solubilizing bacteria (Sun et al., 2021). Bacillus is one of the rhizosphere-promoting bacteria (Qin et al., 2022). Members of this genus are known to improve plant growth, directly or indirectly, through nutrient acquisition (Abadi et al., 2020). Previous studies have shown that Bacillus diversity differed in exotic and native plant rhizosphere (Chen et al., 2022; Du et al., 2022). Bacilli are beneficial to exotic invasive species because of their capacity to enhance plant nutrient uptake, produce growth-promoting compounds, and prevent colonization of root surfaces by pathogenic fungi (Chen et al., 2021). We also find that the growth and functions of Bacillus strains are affected by the allelochemicals released from plant root exudates. This suggests that the invaders influencing the nutrient cycling by altering soil microbial community is a potential mechanism of successful plant invasion.

Bacilli are common soil-dwelling bacteria (Traxler and Kolter, 2015), and F. bidentis recruits specific Bacillus species in its rhizosphere, such as B. frigoritolerans and B. megaterium. Moreover, these species are also dominant in the rhizosphere of native species (Chen et al., 2022). However, the phosphorus-solubilizing ability of Bacillus strains in the rhizosphere is different in invasive and native plants during competitive growth (unpublished). The allelochemicals released from the root exudates can alter nitrogen-fixing and phosphorous-solubilizing abilities of Bacillus strains. The difference in root exudates between invasive and native plants may lead to the difference in available nutrients in the soil. The increase in soil available nutrients of exotic plants can benefit its invasion.

Exotic plant species can release allelochemicals to support its successful invasion. Generally, the allelopathic substances can directly affect the functions of specific microbe to alter soil nutrients. For example, the quercetin and strigolactones, two chemical signals in the root of exotic species, can stimulate the growth and root colonization of AMF to enhance its ability to absorb soil nutrients (Yu et al., 2022). But it is also possible that root exudates and allelopathic substances alter soil nutrients and then affect the functions of microbes. The wheat recruits beneficial bacteria that suppress the pathogen through solubilizing nutrients (Habib et al., 2020). In our study, we find that phenol can increase the density and nitrogen-fixation ability of B. megaterium by altering soil available nitrogen concentration, suggesting that phenol may be an important allelochemicals that affects soil Bacillus community and their functions. Studies showed that phenolic compounds are carbon-based secondary metabolites and are widely present in plants (Chacon and Arnesto, 2006; Ibrahim et al., 2011). Phenolic compounds play an important role in soil-plant-environment interactions (Quideau et al., 2011; Arafat et al., 2020). Root exudates released from exotic plant can change the concentration of phenolic compounds in the soil (Xue et al., 2021). Meanwhile, phenolic compounds can responsible for changes in soil N cycling, changing NH+ 4immobilization and gross nitrification (Castells et al., 2004). The experimental evidences in our systems suggest that the soil available nutrients and the nitrogen-fixing ability of B. megaterium increased with the increase in concentration of root exudates. Some studies have also demonstrated that the root exudates of Ageratina adenophora, maizes, and apple trees significantly increase the abundance of Bacillus in the soil and the soil available nitrogen (Sun et al., 2021; Wang et al., 2021; Wang et al., 2022). The interactions among plant-microbes-nutrient may give positive feedback on the exotic plants (Arafat et al., 2020).

The study suggests phenol is an important allelochemical that increases soil available nitrogen by altering the growth and nitrogen-fixing ability of B. megaterium. However, phenol has little impact on soil available phosphorus when the soil is inoculated with B. frigoritolerans. This suggests different allelopathic compounds are functionally selective for specific strains (Santonja et al., 2018; Ankati and Podile, 2019). Furthermore, studies showed that plants can recruit beneficial bacteria by releasing specific compounds in the root exudates, ultimately formatting a self-promoting mechanism (Habib et al., 2020; Sun et al., 2021). For example, Arabidopsis thaliana can specifically promote the activity of three bacterial species in the rhizosphere soil to resist pathogenic bacteria and promote its growth (Berendsen et al., 2018). The rhizosphere of tomato can change the activity of specific PGPR populations (Bacillus and Flavisolibacter spp.) to improve the heavy metal toxicity of plants (Zhou et al., 2022). Our study further shows the specific relationship between allelopathic compounds and the activities of rhizospheric beneficial bacteria of F. bidentis. To discover the mechanism of the effect of root exudates of F. bidentis on soil available phosphorus, the allelopathic compound from the root exudates and its effect on the growth and solubilizing phosphorus ability of B. frigoritolerans need to be further explored.



Conclusion

Root exudates of F. bidentis increased soil available phosphorus and nitrogen levels and the abilities of B. frigoritolerans and B. megaterium specifically to solubilize phosphorus and fix nitrogen. Phenol, which was detected in root exudates of F. bidentis, could promote the nitrogen-fixing ability of B. megaterium and its density by increasing the soil available nitrogen concentration. Therefore, phenol was an allelochemicals in the root exudates of F. bidentis that affects the growth and activities of and B. megaterium.
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Chunjuan Pu 1,2, Yang Ge 2, Guang Yang 2, Han Zheng 2, Wei Guan 3, Zhi Chao 4, Ye Shen 2, Sha Liu 2, Meilan Chen 2* and Luqi Huang 2*


1 School of Pharmacy, Nanjing University of Chinese Medicine, Nanjing, China, 2 State Key Laboratory of Dao-di Herbs, National Resource Center for Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing, China, 3 State Key Laboratory for Biology of Plant Diseases and Insert Pests, Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing, China, 4 School of Traditional Chinese Medicine, Southern Medical University, Guangzhou, China




Edited by: 

Linkun Wu, Fujian Agriculture and Forestry University, China

Reviewed by: 

Rupali Gupta, Volcani Center, Israel

Wei Guo, Chinese Academy of Agricultural Sciences (CAAS), China

Minmin Li, Chinese Academy of Agricultural Sciences (CAAS), China

*Correspondence: 

Meilan Chen
 chenmeilan@nrc.ac.cn 

Luqi Huang
 huangluqi01@126.com

Specialty section: 
 This article was submitted to Plant Symbiotic Interactions, a section of the journal Frontiers in Plant Science


Received: 22 June 2022

Accepted: 20 October 2022

Published: 01 December 2022

Citation:
Pu C, Ge Y, Yang G, Zheng H, Guan W, Chao Z, Shen Y, Liu S, Chen M and Huang L (2022) Arbuscular mycorrhizal fungi enhance disease resistance of Salvia miltiorrhiza to Fusarium wilt. Front. Plant Sci. 13:975558. doi: 10.3389/fpls.2022.975558



Salvia miltiorrhiza Bunge (Danshen in Chinese) is vulnerable to Fusarium wilt, which severely affects the quality of the crude drug. Mycorrhizal colonization enhances resistance to fungal pathogens in many plant species. In this study, pre-inoculation of S. miltiorrhiza with the arbuscular mycorrhizal fungi (AMF) Glomus versiforme significantly alleviated Fusarium wilt caused by Fusarium oxysporum. Mycorrhizal colonization protected S. miltiorrhiza from pathogen infection, thereby preventing a loss of biomass and photosynthesis. There were greater defense responses induced by pathogen infection in AMF pre-inoculated plants than those in non-treated plants. AMF pre-inoculation resulted in systemic responses upon pathogen inoculation, including significant increases in the protein content and activities of phenylalanine ammonia-lyase (PAL), chitinase, and β-1,3-glucanase in S. miltiorrhiza roots. In addition, mycorrhizal pre-inoculation caused upregulation of defense-related genes, and jasmonic acid (JA) and salicylic acid (SA) signaling pathway genes after pathogen infection. The above findings indicate that mycorrhizal colonization enhances S. miltiorrhiza resistance against F. oxysporum infection by enhancing photosynthesis, root structure, and inducing the expression of defense enzymes and defense-related genes on the other hand.
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Introduction

Salvia miltiorrhiza Bunge, a diploid species belonging to the family Lamiaceae (Li et al., 2017), is an industrially important medicinal plant widely used for treatment of coronary and cerebrovascular diseases (Chen et al., 2018; Liu et al., 2018; Shi et al., 2018). With increasing demand for S. miltiorrhiza in domestic and international markets, the planting area has expanded in China (Shi et al., 2018). S. miltiorrhiza is mostly cultivated with large-scale continuous planting, but Fusarium wilt caused by Fusarium oxysporum is a major threat (Zhang et al., 2016). Fusarium wilt is a fast-spreading epidemic disease that causes severe damage to the quality and productivity of S. miltiorrhiza, similar to the damage experienced by crops such as cucumber, chickpeas, banana, and cotton (de Lamo and Takken, 2020; Ankati et al., 2021; Qi et al., 2022). It is estimated that up to 70% of continuously cropped S. miltiorrhiza is affected (Yang et al., 2013). Synthetic fungicides are commonly used to control Fusarium wilt, however their use causes environmental pollution and threatens human health (Neeraj and Singh, 2011). Therefore, there is an urgent need for the identification of new biological control methods to suppress Fusarium wilt in the agricultural production of S. miltiorrhiza (Hammad and El-Mohandes, 1999).

In response to fungus pathogens, plants have evolved a series of complex strategies to protect themselves from damage (Song et al., 2015). Symbisis between plant root systems and arbuscular mycorrhizal fungi (AMF) can be exploited for crop disease management (Ajit et al., 2017). Arbuscular mycorrhizal symbiosis can enhance plant resistance against various pathogens such as Alternaria spp., Rhizoctonia, Fusarium, Verticillium, and Thielaviopsis (Nair et al., 2015; Mustafa et al., 2017). The protective effects may result from a combination of diverse mechanisms (Dey and Ghosh, 2022). AMF induced plant defense response plays an important role in plant disease resistance (Jung et al., 2012). The defense responses of plants can be pre-axisting and induced (Xu et al., 2022). Plant physical structures and phytochemicals provide basic defense against fungal pathogens (Robert-Seilaniantz et al., 2011; Bellincampi et al., 2014; Ziv et al., 2018). After recognition of fungal pathogens, defense signaling is activated, leading to induction of immunity, local defense responses, and systemic defense signaling (Tian et al., 2016). Mycorrhiza-induced resistance is characterized by induction of root cell wall thickening, accumulation of phytoalexins, induced expression of plant defense genes, and stimulation of plant defense enzymes such as PAL, chitinase, and β-1,3-glucanase (Song et al., 2015; Eke et al., 2016; Bai et al., 2018).

Pathogen infection can reduce plant photosynthesis and damage the root system of plants (Dong et al., 2016). Reduced photosynthesis prevents plants from obtaining carbon nutrients, and root damage limits the absorption of nutrients and water (Serrano et al., 2016). In previous research, we observed that AMF increases photosynthesis and improves the root system of plants (Chen et al., 2017b). Therefore, we investigated if AMF can alleviate the photosynthesis and the root structure damage leading to reduced yield of S. miltiorrhiza caused by pathogen infection.

Previously, we found that arbuscular mycorrhizal symbiosis decreases the disease incidence of continuously cropped S. miltiorrhiza by nearly 75% (Yang et al., 2013). However, there is little known about the response of AMF-inoculated S. miltiorrhiza to F. oxysporum infection and mycorrhizal-induced defense mechanisms are poorly understood. In this study, we investigated the mechanisms of defense response in S. miltiorrhiza against F. oxysporum infection induced by pre-inoculation with AMF from two perspectives: the photosynthesis and root structure, and changes in expression of defense-related genes.



Materials and methods


Plant materials and fungal strains

S. miltiorrhiza seeds were collected from a planting base located in Laiwu, Shandong Province in North China (36°20’ N, 117°41’ E). The authors identified the seedlings as S. miltiorrhiza Bunge.

The AMF G. versiforme was originally provided by Professor Honggang Wang (Chinese Academy of Agricultural Sciences). and was propagated using Sorghum bicolor as the host. The spores, hyphae, colonized roots, and substrates were collected as AMF inocula. The AMF inocula was identified as G. versiforme following Wang et al. (2016) described (Figure S1).

The pathogen was isolated from roots of diseased S. miltiorrhiza that showed symptoms of Fusarium wilt and identified as F. oxysporum (Yang et al., 2013). The pathogen was cultured for five days in Armstrong Fusarium Medium Base (20.0 g glucose, 0.2 mg FeSO4, 1.6 g KCl, 0.4 g MgSO4·7H2O, 5.9 g Ca(NO3)2, 0.2 mg ZnSO4, 1.1 g KH2PO4, and 0.2 mg MnSO4 per liter, pH 7.0) at 28°C in darkness and on a shaker at 150 rpm. Three layers of sterile gauze were used to filtrate mycelia and the suspension concentration was 106 spores/ml in aseptic distilled water.



Cultivation substrate

Vermiculite was used as the germination substrate of S. miltiorrhiza seeds. After 30 days of germination, S. miltiorrhiza seedlings were transplanted to 1:1 (v/v) mixture of paddy soil and vermiculite. The paddy soil contained organic matter (0.49 g·kg-1), total N (3.85 g·kg-1), total P (8.43 g·kg-1), available P (2.27 mg·kg-1), total K (28.43 g·kg-1), available K (8.71 mg·kg-1), available Zn (0.07 mg·kg-1), available Mn (0.74 mg·kg-1), available Fe (1.6 mg·kg-1), and available Cu (0.13 mg·kg-1), with a pH value of 8.7. The substrate was sterilized at 121°C for 2 hours before use.



Experimental design

S. miltiorrhiza seeds were surface-sterilized in 75% ethanol for 1 min, soaked in 2% (V/V) NaClO for 10 min, and then rinsed with sterile water for 5 min. Germination substrate was autoclaved vermiculite. S. miltiorrhiza in AM treatment were pre-inoculated with G. versiforme, i.e., 100 g (equivalent to ~1250 spores) of AMF inoculum was mixed with 1 kg vermiculite. In NM treatment, an equal amount of autoclaved AMF inoculum was mixed with the vermiculite.

Thirty days after sowing, the mycorrhizal colonization of S. miltiorrhiza was assessed. S. miltiorrhiza seedlings were transplanted into square pots (7 cm × 7 cm), and inoculated with F. oxysporum. Four treatments were designed (NM-Fo, NM+Fo, AM-Fo, and AM+Fo): (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Each treatment included 60 pots. Seedlings were incubated in 5 mL spore suspension for 30min. Control S. miltiorrhiza were treated with 5 mL sterilized spore suspension for 30 min. Experiments were conducted in a greenhouse (30°C, 14L:10D photoperiod), with a photon flux density of 350 photon µmol·m−2·s−1 (photosynthetic active radiation).



Assessment of AMF colonization

AMF colonization was measured 30 days after germination. The roots of mycorrhizal S. miltiorrhiza were cut into 1 cm long sections and then stained with Trypan Blue following the protocol published previously (Phillips and Hayman, 1970). AMF colonization of S. miltiorrhiza was determined as described previously (Giovannetti and Mosse, 1980).



Disease incidence measured

Seven days after pathogen inoculation, disease incidence and disease index were measured. Disease incidence was calculated as the percentage of diseased S. miltiorrhiza. Disease severity was estimated using a Disease Index (DI) calculated as disease grades 0–5: 0, no symptoms; 1, growth delayed and no significant necrosis or atrophy of shoots and roots; 2, light chlorosis and necrosis on shoots and roots; 3, medium chlorosis and necrosis on shoots and roots; 4, high chlorosis and necrosis on shoots and roots; and 5, failed seedlings (Soudani et al., 2022). Disease incidence, disease index, and control efficacy were calculated using the following formulas:





	



Assessment of plant growth

Thirty days after pathogen inoculation, S. miltiorrhiza seedings were removed from the soil, the shoots and roots were separated, and the fresh weights of both the shoots and roots were recorded.



Root system measurement

Thirty days after pathogen inoculation, the roots of S. miltiorrhiza were scanned with an Epson Expression/STD 4800 scanner (Seiko Epson Corporation, Nagano, Japan), and the root length, root projArea, and root surfArea were derived with WinRHIZO image analysis software (Regent Instruments Inc., Quebec, QC, Canada).



Chlorophyll fluorescence measurement

The chlorophyll fluorescence parameters were determined 30 days after pathogen inoculation. A dual-PAM-100 device (Heinz Walz, Effeltrich, Germany) was used to measure the Chlorophyll fluorescence parameters of the two uppermost leaves of S. miltiorrhiza at 25°C according the previous published protocols (Ritchie and Bunthawin, 2010). Before measurement, the minimal fluorescence in the dark-adapted state (F0) was recorded after the plants were kept in the darkness for 30 min. The maximal fluorescence in the dark-adapted state (Fm), the maximal fluorescence (Fm’), the minimal fluorescence in the light-adapted state (F0’), and the steady-state fluorescence (Fs) of leaves were determined following the previously described methods (Gong et al., 2013). The chlorophyll fluorescence parameters ΦPSII, Fv/Fm, qP, and qN were as described (Zai et al., 2012; Sowik et al., 2016).



Chlorophyll measurement

Thirty days after pathogen inoculation, chlorophyll content was measured as described previously (Gregor and Maršálek, 2004). Approximately 0.05 g fresh leaves of S. miltiorrhiza were ground into fine powder and 8 mL 95% ethanol was added. Samples were stored in the dark for 48 h. The absorption of the continuation filtrate was measured at 665 nm, 649 nm, and 470 nm and the content of chlorophyll was calculated according to the following formulas:

Ca = 13.95A665 - 6.88A649, Cb = 24.96A649 - 7.32A665, CChl = Ca + Cb, CCar = (1000A470 - 2.05Ca - 114.8Cb)/245

Chlorophyll a content = Ca × V/W, Chlorophyll b content=Cb × V/W, Total Chlorophyll content = CChl × V/W, Carotenoid content = CCar × V/W



Content of soluble protein measurement

Thirty days after pathogen inoculation, soluble protein content was determined according to the previously published method (Yen and Pratap-Singh, 2021). A standard curve was constructed using different concentrations (0-2 mg·mL-1) of bovine serum albumin (BSA) to estimate of protein content.



Activities of defense-related enzymes

The activities of defense-related enzymes were detected five days following infection. Approximately 0.1 g root samples of S. miltiorrhiza were ground into fine powder in liquid nitrogen and were extracted with 2 mL 0.05 M sodium acetate buffer (pH 5.0). Extracts were centrifuged at 12,000 g for 15 min at 4°C and the supernatant fractions were used to assay enzyme activity. PAL activity was analyzed as Mozzetti et al. (1995) described. β-1,3-Glucanase activity was assayed by the laminarin-dinitro salicylic acid method (Pan, 1991). Chitinase activity was analyzed as Boller and Mauch (1988) described.



Expression of defense-related genes

The expression levels of defense-related genes, SmLOX (JX297420.1), SmAOS, SmAOC (HM156740.1), SmOPR (MN125491.1), SmJAR, SmPDF2.1 (OP066222), SmPAL (DQ408636.1), SmNPR1, SmPR1, and SmPR10 (KF877034.1), were measured by qRT-PCR three days after pathogen inoculation. To do this, 0.1 g root samples were ground into fine powder in liquid nitrogen and total RNA was extracted using the RNeasy Plus Mini kit (Qiagen, Germany). Reverse transcription was performed using PrimeScript™ Reverse Transcriptase (TaKaRa, Japan). Primer Premier 5 software used to design the primers as shown in Table S1 and qRT-PCR analysis was conducted using SYBR® Premix Ex Taq™ II (TaKaRa, Japan), with SmActin (DQ243702) as a reference gene using a LightCycler 480 real-time PCR system (Roche, Switzerland). CT values were calculated to analyze the relative expression levels using the 2-ΔΔCt method (Guo et al., 2016).



Statistical analysis

All data were analyzed using IBM SPSS Statistics 24. Results are presented as the mean values ± standard deviation (SD). Data were analyzed with two-way ANOVA followed by Tukey’s test and differences were reported as significant for values of P < 0.05.




Results


Induction of disease resistance by Mycorrhizal colonization

Mycorrhizal colonization was examined 30 days post-inoculation. Among the S. miltiorrhiza treated with G. versiforme (AM treatment), 83.33 ± 3% were successfully colonized by G. versiforme (Figures 1A, B, Table 1). There was no fungal structure in the roots of plants in the NM treatment. The results showed that S. miltiorrhiza was successfully colonized by the AMF and the pathogen could be inoculated later.




Figure 1 | G versiforme alleviates disease of S. miltiorrhiza infected with F oxysporum. (A, B) Uncolonized roots (A) and colonized roots (B) by G versiforme. The photos were taken 30 days after mycorrhizal inoculation. (C, D) S. miltiorrhiza seedlings without pathogen inoculation (C) and diseased S. miltiorrhiza seedlings infected with the pathogen (D). The photos were taken 7 days after inoculating with F oxysporum. (E) S. miltiorrhiza plants of four treatments 30 days after inoculating with F oxysporum. (F, G) Fresh weight of shoot (F) and root (G) of S. miltiorrhiza 30 days after pathogen inoculation. Four treatments included: (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen inoculation; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Values are means ± SD from four sets of independent experiments with 30 pots per treatment for each set of experiments. Different lowercase letters indicate significant differences between different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).




Table 1 | Mycorrhizal colonization, disease incidences, and indices of S. miltiorrhiza inoculated with F. oxysporum.



No disease symptoms were found in the two groups without inoculation of the pathogen (Figures 1C, E). Disease symptoms of S. miltiorrhiza infected with F. oxysporum exhibited dwarfish stem, yellow and smallish leaves, and generally withered plants (Figures 1D, E). Pre-inoculation of S. miltiorrhiza with the G. versiforme significantly decreased the disease incidence and disease severity of Fusarium wilt compared to the plants in the NM+Fo treatment. The disease incidence and disease index of the NM+Fo treatment were 48.3% and 41.5%, while those of the AM+Fo treatment were only 18.3% and 15.5% after seven days of pathogen inoculation (Table 1). Disease incidence was reduced by 62.1% in mycorrhizal plants. Mycorrhizal plants had significantly decreased disease symptoms compared to non-mycorrhizal inoculated plants 45 days after pathogen infection (Figure 1E). The control efficacy of AMF pre-inoculation was 62.6% (Table 1).



G. versiforme alleviated the retarded growth of S. miltiorrhiza resulting from F. oxysporum infection

G. versiforme colonization significantly increased the fresh weight of shoots and roots by 11.74% and 34.56%, respectively (Figures 1F, G). In contrast, F. oxysporum decreased the shoot biomass and root biomass by 37.5% and 40.6%, respectively (Figures 1F, G). Mycorrhizal plants promoted the accumulation of plant biomass relative to non-mycorrhizal plants after inoculation with the pathogen (Figure 1E). Compared to NM+Fo treatment, pre-inoculation with AMF (AM+Fo treatment) increased the fresh weight of shoots and roots by 49.8% and 45.7%, respectively.



G. versiforme improved root morphology of S. miltiorrhiza infected with F. oxysporum

The results of root scanning showed that the F. oxysporum infection seriously damaged the root system of S miltiorrhiza, resulting in less fibrous roots and root vascular blocking, while mycorrhizal colonization greatly promoted the development of root system (Figure 2A). Mycorrhizal S. miltiorrhiza partially resisted root damage caused by pathogen infection (Figure 2A). G. versiforme colonization significantly increased the length of root by 32.80%, root projArea by 16.27%, and root surfArea by 18.18%, but pathogen infection decreased those of S. miltiorrhiza (Figures 2B–D). Pre-inoculating AMF decreased the loss of root biomass caused by pathogen infection. The length of root and root surfArea of S. miltiorrhiza in NM+Fo treatment were significantly lower than those of S. miltiorrhiza in AM+Fo treatment (Figures 2B, D).




Figure 2 | Root morphology of S. miltiorrhiza in the four treatments. (A) Root scans of S. miltiorrhiza in AM+Fo treatment and NM+Fo treatment. Length of root (B), root projArea (C), and root surfArea (D) of S. miltiorrhiza 30 days after pathogen inoculation. Four treatments included: (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen inoculation; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Values are means ± SD from four sets of independent experiments with 30 pots per treatment for each set of experiments. Different lowercase letters indicate significant differences between different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).





G. versiforme improved photosynthesis of S. miltiorrhiza infected with F. oxysporum

F. oxysporum infection decreased the photosynthesis-related parameters ΦPSII and Fv/Fm of non-mycorrhizal S. miltiorrhiza by 20.2% and 13%, respectively. While 10% decreased on ΦPSII and no significant difference in Fv/Fm (Table 2) of mycorrhizal S. miltiorrhiza. Pathogen inoculation also decreased the qP and qN, but there was no significant difference between the four treatments (Table 2).


Table 2 | Chlorophyll fluorescence parameters in leaves of S. miltiorrhiza seedlings.



The content of Chlorophyll a, Chlorophyll b, and total Chlorophyll of S. miltiorrhiza in the NM+Fo treatment were significantly decreased by 10%, 11%, and 15% compared with NM-Fo treatment. However, the above parameters were not decreased by pathogen inoculation in mycorrhizal S. miltiorrhiza (Table 3). In addition, AMF colonization significantly increased the content of carotenoid (Table 3).


Table 3 | Content of Chlorophyll a, Chlorophyll b, Carotenoid, and total Chlorophyll in leaves of S. miltiorrhiza seedlings.





G. versiforme improved the protein content of S. miltiorrhiza infected with F. oxysporum

Mycorrhizal colonization significantly reduced the content of soluble protein in the roots of S. miltiorrhiza by 22.6% compared with non-mycorrhizal plants (Figure 3). F. oxysporum infection significantly reduced the protein content in non-mycorrhizal S. miltiorrhiza by 72.4% but increased protein content by 48% in mycorrhizal S. miltiorrhiza (Figure 3).




Figure 3 | Protein content in the roots of S. miltiorrhiza from the four treatments. The protein content was measured 30 days after pathogen inoculation. Data are mean values ± SD; significant differences (P < 0.05 using Tukey’s test) among treatments in the same column are indicated by different letters. Four treatments included: (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen inoculation; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Values are means ± SD from four sets of independent experiments with 15 plants per treatment. Different lowercase letters indicate significant differences between different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).





Induction of defense-related enzymes in Mycorrhizal S. miltiorrhiza by pathogen infection

To determine the effects of AMF colonization on defense responses in S. miltiorrhiza, the levels of three defense-related enzymes, PAL, β-1,3-glucanase, and chitinase, were analyzed in the roots of S. miltiorrhiza after pathogen infection.

The PAL activity of mycorrhizal and pathogen-infected S. miltiorrhiza (AM+Fo treatment) was significantly increased by 39% compared with that of control NM treatment S. miltiorrhiza (Figure 4A). However, inoculation of S. miltiorrhiza with AMF or pathogen alone did not significantly enhance PAL activity in the roots of S. miltiorrhiza (Figure 4A).




Figure 4 | The activity of chitinase (A), PAL (B), and β-1,3-glucanase (C) in the roots of S. miltiorrhiza five days after pathogen inoculation. Four treatments included: (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen inoculation; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Values are means ± SD from four sets of independent experiments with 15 plants per treatment. Different lowercase letters indicate significant differences between different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).



Inoculation of AMF or pathogen alone significantly increased β-1,3-glucanase activity by 28% and 34%, respectively, while inoculation of S. miltiorrhiza with both AMF and pathogen increased β-1,3-glucanase activity by 125% (Figure 4B).

Unlike the increased activities of PAL and β-1,3-glucanase, chitinase activity significantly decreased by 39% and 45% after AMF colonization or pathogen infection, respectively. However, there was a smaller drop (11.55%) in the activity of chitinase after AMF and pathogen dual inoculation (Figure 4C).

Overall, mycorrhizal S. miltiorrhiza treatment showed higher increases in three enzymes activities after pathogen infection, especially PAL and β-1,3-glucanase, suggesting that mycorrhizal pre-inoculation enhanced the activities of these enzymes in the roots of S. miltiorrhiza upon pathogen infection.



Mycorrhizal colonization induced transcription of defense-related genes

To determine whether the transcript induction of defense-related genes was enhanced by mycorrhizal colonization, gene expression was analyzed from S. miltiorrhiza roots three days after pathogen inoculation using real-time RT-PCR. The amplification efficiency of the primer pairs ranged from 90 to 110% (Table S1, Figure S2). These primers were used for quantitive analysis of the transcriptional activity of defense-related genes. The JA synthesis pathway genes, SmLOX, SmAOS, SmAOC, and SmOPR, were significantly up-regulated by 443%, 653%, 178%, and 113%, respectively, in mycorrhizal S. miltiorrhiza roots after pathogen infection (Figures 5A–D). However, pathogen infection alone did not induce these gene transcription. Similarly, the JA signaling pathway gene, SmJAR, and the markers of the JA defense-response pathway, SmPDF2.1, were upregulated by 116% and 257%, respectively, in mycorrhizal S. miltiorrhiza roots after pathogen infection (Figures 5E, F). In addition, inoculation AMF alone up-regulated the transcripts of SmAOS, SmAOC, SmJAR, and SmPDF2.1. by 156%, 325%, 123%, and 163%, respectively (Figures 5B, C, E, F).




Figure 5 | Relative expression levels of SmLOX (A), SmAOS (B), SmAOC (C), SmOPR (D), SmJAR (E), SmPDF2.1 (F), SmPAL (G), SmNPR1 (H), SmPR1 (I), and SmPR10 (J} in the roots of S. miltiorrhiza three days after pathogen inoculation. Four treatments included: (1) NM-Fo: non-mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen inoculation; (2) NM+Fo: non-mycorrhizal S. miltiorrhiza inoculated with pathogen; (3) AM-Fo: mycorrhizal S. miltiorrhiza inoculated with heat-killed pathogen; (4) AM+Fo: mycorrhizal S. miltiorrhiza inoculated with pathogen. Values are means ± SD from four sets of independent experiments with 15 plants per treatment. Different lowercase letters indicate significant differences between different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).



SmPAL, the key gene involved in the biosynthesis of SA (Shine et al., 2016), and SmNPR1, a master regulator of SA (Tada et al., 2008), were significantly up-regulated by 156% and 151%, respectively, in mycorrhizal S. miltiorrhiza roots after pathogen infection (Figures 5G, H). However, there were no expression changes in response to either mycorrhizal colonization or pathogen infection alone. SmPR1 and SmPR10, encode pathogenesis-related proteins and were significantly up-regulated in mycorrhizal S. miltiorrhiza roots after pathogen infection (Figures 5I, J). After pathogen infection, SmPR1 was 45-fold up-regulated in mycorrhizal S. miltiorrhiza roots, while 15-fold up-regulated in non-mycorrhizal S. miltiorrhiza roots (Figure 5I).




Discussion

Fusarium wilt has become a major disease of S. miltiorrhiza and is a major limiting factor for cultivation. We showed that the Fusarium wilt caused by F. oxysporum can be alleviated through mycorrhizal pre-inoculation. Pre-inoculation of S. miltiorrhiza with G. versiforme significantly decreased disease incidence (from 48.3% to 18.3%) and disease index (from 41.5% to15.5%) of Fusarium wilt compared to S. miltiorrhiza without mycorrhizal colonization (Table 1). F. oxysporum infection reduced the shoot and root biomass of non-mycorrhizal S. miltiorrhiza by 37.5% and 40.6%, however, G. versiforme pre-inoculation reduced the loss of shoot biomass to 16.19% and root biomass to 35.68% (Figures 1F, G). The results were in accordance with previous reports that AMF colonization alleviates alfalfa leaf spots caused by Phoma medicaginis (Li et al., 2021), and that Funneliformis mosseae significantly alleviates early blight disease in tomato caused by Alternaria solani Sorauer (Song et al., 2015).

Roots allow plants to absorb nutrients and water. Infection of S. miltiorrhiza by F. oxysporum leads to Fusarium wilt, with symptoms including less fibrous roots and root vascular blocking, decreasing absorption of nutrients and water and resulting in plant wilting and death (Yang et al., 2013; Chen et al., 2017a). We found that G. versiforme increased the length of root by 32.80%, root projArea by 16.27%, and root surfArea by 18.18% of S. miltiorrhiza (Figures 2A–D). Root structure is key to determining a plant’s ability to effectively explore soils (Dorlodot et al., 2007). AMF improves plant nutrition, and this could contribute to increased plant tolerance and compensation for root damage caused by the pathogen (Cordier et al., 1998). The increased nutrition and fitness of mycorrhizal plants likely serve as systemic protection mechanisms against pathogen attack (Fritz et al., 2006). Many studies have shown that the major benefit of AMF colonization is its effect on the host root system (Gutjahr et al., 2009; Vos et al., 2013). Consistently, the improved root system structure we observed here appears to be a key factor in the disease resistance of S. miltiorrhiza induced by G. versiforme.

Photosynthesis not only provides nutrients for plant growth, but also produces defense-related substances to counter pathogens (Serrano et al., 2016). Suppressing photosynthesis is also a strategy for successful infection of pathogens. Fv/Fm and ΦPSII are important indicators of the photosynthetic apparatus and are widely used to assess plant-pathogen interactions (Wang et al., 2018). Consistent with our findings (Table 2), a previous study found that pathogen infection significantly reduced Fv/Fm and ΦPSII in plants not inoculated with AMF, but had no effect in mycorrhizal plants (Wang et al., 2018). Here, F. oxysporum infection decreased the photosynthesis-related parameters Fv/Fm and ΦPSII by 20.2% and 13% in non-mycorrhizal S. miltiorrhiza, respectively, while ΦPSII only decreased by 10% and Fv/Fm did not decrease in mycorrhizal S. miltiorrhiza (Table 2). In plants, carotenoids play vital roles in photosynthesis as light-harvesting pigments and photo-protective compounds (Gupta and Hirschberg, 2022). Previous study demonstrated a positive correlation between carotenoids and photosynthetic rate (Lobato et al., 2010). In this study, the pathogen infection significantly increased the carotenoid content in mycorrhizal S. miltiorrhiza. Together, these results suggest that the disease resistance of S. miltiorrhiza can be improved by improving photosynthesis.

The activity of defense-related enzymes (e.g., PAL, chitinase, and β-1,3-glucanase) can be enhanced when systemic resistance is activated (Hura et al., 2014; Jain and Choudhary, 2014; Eke et al., 2016; Gharbi et al., 2017). Here, we found that, after pathogen infection, the activities of PAL, chitinase, and β-1,3-glucanase showed greater increases in the roots of mycorrhizal S. miltiorrhiza than in non-mycorrhizal S. miltiorrhiza plants (Figures 4A–C). These enzymes are crucial components in plant resistance to biotic diseases (Funnell et al., 2004). PAL is the key enzyme in the biosynthesis of multiple antimicrobial compounds (phenolic acid, flavonoids), lignin (a rapidly deposited physical barrier), and salicylic acid, three compunds that are related to plant resistance (Wang et al., 2019). Chitinase and β-1,3-glucanase can degrade pathogenic fungal cellular components to inactivate fungi, and also produce monomers to further stimulate plant defense responses (Anguelova-Merhar et al., 2001; Doxey et al., 2007; Kumar et al., 2018). Our results showed that AMF can trigger the expression of defense enzymes in the host plant, which was similar to the response of F. oxysporum infection (Figures 4A–C). Inoculating AMF or pathogen alone significantly increased β-1,3-glucanase activity, inhibited chitinase activity, and did not affect PAL activity in S. miltiorrhiza (Figures 4A–C). These results indicate that inoculation of AMF or infection with pathogen alone can stimulate β-1,3-glucanase-related defense responses, but do not affect chitin- and PAL-related defense responses. This result is in agreement with the report that mycorrhizal fungi initially trigger plant defense mechanisms similarly to a biotrophic pathogen (Paszkowski, 2006). Song et al. (2015) found that AMF inoculation itself did not affect most enzyme activities, but after pathogen attack AMF pre-inoculation induces tomato plants to produce a defense response of four defense-related enzymes. Our results showed that upon pathogen attack (AM+Fo treatment), AMF pre-inoculation strongly induced the activities of PAL and β-1,3-glucanase by 39.23% and 125.18%, respectively (Figures 4A, B). PAL and β-1,3-glucanase activities in the AM+Fo treatment were the highest among all treatments. Pre-inoculation of AMF can alleviate the inhibitory effect on chitinase activity caused by the pathogen. Overall, pre-inoculation with G. versiforme inhibits pathogen infection by increasing the activities of PAL, β-1,3-glucanase, and chitinase.

Disease resistance in plants is tightly regulated through an interlinked network of JA and SA signaling pathways (Song et al., 2015). The JA signaling pathway plays an important role in plant defense response, and SmLOX, SmAOS, SmAOC, and SmOPR are important genes in JA biosynthes. Plant defensins (PDFs) are a family of small cysteine-rich basic proteins (García-Olmedo et al., 1998). SmPDF2.1, a gene encoding plant defensin, is a marker of the jasmonate (JA) defense-response pathway (Hanks et al., 2005). The stronger induction of these genes in mycorrhizal plants after pathogen infection suggested that mycorrhizal colonization activates the JA signaling pathway and enhances the resistance of S. miltiorrhiza to F. oxysporum. This is consistent with previous studies that mycorrhizal colonization enhances resistance to early blight in tomato by initiating a systemic defense response and that the JA signaling pathway is critical in the mycorrhizal-initiated disease resistance process (Song et al., 2015). SmPAL is a key gene involved in the biosynthesis of SA (Shine et al., 2016), and SmNPR1 is a master regulator of SA (Tada et al., 2008). The induction of SmPR1 and SmPR10 indicates that mycorrhizal colonization provokes SA signaling pathways upon pathogen attack. PR genes are usually used as marker genes of the acquisition of systemic resistance in plants (Mitsuhara et al., 2008) and the levels of PR proteins are used as an indicator of defense responses (Song et al., 2015). Pathogenesis-related 1 (PR1) protein is a commonly used reporter of SA-activated defense responses in plants (Pečenková et al., 2022). Consistent with our studies, many studies reported that mycorrhizal colonization induced the transcription of PR genes (Ismail and Hijri, 2012; Li et al., 2021).



Conclusion

Pre-inoculation of S. miltiorrhiza with the AMF, G. versiforme, enhanced resistance to Fusarium wilt by priming the systemic defense response. Mycorrhizal colonization improved the root structure and photosynthesis capacity of S. miltiorrhiza to reduce disease incidence. Infection with the pathogen alone could evade the PAL- and chitinase-related defense responses, however pre-inoculation of S. miltiorrhiza with AMF strongly induced PAL-, β-1,3-glucanase-, and chitinase-related defense responses upon pathogen attack. JA and SA signaling pathways are key components of the plant defense response, and were strongly activated by pre-inoculation of AMF upon pathogen attack.
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Background

Plant growth-promoting bacteria (PGPB) represents a common biological fertilizer with remarkable effect in improving crop production and environmental friendliness.



Methods

In the present work, we presented a detailed characterization of plant morphology and physiology, metabolism, and pharmacological activity of A. roxburghii between Burkholderia ambifaria LK-P4 inoculation and un-inoculation (CK) treatment by routine analytical techniques (include microscopy and enzymatic activity assays and so on) coupled with metabolomics approaches.



Results

Morphological and physiological results showedthat the P4 bacteria could significantly increase plant stomatal density, freshweight, survival rate,and the content of total flavonoids in leaves but reducethe amount of free amino acid. Furthermore, metabolite data showed that fatty acids (linoleic acid, linolenic acid, stearic acid) and active substance (kyotorphin and piceatannol) were specifically up-regulated in P4 inoculation. It was also demonstrated that the differential metabolites were involved in citrate cycle, glyoxylate and dicarboxylate metabolism, and biosynthesis of unsaturated fatty acids pathway. In addition, pharmacological efficacy found that A. roxburghii under P4 inoculation can significantly decrease (p < 0.05) blood glucose levels and protect the organs of mice with similar effect of Glibenclamide tablets.



Conlusion

Overall, it can be seen that the exogenous P4 bacteria can promote the growth and increase content of special metabolites in A. roxburghii. This study provided theoretical basis and supported for the high-yield and high-quality bionic cultivation of A. roxburghii.





Keywords: Anoectochilus roxburghii, PGPB inoculation, morphology, bioactive compounds, metabolomics



Introduction

Anoectochilus roxburghii, a rare and valued medicinal plant that belongs to family Orchidaceae, is mainly distributed in Fujian, Guangxi, and Zhejiang and is known as “king medicine” and “golden grass” in China. It contains polysaccharides, alkaloids, flavonoids, organic acids, amino acids, and trace elements, which can be widely used in medicine, healthcare, drinking products, and many other areas (Shao et al., 2014b; Yu et al., 2017; Wang et al., 2020). Pharmacological studies have revealed that this plant has been widely used as a folk medicine to treat diabetes, tumors, cancers, hepatitis, hyperliposis, and cardiovascular disease (Shao et al., 2014a; Tang et al., 2018).

However, wild A. roxburghii is now facing extinction as a result of specific seed germination conditions symbiotic with fungi, slow growth rate, the heavy demand of its wild resources, and destruction of its habitat. Thus, using the tissue culture technology combined with bionic cultivation (transplanting the tissue culture seedlings to the natural environment cultivation) instead of being harvested from wild populations was considered as a desirable approach to meet the growing demands for this plant, as well as to maintain its quality. In this process, due to the complexity of the environment, the effectiveness of the method remained elusive. In the last decade, numerous scholars have carried out studies on the cultivation substrate, transplanting month, planting density, light, and other aspects to improve the plant productivity of A. roxburghii (Yu and Shi, 2016; Huang et al., 2017; Niu et al., 2018). However, little is known about the application of the rhizosphere microbiota, particularly plant growth-promoting bacteria (PGPB), for the cultivation of A. roxburghii. Therefore, it has become a priority to explore new ways for microorganisms to maintain the sustainable development of the A. roxburghii industry.

The rhizosphere microbiome, defined as “second genomics” of plants, is crucial to plant development, health, and productivity through secreting diverse signaling molecules, participating in various biological processes, and regulating carbon and nutrient cycling (Rout and Southworth, 2013; Compant et al., 2019; Jin et al., 2022). The use of microbes to deal with plant growth problems presently referred to an environment-friendly and biological control approach without any side effects. Inoculation with beneficial bacteria, especially PGPB, has advantages and broad application prospects in sustainable agriculture, which has received considerable attention (Dobbelaere et al., 2003; Souza et al., 2015). There bacteria often designated as PGPB, including Rhizobium, Bradyrhizobium, Azospirillum, Pseudomonas, Bacillus, Burkholderia, Herbaspirillum, and Streptomyces, were successfully shown to have a profound effect on improving plant production and productivity (Bashan et al., 2014; Santos et al., 2017). A series of research progress showed that inoculation with Azospirillum can promote elongation of root, development of lateral and adventitious roots, and branching of root hairs (Dobbelaere et al., 1999; Creus et al., 2005; Molina-Favero et al., 2008). The underlying mechanisms involving inoculation were very complex, both direct and indirect. Examples of direct plant growth promotion included nutrient acquisition, such as nitrogen fixation and phosphorus solubilization, and phytohormone secretion, such as auxin and release of volatile organic compounds (VOCs), to inhibit pathogen. Indirect benefits occurring in the rhizosphere have been documented such as induction of systemic resistance (ISR) and competition for nutrients and niches (Bashan and De-Bashan, 2010; Pii et al., 2015; Gouda et al., 2018). In our previous screening, it was found that some PGPB had diverse plant growth promotion traits and the ability to enhance the growth of Radix pseudostellariae L. and A. roxburghii L. (Wu et al., 2019; Yang et al., 2022). However, the mechanisms of PGPB that ensure a better adaptation to terrestrial life from tissue culture of A. roxburghii remained unknown, which encouraged us to further explore the issue.

Metabolic profiling is the most important approach for plants to understand chemical diversity. For medicinal plants, these metabolic compounds that mainly consisted of flavonoids, alkaloids, polysaccharides, and low-molecular-weight organic compounds not only were the key determinants of medicine efficacy, but also functioned in many facets of plant physiology. While genes were able to control the production of secondary metabolites, biotic and abiotic environments such as climate and edaphic factors or plant or soil microbes have been shown to play a key role in their specific expression (Giweli et al., 2013; Sampaio et al., 2016). As mentioned before, the ISR system was closely related to the metabolism of plants. Precisely, after inoculation with bacteria, plants will trigger jasmonic acid and ethylene signaling to protect themselves from certain pathogens, fungi, and viruses (Van Loon, 2007). Thus, microbial activity in soil can greatly influence plants. On the other hand, through roots, plants were able to supply nutrients or establish a habitat for their rhizosphere microflora by the release of up to 40% photosynthetically fixed carbon (Bais et al., 2006; Rudrappa et al., 2008). The most successful adaptation of plant cannot divorce from the interaction between plant metabolites and microorganisms.

The aim of this study was to evaluate the performance of B. ambifaria LK-P4 for the plant morphology, physiology, and metabolism of A. roxburghii. It will provide information that will increase our understanding of possible plant-promoting mechanisms and new management approach for the cultivation of A. roxburghii. Furthermore, we evaluated pharmacological activity through examining blood glucose and serum indexes of diabetic mice fed with A. roxburghii under different treatments, which could shed light on the usability and safety of this medicinal plant.



Materials and methods


Bacterial strains

B. ambifaria LK-P4 was selected from the results of the previous screenings (Wu et al., 2019; Yang et al., 2022) and was obtained from Fujian Provincial Key Laboratory of Agroecological Processing and Safety Monitoring, College of Life Sciences, Fujian Agriculture and Forestry University, which was originally isolated from the rhizosphere soil of the Chinese herbal medicinal plant R. pseudostellariae. It was grown in Luria-Bertani (LB) medium under orbital shaking at 200 rpm and 37°C for 12 h, collected and washed three times with double-distilled water, and then resuspended to the final concentration of 1×108 cfu/ml (OD600 = 0.5) in sterile double-distilled water to be used as inoculants.



Rhizobox experiment

A. roxburghii tissue culture cultivar used in the trial was “Fujian Xiaoyuanye” from Fujian NaHoe Agricultural Technology Co., Ltd. After acclimatization for a week, healthy plantlets with a consistent size were soaked in a 1,000-fold dilution of carbendazim for 5 min and transplanted in a pot (8 × 5.5 × 6.5 cm) filled with 200 g of sterilized cultivated substrate soil. The experimental setup included two treatments with 12 replicate pots (three plantlets per pot) per treatment in a complete randomized design: plants inoculated with P4 plus a control treatment with water inoculation. At 2 weeks after plantlet transplant, the inoculation with 600 μl of bacterial cells was carried out three times onto A. roxburghii plants at the rooting site. Two treatments were placed in a growth chamber at 16–23°C with a day length of 12 h, and light intensity was set at 1,000 lux.



Effect of bacterial inoculation on the morphology and physiology of A. roxburghii

Plant growth parameters including root activity, enzyme activity, kinsenoside, and leaf anatomical characteristics were measured during the physiological maturity stage. Briefly, root activity was analyzed by the triphenyl tetrazolium chloride (TTC) method (Zhang et al., 2013); 0.5 g fresh root was immersed in 10 ml of an equally mixed solution of 0.4% TTC and phosphate buffer, and kept in the dark at 37°C for 1 h. Subsequently, 2 ml of 1 mol/L H2SO4 was added to stop the reaction with the root and then extracted with ethyl acetate. The absorbance of the extract at 485 nm was recorded. The leaf enzyme activities including peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) were determined as described elsewhere (Mahdavikia et al., 2017). The extraction procedures for kinsenoside followed the method described by Cheng et al. (2015) with slight modifications. High-performance liquid chromatography (HPLC) with an Agilent ZORBAX SB-Aq column (4.6 mm × 250 mm, 5 μm) and a SPOD detector was used to calculate the yield of kinsenoside, and the mobile phase consisted of acetonitrile and water (75:25 v/v) run in isocratic mode at a flow rate of 1 ml/min. A. roxburghii stem structure, leaf stomata, and mesophyll cells were examined under an upright fluorescence electron microscope (Nikon Eclipse Ni-U).

During the experimental period, root, stem, and leaf tissue of A. roxburghii were also collected at different growth stages for bioactive compound analysis. In detail, a portion of 0.3 g of A. roxburghii sample was extracted with 10 ml of water at 100°C for 30 min and centrifuged (10,000 rpm, 5 min) for total polysaccharide solution. The content of polysaccharide in the extract was determined by the phenol-sulfuric acid method at 485 nm (Jiang et al., 2010). A modified version of the NaNO2-Al(NO3)3-NaOH method (Zhu et al., 2009) was used to quantify total flavonoids, with Rutin (Aladdin) as the standard. The absorbance of the solution at 510 nm was measured using a spectrophotometer. Polyphenols were determined by the Folin–Ciocalteu method (Costa et al., 2016). The absorbance of the solution was measured at 760 nm, and gallic acid (Aladdin) was used as the standard. The amino acid in A. roxburghii was assayed by the method described by Qin (2013).



Metabolite extraction and detection

Prior to metabolite extraction, previously frozen plant tissue (collected after 6 months of bacteria inoculation) in liquid nitrogen was ground to a fine powder. Metabolites were extracted from A. roxburghii tissue using a method adopted from Weckwerth et al. (2004). Briefly, 4.5 ml of ice-cold extraction solution (methanol:water = 3:1, v:v) was added to 0.5 g of powder sample, thoroughly mixed with 10 μl of ribitol (2 mg/ml), kept in an ice-cold ultrasound bath for 30 min to disassociate metabolites, and then centrifuged at 10,000 g for 10 min at 4°C. Supernatant (200 μl) was dried and dissolved in 10 μl of methoxamine hydrochloride (20 mg/ml pyridine) and incubated at 30°C for 90 min with continuous shaking. Then, 80 μl of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) was added to derivatize polar functional groups at 37°C for 30 min. The derivatized samples were performed on gas chromatography tandem time-of-flight mass spectrometry (GC-TOF-MS, Agilent 7890) metabolomic workflows equipped with a capillary column (Agilent DB-5MS) and a chromatographic column (30 m × 250 μm × 0.25 μm). The injection volume was 1 μl. The temperatures of the injector, transfer line, and ion source were set as 280°C, 280°C, and 250°C, respectively. After a 1-min hold at 50°C, the column oven temperature was programmed to increase to 310°C at 10°C/min and then held for 8 min.



Pharmacological evaluation of A. roxburghii in a diabetic mouse model

Healthy male ICR (Institute of Cancer Research) mice certified pathogen-free and weighing 18–22 g were collected from Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd., Beijing, China. The mice were placed in cages and acclimatized at 22°C ± 2°C and 45%–55% relative humidity (RH) with free access to water and food in the departmental animal house. The mice were exposed to a 12-h light/dark cycle.

Mice were assigned to seven different groups (n = 10): Group I (NM), control group (distilled water; 0.5 ml/kg, b.w.; i.p.); Group II, the DM model (1% alloxan; 120 mg/kg, b.w.; i.p. + 80 mg/kg, b.w.; i.p.) in which diabetic mice with blood glucose values >16.8 mmol/L after 72 h of the first administration were selected; Group III (DM-G), standard group (Model + Glibenclamide tablets; 20 mg/kg, b.w.; i.p.); Group IV (DM-PH), A. roxburghii purchased from pharmacy treatment (Model + A. roxburghii purchased from pharmacy; 1.25 g/kg, b.w.; i.p.); Group V (DM-CK), A. roxburghii in CK treatment (Model + A. roxburghii in CK; 1.25 g/kg, b.w.; i.p.); Group VI (DM-P4), A. roxburghii in P4 inoculation treatment (Model + A. roxburghii in P4 inoculation; 1.25 g/kg, b.w.; i.p.); and Group VII (DM-TC), A. roxburghii in tissue culture treatment (Model+ A. roxburghii in tissue culture shown in Table 1). All the drugs and powder of A. roxburghii were freshly prepared in distilled water before administration by gavage in mice. The duration (14 consecutive days) and dose selection were based on previous research studies with some modifications (Song et al., 2007; Cui et al., 2013; Deng et al., 2014). The body weight of mice was evaluated every 2 days during different treatments. After 14 days of drug treatment, mice (12 h after the last dose of drugs) were subjected to blood glucose analysis. At the same time, the mouse serum was collected for triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), malondialdehyde (MDA), superoxide dismutase (SOD), and catalase (CAT) analysis. The weight of nine organs and tissues, namely, heart, liver, spleen, lung, kidney, thymus, pancreas, gonad, and femur, was analyzed after dissection.


Table 1 | Grouping and feeding of experimental mice.





Statistical analysis

ChromaTOF software was used to perform peak extraction, baseline correction, and peak integration analysis on mass spectrometry data. Substance qualitative analysis was performed using the LECO-Fiehn Rtx5 database. Finally, features with a detection rate below 50% or a relative standard deviation (RSD) >30% should be removed from the subsequent analysis. The resulting three-dimensional data involving the peak number, sample name, and normalized peak area were fed to R package metaX for principal component analysis (PCA) (Wen et al., 2017). The VIP (variable importance in the projection) values exceeding 1.0 were first selected as changed metabolites. In step 2, the remaining variables were then assessed by Student’s t-test (Q-value >0.05) and variables were discarded between two comparison groups. In addition, commercial databases including KEGG (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/) were utilized to search for the pathways of metabolites. Differences between the treatments were calculated and statistically analyzed using analysis of variance (ANOVA) and Tukey’s test (p < 0.05). The Statistical Package for GraphPad Prism version 7 and the Data Processing System (DPS) version 7.05 were used for statistical analysis.




Results


The growth traits and enzyme activities of A. roxburghii

The P4 inoculation affected the morphological traits of A. roxburghii (Figure 1A). Plant stem diameter, fresh weight, and survival rate were significantly higher in the P4 treatment than in CK (Figure 1B). However, there was no significant difference in leaf numbers between P4 and CK treatments. As shown in Figure 1C, compared to CK treatment, P4 increased root activity by 25%. After the 6-month treatment, the SOD, POD, and CAT activities were different between CK and P4. The POD and CAT activity in the P4 treatment were 13.07 U/mg protein and 33.27 U/mg protein, respectively. The activities of these enzymes were significantly higher in the P4 treatment than in CK (Figure 1C). SOD activity did not differ significantly between the P4 treatment and CK. HPLC analysis showed that P4 inoculation had no significant effect on the content of kinsenoside.




Figure 1 | The growth traits of A. roxburghii. (A) Photograph of above- and belowground of A. roxburghii under different treatments. (B) The morphological traits of A. roxburghii. (C) Enzyme activity (including SOD, POD, and CAT), root activity, and kinsenoside of A. roxburghii. Different letters in columns indicate significant difference determined by Tukey’s test (p < 0.05; n = 3).



Transversal section of the stem presented a primary anatomical structure: cortex, endodermis, phloem, xylem, and pith (Figures 2A, B). Compared with CK, the myeloid cells were significantly enlarged in P4 treatment. The stela scattered with nine vascular bundles of CK accounts for about 30% of the visual field, which was lower than those (stela scattered with 10 vascular bundles accounts for about 50% of the visual field) in the P4 treatment. The lower epidermal cells of the leaves of A. roxburghii were honeycomb-shaped, polygonal, and regular-shaped as can be seen in Figures 2C, D. However, cells were longer and narrower in CK than those in P4 plants. Stomatal frequency (the average number of stomata) was significantly higher in the P4 treatment (16) than in the CK (12) under the same 20× lens field. The results showed that the mesophyll cells in P4 were oval-like and tightly arranged, and chloroplasts gathered at the intercellular junctions (Figures 2E, F).




Figure 2 | Morphological characteristics of stem (A, B), anatomical structure of lower epidermis (C, D), and mesophyll cells (E, F) in the leaf of A. roxburghii. (A, C, E) represented A. roxburghii in CK treatment; (B, D, F) represented A. roxburghii in P4 inoculation. 1 represents cortex, 2 represents endodermis, 3 represents phloem, 4 represents xylem, and 5 represents marrow.





Bioactive compound content of A. roxburghii under different treatments

The impact of inoculation of the bacterium on plant bioactive compounds (including polysaccharide, flavonoids, polyphenols and amino acids) was evaluated every 2 months after bacteria inoculation. In general, except for polysaccharides, the content of flavonoids, polyphenols, and free amino acids in leaves was higher than that in stems and roots (Figure 3). When referring to a specific tissue, the analysis showed that the bioactive compounds fluctuated in different plant growth stages. However, the significant positive effect of bacteria inoculation was also observed in terms of root, stem, and leaf tissue (Figure 3). The content of polysaccharides in the stems of P4 treatment in different sampling months was higher than that of CK, which was 1.16, 1.03, and 1.07 times that of CK, respectively. A similar appearance was observed in the case of leaves. Furthermore, the P4 bacteria also had a great influence on the total flavonoid content. Precisely at 6 months’ sampling time, the total flavonoid content in all tissue was higher in P4 than in CK. It was worth mentioning that the free amino acids of A. roxburghii in the P4 treatment were significantly lower than those in CK especially under 6 months. These results showed that bacterial inoculation strongly affected the content of bioactive compounds in A. roxburghii.




Figure 3 | Dynamic changes of bioactive compounds in different tissues of A. roxburghii. R, Root, S, Stem, L, Leaf; 2, 4, and 6 represented different months after different treatments. Different letters in columns indicate significant difference determined by Tukey’s test (p < 0.05; n = 3).





Metabolic profile of plant compounds

The metabolomic identification approach by GC-TOF-MS allowed us to putatively annotate a total of 123 compounds, which could be classified into 11 chemical classes such as organic acid (33%), sugars (19%), amino acids (14%), sugar alcohol (5%), flavonoids (4%), and fatty acids (4%), among others (Figure 4A). These multivariate data obtained from the primary and secondary metabolite of A. roxburghii were subjected to PCA to investigate the differences in metabolic profiles among CK and P4 samples. The results (Figure 4B) showed obvious clustering in each group and significant differences in metabolite in PC1 levels between the two groups.




Figure 4 | Metabolic profile of plant compounds. (A) Classification and (B) PLS-DA score plot of metabolite. (C) Influence factors of metabolic pathway.



To investigate the relationships between the various metabolites detected in CK and P4, hierarchical cluster analysis (HCA) was performed using Pearson’s correlation results on the datasets (Figure 4C). Overall, a total of 19 compounds with a standard of variable important in projection (VIP) of ≥1 and a p-value of ≤0.05 were identified by evaluation of all of the detected metabolites and characterized by a strong up- or downregulation in plant according to the inoculation treatment (Figure 4C; Table 2). Focusing on nine compounds, specifically upregulated metabolites in the plant inoculated with the P4 strain, the results were shown to be mostly represented by fatty acids (linoleic acid, linolenic acid, stearic acid), amino acid (kyotorphin), and phenol (piceatannol). Considering the downregulated metabolites (Figure 4C), 10 compounds were altered in the plant, which were mainly organic acid compounds (including tropic acid, elaidic acid, 3-hydroxypropionic acid, and glucoheptonic acid) together with the amino acids. According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database, the main enriched metabolic processes were involved in citrate cycle, glyoxylate and dicarboxylate metabolism, and biosynthesis of unsaturated fatty acids in CK and P4 (Figure 4D). Differential metabolites including succinic acid, maleic acid, and L-malic acid were target metabolites in citrate cycle metabolic pathways. The changes in content of these metabolites including linoleic acid and linolenic acid may play an important role in the biosynthesis of unsaturated fatty acids.


Table 2 | Identification results of important metabolites.





Pharmacological evaluation of A. roxburghii after P4 inoculation

Polydipsia and polyuria significantly appeared in the model with 1% alloxan administration as compared to the normal group (NM) and were sustained throughout the feeding period in the DM group. The situation improved to a certain extent after the mice were treated by Glibenclamide tablets or A. roxburghii. Changes in the body weight of mice during feeding are shown in Figure 5. Overall, compared with other groups, the body weight of the diabetic model (DM) mice was at a lower level. Long-term administration of Glibenclamide tablets increased cumulative body weight by nearly 7% at the end of the study (day 14), but still did not reach the weight levels of NM mice. Analysis of the data every 2 days of experiment demonstrated that long-term A. roxburghii treatment maintained the body weight of DM-TC, DM-P4, DM-PH, and DM-CK at the same level as NM mice. There was no significant change in body weight in the four treatments (DM-TC, DM-P4, DM-PH, and DM-CK), suggesting that A. roxburghii in P4 inoculation may not alter nutrient partitioning. Four indicators—triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL)—in mouse serum were used to judge the blood lipid metabolism disorder of diabetic mice (Figure 5). It was found that compared with NM mice, DM mice had a 24% and 16% decrease in TC and LDL, respectively, and a 21% increase in TG. The TG content of mice treated with DM-G, DM-P4, and DM-TC was lower than that of the DM group and had no significant difference with the normal group (p < 0.05). Treating DM mice with Glibenclamide tablets and A. roxburghii can increase the content of LDL. In addition, compared with NM mice, the SOD and CAT contents of DM mice were significantly decreased, and the MDA content was significantly increased (p < 0.05), while DM-G, DM-Y, DM-CK, DM-P, and DM-ZP treatment groups could significantly reduce the MDA content (p < 0.05) and increase SOD and CAT content. It can be seen that the A. roxburghii under different treatments can reach values that can help maintain efficacy.




Figure 5 | Body weight and serum biochemical indexes of mice under different treatments. Different letters in columns indicate significant difference determined by Tukey’s test (p < 0.05; n = 10).



Data analysis from Table 3 has shown that after intragastric administration with alloxan, the model group was found to significantly (p < 0.05) enhance blood glucose as compared to the NM group (8.533); the blood glucose level of the highest group was as high as 33.433, and the lowest was 26.933. A significant (p < 0.05) decrease in blood glucose of 18.2 mmol/L was observed during the concomitant treatment with Glibenclamide tablets in induced DM mice. Treatment with DM-PH, DM-CK, DM-P4, and DM-TC in induced DM mice was also shown to significantly (p < 0.05) reduce blood glucose by 10.6, 18.6, 18.0, and 14.9 mmol/L, respectively. However, no significant variation was observed between DM-CK and DM-P4 treatment. The mice were further dissected to observe the effect of medication or A. roxburghii on the organs of diabetic mice. It was found that the visceral adhesions of the mice in the DM group were more serious than those of the other groups, and the liver edge was blunt and round. Glibenclamide tablets and A. roxburghii could improve the above symptoms to a certain extent. The weight of the organs of mice under different treatments are shown in Table 3. Except for the kidney, the weight of various organs of the healthy mice in the NM group remained high. The weight of some organs (heart, lung, and pancreas) decreased in the DM group. Treating DM mice with Glibenclamide tablets for 14 days can increase the weight of some organs. Similar to DM-G, DM-P4 treatment plays a role in protecting the organs of mice.


Table 3 | The blood glucose and organ weight (g) of mice under different treatments.






Discussion

PGPB are a group of microorganisms that colonize plant roots. There has been considerable progress regarding research on different aspects of PGPB inoculants, notably the findings of more recent studies, which have revealed that PGPB are vital determinants of fertilizer savings, plant productivity, and agricultural ecosystems (Bardgett and van der Putten, 2014; Zhou et al., 2022). Some studies described that the use of PGPB can promote plant growth and enhance salt tolerance capacity by inducing synthesis of osmolytes (Chanratana et al., 2017; Karnwal, 2017). Moreover, the findings of an increasing number of studies have indicated that PGPB can modify root architecture and functioning, consequently enhancing the uptake of minerals and water to favor an increase of plant biomass (Vacheron et al., 2013; Pii et al., 2015). Overall, it has been demonstrated that PGPB inoculation has emerged as an important tool recently in the production of many crops, which are being subjected to abiotic or abiotic stresses (Mayak et al., 2004; Cordero et al., 2018; Ferreira et al., 2018).

Plant species differ in their responses to different PGPB. Our previous study demonstrated that inoculation with three PGPB (Bacillus H-15, Bacillus H-6, and Burkholderia P4) can have apositive effect on survival rate, fresh weight, polysaccharide content and decrease incidence, which resulted in significantly promoting the growth of A. roxburghii (Yang et al., 2022). On this basis, we further selected the P4 strain for further study. Firstly, this finding confirmed that the P4 strain not only can improve the survival rate, but also has a good performance in physiological indicators such as fresh weight and stem diameter of A. roxburghii (Figure 1). Furthermore, we provided an integrative understanding of crosstalks developed in plant–microorganism interrelationships for a better exploitation of PGPB in cultivation. Plant roots are one of the products in the process of plant adaptation to terrestrial life. Root activity, as an indicator of the root system capacity, seems to have three functions: biosynthesize specific components, uptake both water and nutrient, and mobilize elements in the rhizosphere soils (Peng et al., 2022). Plants with high root activity are often accompanied by higher water and nutrient assimilation capacity, and further improve biomass generation, transpiration rate, and stress tolerance in plants (Grygoruk, 2016). In our work, the root activity of A. roxburghii in P4 inoculation was significantly higher than that in the control, indicating that bacteria can force the plant root system to obtain resources for suitable growth. In addition, seed plants also have an important organ—leaves—for producing organic nutrients, which are the basis of plant photosynthesis and respiration. Physiological characteristics such as the size of leaf epidermal cells and the distribution of stomata are influenced by the environment including biotic and abiotic stresses. Studying the anatomical structure of leaves is a routine method to analyze their responsiveness to environmental changes and ecological adaptability (Bakker, 1991; Peguero-Pina et al., 2012). Stomata regulate gas exchange and water loss in plants. Small and dense stomata can better adapt to adversity such as strong light and drought. We found that the stomata density of A. roxburghii in P4 inoculation was increased, indicating that it has a strong ability to regulate water, adapt to xerophyte, and enhance its resistance to stress. Furthermore, plants will produce reactive oxygen species (ROS) with extremely active chemical properties during normal metabolism, which can react with most biological macromolecules in plants and affect the normal metabolism of cells. CAT, SOD, and POD are three important antioxidant enzymes in plants, which can scavenge harmful free radicals. Our finding showed that the P4 bacteria can improve the protective enzyme activity in A. roxburghii to a certain extent, resulting in improving its adaptability to the external environment.

It was well documented that plants can produce a vast array of metabolites for their evolution and adaptation to the environment (Huang et al., 2019). Another point in consideration of medicinal plant metabolites is medicinal active substance. Our previous screening has presented the dynamic changes in flavonoids, polysaccharides, and other active substances in A. roxburghii after different transplant times (Tao, 2019). This study further revealed the content of active substances in the roots, stems, and leaves at different times, trying to understand the effect PGPB inoculation on the accumulation and transfer of substances. The results showed that the treatment of P4 bacteria could significantly increase the content of total flavonoids in leaves and polysaccharides in stems and leaves but reduce the amount of free amino acid. As mentioned before, the flavonoids and polysaccharides in A. roxburghii have multiple functions such as antioxidant, anticancer, liver protection, and diabetes treatment (Zhang et al., 2007; Du et al., 2008). Free amino acids in plant tissues make up about 2% of the total nitrogen but provide a nitrogen source and a biologically active substance for plants to maintain metabolism, growth, reproduction, and immunity functions (Egydio et al., 2013). Most plants adjust nitrogen metabolism by increasing or decreasing the concentration of amino acids in the face of environmental stress (Zhang et al., 2012). Several findings also demonstrated that the higher content of amino acid in the root exudates could weaken the resistance of host plant to pathogens (Li et al., 2009; Hao et al., 2010). Thus, it can be seen that P4 bacteria could potentially improve medicinal plant quality and its ability to adapt to environmental stresses.

Further GC-MS-based metabolomics analysis was carried out to instantaneously provide not only the physiological status of samples but also an insight into the regulation of PGPB on some specialized plant metabolites as a whole, thereby understanding the regulation of PGPB on plant signaling and plant growth (Shulaev et al., 2008; Arbona et al., 2013; Hong et al., 2016). Based on multivariate statistical analysis, the results in our study showed that there were significant differences in the metabolites of A. roxburghii in the CK group and P4 group, in which it can be seen that the metabolism of host can respond to bacteria. A total of 19 significantly different metabolites were screened, including organic acids, amino acids, and carbohydrates. Among them, the upregulated substances included kyotorphin and piceatannol, which were vital because of their analgesic, antioxidative, and anticancer effect (Banik et al., 2020; Ueda, 2021). These results further support the importance of P4 bacteria in the accumulation of certain active substances. Furthermore, metabolic pathway analysis of differential metabolites was performed through the KEGG pathway database; among these metabolic pathways, citrate cycle, glyoxylate and dicarboxylate metabolism, and biosynthesis of unsaturated fatty acids were found to be crucial biomarker pathways contributing to plant growth after bacteria inoculation. As an important energy metabolism pathway, the citric acid cycle is the most efficient way for plants to obtain energy for various physiological activities (Schnarrenberger and Martin, 2002). Substances mapped to this metabolic pathway were upregulated, indicating that the TCA cycle of A. roxburghii was metabolically enhanced by probiotics. Fatty acids are essential components of biofilms and play an important role in the plant cell membrane function, as well as plant growth and development (Li et al., 2016). The proportion of unsaturated fatty acids in the membrane determines the phase transition temperature of membrane lipids. Precisely, the higher the content of unsaturated fatty acids, the stronger the membrane fluidity, thereby contributing to promoting the activity of the Na+/H+ antiporter and increasing tolerance to environmental stress (Wu et al., 2009; Sui and Han, 2014). The present study showed that substances mapped to metabolic pathways of biosynthesis of unsaturated fatty acids in this experiment were upregulated, indicating that the growth-promoting bacteria would promote the formation and accumulation of fatty acids, which results in promoting plant growth and development.

One of the main medicinal effects of A. roxburghii is its hypoglycemic activity (Zhang et al., 2007; Ye et al., 2017). This study investigated the efficacious effect of A. roxburghii in 1% alloxan-induced diabetic mice, which aimed to evaluate the scientificity and feasibility of A. roxburghii under P4 treatment from a safety perspective. In this study, 1% alloxan-induced diabetic mice were observed to have significant polydipsia and polyuria, which makes them a suitable diabetic model for the present study. Glibenclamide tablets are marketed as a standard drug for the symptomatic treatment of diabetic mice (Cui et al., 2013). In our study, compared with the DM group, the body weight of mice was significantly increased and the blood sugar level was significantly decreased after treatment with A. roxburghii, and there was no significant difference between A. roxburghii under different treatments and Glibenclamide, indicating that the treatment of probiotic bacteria did not reduce its hypoglycemic effect. Furthermore, the liver is the largest organ of metabolism and detoxification in the human body, and it is also the main organ for the metabolism and transformation of drugs (John, 2014). Similarly, there was no significant difference in the mouse liver between the NM group and the A. roxburghii treatment group, which was consistent with the results of the previous study in that A. roxburghii has the ability to protect the liver (Yang et al., 2017). The serum biochemical indicators and enzyme activity indicators of the mice were also the same as those of the normal group. It can be seen that the treatment effect of clematis is comparable to that of commercial drugs, and it has great application potential in the treatment of diabetes. All of the above results showed that A. roxburghii under P4 treatment not only had a similar effect in lowering blood sugar, but also had fewer side effects.



Conclusion

In summary, we provided an insight into the growth-promoting effect of an exogenous rhizosphere growth-promoting bacterium on A. roxburghii in terms of basic inventory descriptions of plant morphology and physiology, plant metabolome, and comprehensive evaluation of pharmacological activity. Our results showed that P4 inoculation can improve stomatal density, root vigor, and POD and CAT activity of A. roxburghii, thereby improving plant fresh weight, growth, and survival rate. It also promoted the accumulation of polysaccharides and total flavonoids, as well as active substances kyotorphin and piceatannol, which were vital because of their analgesic effect. In addition, substances mapped to the biosynthesis of unsaturated fatty acid metabolic pathways were upregulated, which hinted at the possibility that the unsaturated fatty acid content contributed to promoting plant growth and development. Finally, the pharmacological efficacy of A. roxburghii was evaluated via a diabetic mouse model in this experiment, which showed that the A. roxburghii with pro-growth bacteria inoculation did not affect the hypoglycemic effect. These findings explored the high-yield and high-quality cultivation of A. roxburghii, providing a necessary means to enhance medicinal plant production and sustainability. However, considering these important findings of the present study, it is further suggested that the molecular mechanism of this bacterium as regards to the growth of A. roxburghii be explored, which can further shed light on the potential role of bacteria inoculation.
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Atractylodes lancea is an important medicinal plant in traditional Chinese medicine, its rhizome is rich of volatile secondary metabolites with medicinal values and is largely demanded in modern markets. Currently, supply of high-yield, high-quality A. lancea is mainly achieved via cultivation. Certain soil microbes can benefit plant growth, secondary metabolism and induce resistance to environmental stresses. Hence, studies on the effects of soil microbe communities and isolates microorganisms on A. lancea is extremely meaningful for future application of microbes on cultivation. Here we investigated the effects of the inoculation with an entire soil microbial community on the growth, resistance to drought, and accumulation of major medicinal compounds (hinesol, β-eudesmol, atractylon and atractylodin) of A. lancea. We analyzed the interaction between A. lancea and the soil microbes at the phylum and genus levels under drought stress of different severities (inflicted by 0%, 10% and 25% PEG6000 treatments). Our results showed that inoculation with soil microbes promoted the growth, root biomass yield, medicinal compound accumulation, and rendered drought-resistant traits of A. lancea, including relatively high root:shoot ratio and high root water content under drought. Moreover, our results suggested drought stress was more powerful than the selectivity of A. lancea in shaping the root-associated microbial communities; also, the fungal communities had a stronger role than the bacterial communities in protecting A. lancea from drought. Specific microbial clades that might have a role in protecting A. lancea from drought stress were identified: at the genus level, the rhizospheric bacteria Bacillus, Dylla and Actinomadura, and rhizospheric fungi Chaetomium, Acrophialophora, Trichoderma and Thielava, the root endophytic bacteria Burkholderia-Caballeronia-Paraburkholderia, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Dylla and Actinomadura, and the root endophytic fungus Fusarium were closely associated with A. lancea under drought stress. Additionally, we acquired several endophytic Paenibacillus, Paraburkholderia and Fusarium strains and verified they had differential promoting effects on the medicinal compound accumulation in A. lancea root. This study reports the interaction between A. lancea and soil microbe communities under drought stress, and provides insights for improving the outcomes in A. lancea farming via applying microbe inoculation.
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Introduction

Atractylodes lancea is a traditional Chinese medicinal herb that is widely distributed in China, Japan and the Korean peninsula. Its medicinal properties are well known across East Asia (Tsusaka et al., 2019). In China the rhizome of the perennial herb A. lancea has been used to treat digestive disorders, night blindness, influenza and rheumatic diseases since ancient times (Wang et al., 2008; Nie, 2018; Qu et al., 2018). The A. lancea rhizome is particularly rich in specific volatile organic compounds, sesquiterpenoids. These are characteristic secondary metabolites that endow the A. lancea rhizome with high pharmaceutical value (Guo et al., 2002). Among the volatile compounds that are enriched in the rhizome, four compounds, the volatile sesquiterpenoids hinesol, β-eudesmol, atractylon and the polyacetylene-type atractylodin are currently approved by the Pharmacopoeia of the People’s Republic of China as major medicinal compounds. Their concentration determines the quality and pharmaceutical value of A. lancea samples (Committee., 2020). Modern medical researche has uncovered multiple novel functions of these four compounds. For examples, hinesol can exert antitumor effects (Guo et al., 2019); β-eudesmol exerts antitumor and antiangiogenic activity and can act as a chemosensitizing agent in therapies for drug-resistant cancers (Tsuneki et al., 2005; Ma et al., 2008; Acharya et al., 2021); atractylon has antihypertensive, anti-aging and anti-inflammatory effects (Cheng et al., 2022); atractylodin exhibits antibacterial, anti-inflammatory and hepatoprotective activities (Lyu et al., 2019). Its long history in traditional medicine coupled with modern research findings have created high demand for high-quality A. lancea in the Chinese and East Asian markets.

Chines medical tradition often singles out particular geographic locations where the highest quality exemplars of a plant grow. These are known as “Dao-di” (Geo-authentic) herbs. The Geo-authentic A. lancea contains high concentrations of sesquiterpenoid secondary metabolites, especially hinesol, β-eudesmol, atractylon and atractylodin. It is distributed in the mountainous areas of Jiangsu Province in China (approximately 30°45′32′′ to 35°7′15′′ N, 116°21′28′′ to ′′121°56′38′′ W). Currently, wild Geo-authentic A. lancea resources are gravely endangered (Zhou et al., 2016). Therefore, farming is the major source of high-quality A. lancea that can meet the demands of the international market. However, as a perennial medicinal plant, A. lancea is vulnerable to soil-borne disease outbreaks due to monocropping (Wang et al., 2016). Furthermore, its pharmaceutical value becomes degraded when the balance between the primary and secondary metabolism is disturbed when it is cultivated on open farms and managed with common fertilization regimes. There is an urgent need to improve farming strategies for A. lancea. For plants, up-regulation of the biosynthesis of certain groups of secondary metabolites is an important strategy, sometimes an inevitable outcome, of their response and adaptation to environmental changes, stresses and microbe induction or infection (Oh et al., 2009; Meraj et al., 2020). We have carried out a series of studies on the environmental factors that impact Geo-authentic A. lancea quality, in terms of rhizome accumulation of secondary metabolites and medicinal compounds. The results show that development of high-quality Geo-authentic A. lancea is dependent on particular local climate conditions and local wild soil microbe communities (unpublished data). Soil microbe community composition is amenable to modification and, given further research, could prove the optimal solution to improving the quality of farmed A. lancea.

Soil microbes play a vital role in regulating the growth, development, stress resistance and metabolism of plants (Jacoby et al., 2017; Abdel Motaleb et al., 2020; Devanathan et al., 2021; Pang et al., 2021). The impact of microbes on plants is highly varied: certain soil microbes can be pathogenic, while others can be beneficial (Berg et al., 2020). Remarkably, soil microbes can impact the secondary metabolism of plants, usually via exerting promoting effects. This is closely associated with the pharmaceutical value of medicinal plants, because the medicinal compounds are mostly, if not all, plant secondary metabolites (Bednarek and Osbourn, 2009; Chen et al., 2018; Korenblum and Aharoni, 2019). For examples, inoculation with endophytic Trichoderma citrinoviride ginseng (could) promote the biosynthesis of ginsenosides (Park et al., 2019). Inoculation with combination of particular strains of bacteria could improve the accumulation of astragaloside IV and calycosin-7-glucoside in the root of Astragalus mongholicus (Lin et al., 2022). Inoculation with Glomus mosseae promoted the concentration of glycyrrhizic acid, liquiritin, isoliquiritin, and isoliquiritigenin in the main root of liquorice (Glycyrrhiza uralensis) (Chen et al., 2017). Therefore, studying the impacts of soil microbes on the secondary metabolite accumulation and stress tolerance of medicinal plants is crucial to elucidate the role soil microbes play in determining herb quality. Furthermore, such studies would help clarify the effects of inoculation with certain microbe mixtures, clades or isolates microorganisms on the quality of the host medicinal herbs cultured on farms. Beneficial microbes have been applied in agriculture and proven highly effective for improving crop production and disease resistance (Kumar et al., 2016; Afridi et al., 2022; Ali et al., 2022). Collectively, to apply microbes on cultivated A. lancea is a potentially powerful solution to the current difficulties faced by A. lancea farming. Indeed, in a previous study, we found that the local soil microbes of the Geo-authentic A. lancea habitat could promote the accumulation of the four major medicinal compounds in the A. lancea root while rendering the A. lancea plantlets tolerant to heat stress (Wang et al., 2022). In the current study, we investigated the impact of the local soil microbes from a Geo-authentic A. lancea habitat on the fitness and medicinal compound accumulation of A. lancea under water deficiency stress, and how A. lancea and the soil microbes interacted symbiotically.

Drought stress can promote production of terpenoids or sesquiterpenoids in aromatic plants. For examples, the production of terpenoids in the root of the aromatic plant Tanacetum vulgare L. is significantly promoted under both drought and herbivory stresses. Moreover, the root of T. vulgare L. is rich in sesquiterpenoids with their concentration increasing further under drought conditions (Kleine and Müller, 2014). Llorens-Molina and Vacas (2017) report that for certain chemotypes (population) of the aromatic plant thyme (Thymus vulgaris L.) in Spain, the composition of thyme volatile oil is different between May and August, an annual period of drought in Mediterranean climates. Particularly, the proportion of sesquiterpenoids in the volatile oil of the population Navarrete increased about fourfold from May to August. In sage (Salvia officinalis), drought stress can strongly induce the expression of multiple monoterpene synthase genes and promote the accumulation of monoterpenes (Radwan et al., 2017). Furthermore, certain microbe strains have been implicated in the regulation of medicinal sesquiterpenoid metabolism in A. lancea and other plants. For examples, Christensen et al. (2018) report production of a sesquiterpene keto acid derivative of β-macrocarpene, zealexin A4, with antimicrobial activity in maize. Production of zealexin A4 was elevated when subjected to either fungal pathogen infection or herbivore damage. The inoculation with an endophytic Pseudomonas fluorescens strain altered the metabolic flux in A. lancea and specifically enhanced sesquiterpenoid accumulation (Zhou et al., 2018). The endophytic fungus Gilmaniella sp. AL12 induced ethylene production in A. lancea and thus enhanced sesquiterpenoid accumulation via ethylene signaling (Yuan et al., 2016). Taken together, these findings offer the tantalizing possibility of manipulating A. lancea growth and medicinal compound accumulation by adjusting soil microbe communities under drought stress. Moreover, it would be of great theoretical and practical importance to ascertain the functions exerted by particular soil microbe clades or isolates microorganisms on A. lancea medicinal compound accumulation. The present study aims to advance our knowledge in this area.

We used polyethylene glycol 6000 (PEG6000) to mimic drought stress and performed inoculation assays with the soil microbe mixture from a Geo-authentic A. lancea habitat under controlled nursery conditions. We performed comparative analyses on the phenotypes of the A. lancea plantlets post-inoculation, and on the soil microbe community structure under multiple drought scenarios we established. Moreover, we isolated endophyte microbe strains with application potentials and verified their function on A. lancea medicinal compound accumulation.



Materials and methods


Plant material and soil microbe inoculum

Seeds of wild Geo-authentic A. lancea were collected at Jin-Niu-Dong-Shan (Mount ‘Jin-Niu-Dong’, 31°46′37″ N, 119°18′52″ W), Jintan City, Jiangsu Province. Surface-sterilized seeds were placed on Murashige & Skoog (MS) medium to germinate surface-sterile plantlets. The aerial part of the approximately 2-3 cm tall plantlets were cut and cultured on solid MS medium (pH = 5.8) containing 30 g/L sucrose, 0.1 mg/L naphthalene acetic acid (NAA) and 1 mg/L 6-benzyladenine (6-BA) for vegetative propagation via tillering. Rooting was performed by culturing four-week-old vegetatively propagated A. lancea plantlets (approximately 4-cm tall) on the rooting medium, which was solid MS with 30 g/L sucrose and 0.5 mg/L NAA, for another four weeks.

Geo-authentic soil was collected approximately 5-10 cm beneath the surface at five random sites in a forest-covered mountainous area (31° 36′ 18″ N, 119° 6′ 48″ E) in Lishui District, Nanjing City, Jiangsu Province. The Geo-authentic soil samples were then mixed thoroughly for further use. The water suspension of the mixed Geo-authentic soil sample, which contained an entire Geo-authentic microbial community, was used as the soil microbe inoculum. 10 g of the mixed Geo-authentic soil sample was placed in 100 mL of sterile water, then oscillated on a shaker at 220 revolutions per minute (rpm) for 10 minutes (min) to produce the soil microbe inoculum. The soil microbe inoculum that was autoclaved for 1 h at 121 °C was used as the mock inoculum.



Drought treatment and inoculation

Plantlets with approximately 2-cm-long adventitious roots were carefully harvested from the rooting medium and planted in the sterile mixture (hereafter referred to as ‘soil’) of peat soil (Jiffy product, Netherlands) and vermiculite (6:1, v/v) under sterile conditions. For different drought treatments, soil mixture was pre-mixed with 0%, 10% and 25% PEG6000 solutions (w:v) to simulate no drought, mild drought and severe drought contexts, respectively, as described by (He et al., 2022). The ratio of PEG6000 solution to the soil mixture was 1:1.2 (w:w). The A. lancea plantlets were then placed in a plant nursery room set at approximately room temperature (23 ± 2°C, referred to as ‘room temperature’) and with a 12 hour (h)/12 h light/dark cycle for nine days before soil microbe inoculation. For each treatment, 30 biological replicates were prepared as a group.

After 9 days of growth, new roots could be observed at the bottom of the glass bottle, indicating that the plantlets had successfully rooted and survived in the soil (Figure 1). Subsequently, 15 plantlets were randomly selected from each group to be inoculated with 5 mL of soil microbe inoculum; the other 15 plantlets of the group were inoculated with the mock inoculum under sterile conditions. In addition, bottled soil samples without A. lancea plantlets were also prepared and inoculated to be used as control samples (Figure 1) with 9 replicates prepared for each group. Every three replicates were mixed into one biological replicate for soil microbial sequencing. All plantlets were then cultured in the plant nursery for another 30 days.




Figure 1 | Schematic diagrams of the workflow of this study. (A) The drought stress and microbial inoculation treatments. (B) Samples subjected to microbial diversity analyses. ND, no drought stress (0% PEG6000); MD, mild drought stress (10% PEG6000); SD, severe drought stress (25% PEG6000); +I, with Geo-authentic soil microbe inoculation; +p, with A lancea plantlet; -p, without A ancea plantlet.





Sample collection and measurement of biomass

At 40-day old, A. lancea plantlets had developed multiple adventitious roots and barely recognizable rhizomes. The compartmentalization between rhizome and adventitious root was unclear. Hence, in this study we simply referred to the underground compartment of the 40-day-old A. lancea plantlets as the root, while the aerial compartment was referred to as the shoot. Firstly, rhizosphere soil samples of all the 15 A. lancea plantlets were collected. The plantlets were very carefully removed from the soil to avoid breaking and loss of root. The soil remaining on the root surface was gently removed. The thin soil that appeared to be adhering to the root surface was then carefully removed and collected as our rhizosphere soil samples; we believe it was the soil within 1 mm from the root. The rhizosphere soil samples were stored in liquid nitrogen immediately after collection. Due to the scarcity of rhizosphere soil samples, all the plantlets were used for sample collection. Five random samples of each experimental group were pooled as one biological replicate, resulting in three biological replicates in total. The plantlets were then all rinsed using sterile distilled water and six plantlets were randomly selected from each treatment group for the measurement of biomass. They were subsequently also used for the measurement of volatile compounds.

Dry weight data was measured after freeze-drying for approximately 72 h to constant weight. We performed freeze-drying instead of heat-drying to maintain the volatile compounds in the dry root samples for subsequent measurements. The root samples of two individual plantlets were pooled as one biological replicate, resulting in three biological replicates in total. The remaining nine plantlets of each group were collected and three individual plantlets were pooled as one biological replicate, resulting in three biological replicates for the root endophyte analyses. The samples used for endophyte analyses were placed in clean 50 mL conical tubes and pre-rinsed three times with sterile distilled water. The washed roots were then treated with 70% ethanol for 10 min, followed by treatment with 2.5% sodium hypochlorite and sonication for an additional 10 min. The samples were then drained and rinsed with sterile distilled water three times. To check for surface sterility, 100 μL of the final rinsed solution was plated in Potato Dextrose Agar (PDA) and Nutrient agar (NA) resulting in zero colonies.

According to Turner (1981) the water content (WC) of plant tissues can be expressed on either a dry weight (DW) or a fresh weight (FW) basis. The formulas were: WC(DW basis) = (FW – DW)/DW × 100 and WC(FW basis) = (FW – DW)/FW × 100. However, the results calculated via these formulas could be influenced by plant growth and DW accumulation through the duration of the experiments. Hence, an alternative formula involving the turgid weight (TW), which is the most widely applied formula, was proposed for calculating the relative water content (RWC): RWC = (FW – DW)/(TW – DW) × 100. In this study, the comparison of water content among our materials does not involve changes in DW because our measurement of biomass was performed only once at the same time for all the samples. Moreover, since our samples were used for subsequent measurement of the volatile compound concentration data, we did not put our samples through treatments to reach full turgor and did not measure the TW in order to avoid impacts of such treatments on the volatile compound concentration. In this study the water content of A. lancea root was calculated on both the DW and FW bases via the formulas WC(DW basis) = (FW – DW)/DW and WC(FW basis) = (FW – DW)/FW (Figure 2E).




Figure 2 | Phenotype and concentration of four major medicinal compounds of A lancea under different treatments conditions. (A) Phenotype. (B–I): n = 3. Data were shown as mean ± SD. Different lower-case letters represent significant differences (one-way ANOVA, P < 0.05). ND, no drought stress (0% PEG6000); MD, mild drought stress (10% PEG6000); SD, severe drought stress (25% PEG6000); +I, with Geo-authentic soil microbe inoculation; DW, dry weight; FW, fresh weight.





Measurement of volatile medicinal compounds

Freeze-dried root samples were ground into fine powder. Approximately 0.1 g of the powder was carefully measured placed in an Eppendorf tube, then 400 μL of analytically pure n-hexane was added to the powder and mixed thoroughly. Extraction was performed via ultrasound treatment at 60 Hz for 15 min. The mixture was then centrifuged at 5000 × g and 4°C for 5 min. The supernatant was filtered through 0.22-μm PES membrane filter capsules (Sterivex; Millipore) and subjected to GC-MS analysis. The concentration of hinesol, β-eudesmol, atractylon, and atractylodin in freeze-dried root samples was measured via gas chromatography coupled with mass spectrometry (GC-MS) using a Trace 1310 series GC with a TSQ8000 MS detector (Thermo Fisher Scientific Co. Ltd, Waltham, Massachusetts, USA) and a TR-5ms capillary column (30 m 3 0.25 mm i.d., DF = 0.25 mm, Thermo Fisher Scientific). Following Vannier et al. (2018) with slight modifications the injected sample (1 μL) was separated at the Helium flow rate of 1 mL/min; the temperature program was 2 min at 120°C followed by a gradient from 120°C to 240°C at 5°C/min, and held at 240°C for 5 min; the injector and detector temperatures were set at 240°C and 350°C, respectively. The MS operating conditions were as follows: the MS ionization mode indicated the electron impact ion source (EI) at 230°C, with an acceleration voltage of 70 eV. The interface temperature was 240°C and the total ion current was recorded for a mass range of 40–500 amu. The contents of four volatile oils in each sample were quantitatively determined by the standard curves (see Supplementary Table 1).



Endophytic and rhizosphere microbial community analyses

Figure 1B showed the plant and soil samples that were tested for microbe communities and the subsequent work flow. The total microbial DNA for 16S and ITS amplicon sequencing was extracted from 100 mg of A. lancea root sample or 150 mg of soil sample using the PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Solana Beach, CA, USA) per the manufacturer’s instructions. The quality of the extracted DNA was verified via 1% agarose gel electrophoresis. Primers 799F (5´-AACMGGATTAGATACCCKG-3´) (Bulgarelli et al., 2012) - 1392R (5´-ACGGGCGGTGTGTRC-3´) (Lundberg et al., 2012) and 799F (5´-AACMGGATTAGATACCCKG-3´) - 1193R (5´-ACGTCATCCCCACCTTCC-3´) (Bulgarelli et al., 2015) amplified the variable V5-V7 region of 16S rRNA in two steps. Primer ITS3F (5’-GCATCGATGAAGAACGCA GC-3’) - ITS4R (5’-TCCTCCGCTTATTGATATGC-3’) (Toju et al., 2012) amplified ITS2 region. Both forward primers and reverse primers were added with error correction barcode (Hamady et al., 2008).

The amplification was carried out via PCR using a GeneAmp 9700 PCR system (Applied Biosystems, Foster City, CA, USA). The total reaction volume was 25 μL, including 1 μL DNA template, 0.5 μL forward primer, 0.5 μL reverse primer, 0.25 μL bovine serum albumin, 12.5 μL 2 × DreamTaq Green PCR Master Mix (Thermo Scientific, USA), replenished with ddH2O to 25 μL. Setting three technical replicates for each reaction, PCR was carried out as follows: 95°C for 3 min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, and a final extension at 72°C for 10 min. Three technical repeats of one sample were mixed into a single PCR product. The products were separated via 2% agarose gel electrophoresis and purified using a Qiagen PCR purification ki5t (Qiagen, Hilden, Germany). Furthermore, the purified products were quantified with Pico Green using a QuantiFluorTM-ST Fluorometer (Promega Biotech, Beijing, China) and were then pooled at equal concentrations. Thereafter, the amplicons were sequenced in an Illumina MiSeq platform (San Diego, CA, USA) at Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China.

The data were analyzed on the online platform Majorbio Cloud Platform (www.majorbio.com) (data had been uploaded to NCBI, project number PRJNA806199). Paired-end (PE) reads (average length 376 bp and 341 bp) obtained by MiSeq sequencing were spliced according to their overlap relations using FLASH (Magoč and Salzberg, 2011). Quality control was performed via filtering using Trimmomatic (Bolger et al., 2014). All sequences were clustered into operational taxonomic units (OTUs) with 97% similarity or greater using UPARSE (version 7.0) (Edgar, 2013), and a majority consensus taxonomy was obtained for each OTU. Singletons were removed from the datasets to minimize the impact of sequencing artifacts (Dickie, 2010). Chimeric sequences were identified and removed using UCHIME (Edgar et al., 2011). In order to obtain the species classification information corresponding to each OTU, the RDP classifier algorithm (https://sourceforge.net/projects/rdp-classifier/) was applied to compare the OTU representative sequences with the Silva database (Release138, http://www.arb-silva.de) and Unite*(Release 8.0, http://unite.ut.ee/index.php)for taxonomic analysis using 97% confidence threshold. Among these, chloroplasts and mitochondrial sequences were removed. The bacterial and fungal community diversity and richness were demonstrated using the Shannon and Chao1 indexes using Mothur v.1.30.1 (Schloss et al., 2009). The relative abundance bar of bacteria and fungi at the phylum level was visualized using R language tools (v.3.3.1). Principal Coordinates Analysis (PCoA) analyses was performed using QIIME (version 1.9.1) based on unweighted UniFrac distance matrix or Bray-Curtis dissimilarity. Linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe) analysis was completed on the online website Galaxy (http://huttenhower.sph.harvard.edu/galaxy), in which the threshold of LDA discriminant analysis of rhizosphere bacteria was 4, and the threshold of LDA discriminant analysis of rhizosphere fungi, bacteria and fungi in roots was 2. The Student’s t-test within STAMP (Parks et al., 2014) was used to identify the phyla, genera and OTUs that showed significant differences in abundance between groups (confidence interval method). Psych packages were used to calculate Pearson’s rank correlation and q value (Revelle, 2017), and the phatmap package in R (v.3.3.1) was used to visualize the results (Kolde and Kolde, 2018).



Verification of root endophyte function

We manually isolated multiple endophyte stains (both bacteria and fungi) from the underground compartments of wild Geo-authentic A. lancea plants via subculturing using different types of microbe-culturing media, and preserved the isolates microorganisms in-house. The endophytic Paenibacillus and Paraburkholderia strains used in this study were cultured using trypticase soy medium by oscillating at 30°C and 220 rpm for 48 hours. Then, the culture was centrifuged at 4°C and 3,000 rpm for 5 minutes to collect the bacteria. The collected bacteria were then resuspended in potato dextrose medium to reach a final concentration of 1×108 cfu to be used as the inoculum. The endophytic eFungus_1, eFungus_2, eFungus_3, eFungus_4 and Fusarium solani were cultured using potato dextrose medium by oscillating at 30°C and 220 rpm for seven days. The culture was then filtered using autoclaved multiple-layer gauze to remove bulk mycelia under sterile conditions. The filtered culture was then centrifuged at 4°C and 3,000 rpm for 5 minutes to collect conidia. The collected conidia were resuspended in potato dextrose medium to reach a final concentration of 1×108 cfu to be used as the inoculum. Autoclaved potato dextrose medium was used as the mock inoculum. A. lancea plantlets that were transplanted in autoclaved bottled soil under sterile conditions and had grown for nine days with visible new adventitious roots were used for the inoculation assays. Each plantlet was inoculated with 5 mL of inoculum under sterile conditions, then grown for 40 days before collected for measurement of medicinal compound in the root.



Statistical analysis

Data were recorded and processed by Excel (Office 2019). GraphPad Prism 8.0.1 (GraphPad Software Inc., USA) was used for rendering graphics. One-way ANOVA was performed using IBM SPSS Statistics 19.0 (SPSS, Chicago, IL, USA). Results were expressed as mean ± standard deviation (S.D.).




Results


Soil microbe inoculation promoted the growth and major medicinal compound accumulation of A. lancea under drought stress

The results showed that GSM inoculation greatly altered the root architecture of the A. lancea plantlets: the number and length of the adventitious roots evidently increased while induced by GSM (Figures 2A, D), while the aerial/root fresh biomass, root dry mass, and root water content were significantly improved (Figures 2B, E). Notably, the root:shoot ratio of uninoculated A. lancea significantly increased under 25% PEG6000 treatment compared to 0% or 10% PEG6000 treatment (Figure 2C), representing a drought-resistant trait (Chen et al., 2022). A. lancea plantlets inoculated with GSM acquired significantly higher root:shoot ratio compared to the uninoculated plantlets, indicating improved resilience against water deficiency stress.

The inoculation with GSM significantly improved the concentration of all the four major medicinal compounds in A. lancea root under normal growth conditions (Figures 2F–I). Under 10% PEG6000 treatment, GSM inoculation significantly increased accumulation of β-eudesmol, atractylon and atractylodin. However, under 25% PEG6000 treatment, GSM inoculation was only able to induce a slight increases in atractylodin accumulation (not to a statistically significant extent). Thus, the accumulation of medicinal compounds was impaired under 25% PEG6000 treatment.



Changes in the bacterial and fungal community composition were distinct in the rhizosphere of A. lancea under different PEG6000 treatments

Since the growth traits and major medicinal compound accumulation of A. lancea were significantly altered by GSM induction, we investigated the changes of the rhizosphere microbe communities pre- and post- inoculation. We performed 16S rRNA and ITS amplicon sequencing to reveal the bacterial and fungal communities, respectively, in the rhizosphere of the A. lancea plantlets under different treatment conditions. A total of 1.80 million high-quality 16S rRNA sequence tags with an average length of 376 bp, and 3.03 million high-quality ITS sequence tags with an average length of 343 bp were generated for all the sequenced A. lancea rhizosphere soil samples and the bottled soil samples without A. lancea plantlets. Subsequently, 767 OTUs of the rhizospheric bacteria corresponding to 19 phyla and 293 genera, and 286 OTUs of the rhizospheric fungi corresponding to 9 phyla and 137 genera were obtained and annotated.

We performed comparative analyses on the OTUs, and the results showed that PEG6000 treatment had a significant impact on the diversity and richness of the microbial communities in the rhizosphere of A. lancea. The Shannon index (Figure 3A) and Chao1 index (Figure 3B) revealed lower diversity and richness of the bacteria in A. lancea rhizosphere and the bottled soil under PEG6000 treatment compared to normal growth conditions, with or without the A. lancea plantlets. Notably, in both the rhizosphere and the bottled soil, the decrease in the diversity of bacteria appeared more susceptible to PEG6000 treatment: bacterial diversity significantly decreased under both 10% and 25% PEG6000 treatment (Figure 3A) whereas bacterial richness only decreased when the concentration of PEG6000 reached 25% (Figure 3B). Results of the principal coordinate analyses (PCoA) based on the Bray-Curtis distance algorithm at the OTU level showed remarkable similarity in the bacterial community composition between the rhizosphere soil of A. lancea and the soil without A. lancea plantlets post-GSM-inoculation under each treatment (0%, 10% or 25% PEG6000), suggesting that the concentration of PEG6000 had the greater impact on the bacterial community composition in the soil than proximity to the A. lancea (Figure 3C).




Figure 3 | Diversity and community structure of rhizosphere bacteria and fungi of A. lancea. Shannon index (A, E) shows α diversity, Chao1 index (B, F) shows richness, both at the OTU level. C and G: PCoA of rhizosphere bacteria (C) and Fungi (G) in A. lancea based on Bray-Curtis matrix at the OTU level (n = 3). D and H: Bar chart of rhizosphere bacteria (D) and fungi (H) in A. lancea rhizosphere at phylum level. (I, J) Cladogram showing the phylogenetic distribution of the bacterial (I, LDA score = 4) and fungal (J, LDA score = 2) lineages associated with the bottled soil and rhizosphere soil of A. lancea. Circles indicate phylogenetic level from phylum to genus. The diameter of each circle is proportional to the abundance of the group. Asterisks represent significant difference by Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001; ND, no drought stress, 0% PEG6000; MD, mild drought stress, 10% PEG6000; SD, severe drought stress, 25% PEG6000; +I, with Geo-authentic soil microbe inoculation; +p, with A. lancea plantlet.



As for the rhizosphere fungal community composition of A. lancea, in contrast to that of the bacteria, the Shannon index (Figure 3E) and Chao1 index (Figure 3F) demonstrated increased fungal diversity and richness under PEG6000 treatment with positive correlation to the PEG6000 concentration (Supplementary Data 1) in both the A. lancea rhizosphere and the bottled soil. The PCoA for the fungal communities at the OTU level revealed the relatively high similarity of the fungal community composition under 25% or 10% PEG6000 treatment between the A. lancea rhizosphere soil and the bottled soil post-GSM-inoculation. However, when there was no PEG6000 treatment, the fungal communities appeared distinguished between the rhizosphere of A. lancea and the bottled soil without A. lancea plantlets (by PC1, as shown in Figure 3G). Curiously, the diversity of the fungal communities was remarkably high in the GSM-inoculated bottled soil alone, breaking the pattern of fungal community diversity being positively correlated to the PEG6000 concentration (Figures 3E, F), suggesting the significant impact and strong selectivity of A. lancea on the soil fungal communities in its vicinity.



A. lancea differentially enriched and excluded particular clades of microbes in its rhizosphere under varying drought contexts

Considerable specificity was identified in the bacterial community composition of the A. lancea rhizosphere. At the phylum level (Figure 3D; Supplementary Figures 1A–C), Proteobacteria (P = 0.0526) and Bdellovibrionota (P = 0.0155) were specifically enriched in A. lancea rhizosphere post-GSM-inoculation under 0% PEG6000 treatment compared to the bottled soil inoculated with GSM. But Actinobacteriota (P = 0.0450) and Acidobacteriota (P = 0.0017) were significantly enriched, while the relative abundance of Proteobacteria (P = 0.0520) was reduced under 25% PEG6000 treatment compared to the bottled soil inoculated with GSM. At the genus level (Supplementary Figures 1D–F), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (hereinafter referred to as A-N-P-R) appeared enriched in the rhizosphere of A. lancea under different PEG6000 treatment (0%, P = 0.0252; 10%, P = 0.0238; 25%, P = 0.4703) compared to the bottled soil post-GSM-inoculation. These specialized bacterial communities might have a role in protecting A. lancea under water deficiency stress.

A cladogram displaying these bacterial communities at multiple clades was generated using the LEfSe tool. Groups of bacteria with the LDA score = 4 were identified as significantly enriched (Figure 3I). This tool allows analyzing microbial community data at any clade. In the rhizosphere of A. lancea under 0% PEG6000 treatment (ND+I/+p), three groups of bacteria were significantly enriched: Conexibacter (from class to genus), A-N-P-R (from order to genus) and Xanthobacteraceae (from order to family). In the rhizosphere of A. lancea under 10% PEG6000 treatment (MD+I/+p), one group of bacteria, Massilia (from phylum to genus), was significantly enriched. In the rhizosphere of A. lancea under 25% PEG6000 treatment (SD+I/+p), three groups of bacteria were significantly enriched: Actinomadura (from phylum to genus), Streptomycetales (from phylum to order) and Micrococcales (from phylum to order).

Comparative analyses of the fungal groups revealed that at the phylum level, the relative abundance of the fungal phyla Ascomycota and the genera Chaetomium (P = 0.0578), Talaromyces, Acrophialophora and Saitozyma decreased, while the relative abundance of the phylum Basidiomycota and the genus Sebacinales (P = 0.0625) increased under 0% PEG6000 treatment in A. lancea rhizosphere compared to bottled soil post-GSM-inoculation (Supplementary Figure 2). Under 10% PEG6000 treatment, A. lancea specifically excluded the genera Chaetomium, Acrophialophora and Thielavia. Under 25% PEG6000 treatment, A. lancea specifically enriched the genus Talaromyces and excluded the genera Sordaria and Chloridium (Supplementary Figure 2). Comparing the fungal communities of the bottled soil incubated with different PEG6000 treatments without the A. lancea plantlets, at the genus level, Aspergillus, Talaromyces, Neocosmospora, Saitozyma appeared drought-sensitive under 10% PEG treatment since their relative abundance decreased; while under 25% PEG treatment, Fusarium, Neocosmospora (P = 0.0559), Trichoderma, Sordaria and Chloridium appeared drought-resistant, Aspergillus, Talaromyces and Saitozyma appeared drought-sensitive (Supplementary Figure 8). Comparing the fungal communities in the rhizosphere of GSM-inoculated A. lancea undergone different PEG6000 treatments, the genera Chaetomium and Acrophialophora were enriched and Aspergillus was depleted specifically under 10% PEG6000 treatment; under 25% PEG6000 treatment, the genera Chaetomium, Acrophialophora, Trichoderma and Thielava were enriched in the rhizosphere, while the genus Aspergillus was depleted, consistent with the drought-sensitivity of Aspergillus that we found (Supplementary Figure 8).

The cladogram of the fungal communities (Figure 3J) showed that fungi from phylum to genus were rarely enriched in the rhizosphere of A. lancea under different PEG6000 concentration. In the rhizosphere of A. lancea under 0% PEG6000 treatment (ND+I/+p), only one group of fungi was significantly enriched, namely Aspergillus (from family to genus). Similarly, under 10% PEG6000 treatment (MD+I/+p), only one group of fungi, Agaricomycetes, was significantly enriched (from phylum to order). Under 25% PEG6000 treatment (SD+I/+p), four groups of bacteria were significantly enriched, namely Mucor (from phylum to genus), unclassified_f_Chaetomiaceae (from order to genus), Acrophialophora (from order to genus) and Westerdykella (from family to genus). By contrast, Talaromyces, Acrophialophora and unclassified_o_Chaetothyriales were significantly decreased in 0% PEG6000 treated rhizosphere soil; Chaetomium, Acrophialophora and Thielavia were significantly decreased in 10%-PEG6000-treated rhizosphere soil, while at 25% Sordaria and Chloridium were significantly decreased.



The GSM inoculation induced greater changes in endophytic fungal communities than the endophytic bacterial communities of A. lancea

We performed 16S rRNA and ITS amplicon sequencing and subsequent comparative analyses on the endophytic bacterial and fungal community structures in the root of the GSM-inoculated and uninoculated A. lancea plantlets. The results revealed distinct patterns of alteration in the diversity and the richness of endophytic bacteria and fungi in A. lancea roots. The Shannon index showed a decreasing pattern of endophytic bacterial diversity under increasing concentration of PEG6000 (from 0% to 25%), with or without GSM inoculation, although the decrease was not statistically significant (Figure 4A). The Chao1 index of the endophytic bacteria in the A. lancea root without or post-GSM inoculation remained statistically unchanged under differing PEG6000 concentrations, suggesting a relatively stable endophytic bacterial abundance inside the root (Figure 4B). Results of the PCoA on the root endophytic bacteria at the OTU level based on the Bray-Curtis distance algorithm showed that the GSM inoculation was the preliminary factor accounting for differences in the endophytic bacterial communities among sequenced root samples (Figure 4C, PC1 = 21.62%).




Figure 4 | Diversity and community structure of rhizosphere bacteria and fungi of A. lancea. Shannon index (A, E) shows α diversity, Chao1 index (B, F) shows richness, both at the OTU level. C and G: PCoA of endogenetic bacteria (C) and Fungi (G) in A. lancea based on Bray-Curtis and unweighted UniFrac matrix at OTU level, respectively (n = 3). D and H: Bar chart of endogenetic bacteria (D) and fungi (H) in A. lancea endogenetic at phylum level. I and J: Phylogenetic maps of endogenetic bacterial (I) and fungal (J) lineages of A. lancea. Asterisks represent significant difference by Student’s t-test: *P < 0.05; **P < 0.01; ND, no drought stress, 0% PEG6000; MD, mild drought stress, 10% PEG6000; SD, severe drought stress, 25% PEG6000; +I, with Geo-authentic soil microbe inoculation.



In the roots of the GSM-inoculated A. lancea plantlets grown under normal conditions (0% PEG6000), the phyla Firmicutes (P = 0.2958) and Bdellovibrionota (P = 0.1027) appeared enriched with higher relative abundance, while the phyla Actinobacteriota (P = 0.0362) and Gemmatimonadota (P = 0.0339) became depleted and had significantly lower relative abundance. Notably, in the GSM-inoculated A. lancea roots, the relative abundance of the phylum Firmicutes generally decreased (10%, P = 0.2372; 25%, P = 0.0857) while that of the phylum Actinobacteriota (P = 0.1027) increased as the concentration of PEG6000 for the treatments increased (Figure 4D; Supplementary Figures 3A–C), suggesting these phyla might have antagonistic roles in alleviating water deficiency damage. In the endosphere under 0% PEG6000 treatment (ND+I), five groups of bacteria were significantly enriched: Paenibacillus (from order to genus), Ammoniphilus (from order to genus), norank_f_Micropepsaceae (from order to genus), Afipia and unclassified_f_Oxalobacteraceae. Under 10% PEG6000 treatment (MD+I), three groups of bacteria were significantly enriched: Cohnella, Burkholderia-Caballeronia-Paraburkholderia (hereinafter referred to as B-C-P) and Dyella. Finally, under 25% PEG6000 treatment (SD+I), three groups of bacteria were significantly enriched: Streptomyces (from class to genus), A-N-P-R (from family to genus) and Rhodanobacteracea; while endophytic Paenibacillus became depleted (P = 0.0610) (Figure 4I, Supplementary Figures 3D–F). Notably, under PEG6000 treatments of multiple concentrations, A. lancea preferentially enriched the endophytic genera B-C-P, A-N-P-R and Dylla in its roots but excluded Comamonas, Thauera and Sphingomonas (Supplementary Figure 3).

In contrast with the pattern of changes in the diversity of endophytic bacterial communities under PEG6000 treatment (Figure 4A), the endophytic fungal communities in the uninoculated A. lancea roots showed a weak increasing pattern along with the increasing concentration of PEG6000, although the increase was not statistically significant (Figure 4E). Nonetheless, the richness of the endophytic fungi in the GSM-inoculated roots represented by the Chao1 index (Figure 4F) was significantly higher compared to that of the uninoculated roots under each treatment. The increased Chao1 index post-GSM-inoculation (Figure 4F) demonstrates voluntary enrichment of endophytic fungi by roots when exogenous microbes were provided via inoculation. The results of PCoA suggested considerable similarity in the endophytic fungal community structure among the three groups of uninoculated A. lancea root samples. GSM inoculation was revealed as an important factor influencing the variance in endophytic fungal community structure (PC1 = 56.3%, as shown in Figure 4G).

Comparative analyses of the relative abundance of A. lancea root endophytic fungi at the phylum (Figure 4H), genus and multi-clade levels (Figure 4J) showed that the endophytic fungi in root samples were mainly composed of unclassified_k_fungi regardless of whether they were inoculated with GSM or different concentration of PEG6000. The phylum Basidiomycota was specifically enriched in the root of GSM-inoculated A. lancea grown under normal conditions (P = 0.1339) (Figure 4H; Supplementary Figures 4A–C). At the OTU level, compared with the uninoculated root, multiple OTUs were significantly and differentially enriched under each treatment. However, due to the lack of phylogenic annotation of fungal OTUs, further interpretation of our data was limited.



Analyses on the impact of microbial communities on major medicinal compound accumulation in A. lancea root

To identify the microbial groups that can potentially induce the biosynthesis and accumulation of the medicinal compounds in A. lancea root, we performed Pearson correlation analyses on the concentration of the four major medicinal compounds, hinesol, β-eudesmol, atractylon and atractylodin, and the relative abundance of the microbial communities identified in this study (Figure 5).




Figure 5 | Pearson correlation analysis between the concentration of the four major volatile medicinal compounds in A lancea root and the bacteria (A, B) and fungi (C, D) in A lancea rhizosphere and root endosphere at the genus level. * 0.01 < P ≤0.05, ** 0.001 < *** P ≤ 0.01 by Student’s t-test.



The results showed that at the genus level, the relative abundance of the bacterial genera Ralstonia, Afipia, Paenibacillus, Variovorax, Novosphingobium and Devosia in the rhizosphere of A. lancea were positively correlated (P < 0.05) with the content of at least three of its four major medicinal compounds, suggesting inducing effects of these bacterial clades on the accumulation of the medicinal compounds (Figure 5A). Moreover, inside the root, the endophytic bacterial genus unclassified_f_Oxalobacteraceae was positively correlated with all four compounds. The endophytic bacterial genera Paenibacillus and Caulobacter could potentially induce β-eudesmol, atractylon and atractylodin accumulation. The genera Massilia, B-C-P, Pseudomonas and Dyella showed positive correlation with the accumulation of atractylodin (Figure 5B). Nevertheless, the rhizosphere bacterial genera Intrasporangium, Mesorhizobium, Dyella, Streptomyces, Escherichia-Shigella, and the endophytic bacterial genera Corynebacterium, Sphingomonas and Lactobacillus had negative correlation with the content of one or more medicinal compounds, indicating possible inhibition of these bacterial groups on the accumulation of medicinal compounds in A. lancea root (Figures 5A, B).

The fungal genera Aspergillus and the unclassified_k_Fungi in the rhizosphere were positively correlated with the content of up to four medicinal compounds (Figure 5C). Inside the root, the endophytic fungal genera unclassified_o_Sebacinales, Setophoma and Fusarium showed positive correlation with the accumulation of one or more medicinal compounds (Figure 5C). The rhizospheric fungal genera Acrophialophora, Trichoderma, Chaetomium and Talaromyces were negatively correlated with the accumulation of the four major medicinal compounds of A. lancea, the correlation being statistically significant with one to three compounds (Figure 5C). One endophytic fungal group identified with the name unclassified_k_Fungi had significant negative correlation with all the four major medicinal compounds in A. lancea root (Figure 5D). A majority of the endophytic fungi were not fully identified and were merely annotated as an unclassified group (Figures 4H, J, 5D), revealing a paucity of current phylogenetic identification information of fungal clades that restricted our findings.



Verification of endophyte function via inoculation

Multiple studies have now reported the inducing effects of specific endophyte isolates microorganisms on the accumulation of the major medicinal compounds in A. lancea (Ren and Dai, 2012; Wang et al., 2015; Zhou et al., 2016). Previously only a handful of studies had reported rhizosphere microbial isolates microorganisms with such functions. Hence, in this study, we isolated rhizome endophytes from the wild A. lancea collected at the identical site where the soil used for the GSM inoculum was collected in order to verify their function. It was found that the endophytic bacterial genera Paenibacillus is positively correlated with the accumulation of the major medicinal compounds in the root (Figure 5B). We performed inoculation assays using a total of three strains of Paenibacillus to separately verify whether they could induce the production of hinesol, β-eudesmol, atractylon or atractylodin. The strains used were P. konkukensis, P. kribbensis, and P. taichungensis. The results showed mild inducing effects of the P. konkukensis strain on the production of β-eudesmol and atractylon, and mild inducing effects of the P. kribbensis strain and the P. taichungensis strain on atractylodin accumulation (Figures 6A–D).




Figure 6 | Effects of individual endophytic bacterial or fungal isolates on the concentration of four major medicinal compounds in A. lancea root verified via inoculation. (A–D) results of endophytic bacteria inoculation; (E–H) results of endophytic fungi inoculation. Asterisks represent significant difference compared with the uninoculated plantlets by Student’s t-test: *P < 0.05.



The root endophytic B-C-P spp. were found to be positively correlated with the accumulation of β-eudesmol, atractylon and atractylodin, with only the correlation with atractylodin accumulation statistically significant (Figure 5B). Inoculation assays using a total of four endophytic Paraburkholderia, namely P. aromaticivorans, P. caribensis, P. caryophylli and P. xenovorans, allowed us to individually verify the inducing effects on medicinal compound accumulation. The results revealed a significant inducing effect of the P. xenovorans strain on hinesol and β-eudesmol accumulation, as well as differential inducing effects of the other three endophytic Paraburkholderia strains on β-eudesmol, atractylon or atractylodin accumulation (Figure 6A–D). These results demonstrated that the effects of individual endophytic bacterial strains are distinct, indicating specific function of different bacterial strains within a genus. Promoting effects were revealed for certain strains, suggesting consistency to an extent with the results of our correlation analyses (Figure 5B).

From the endophytic fungal genera that we identified as potential inducers of medicinal compound accumulation (Figure 5D). We managed to isolate 7 endophytic fungi without clear classification and one strain corresponding to a fungal genus positively correlated to medicinal compound accumulation, namely Fusarium solani strain (Figure 5D). We named the unclassified endophytic fungal strains eFungus_1 to eFungus_7. We performed inoculation assays using these endophytic fungal strains (Figures 6E–H). eFungus_1 significantly inhibited the accumulation of β-eudesmol and atractylodin. eFungus_2, eFungus_3, eFungus_4 and Fusarium solani promoted accumulation of atractylon. eFungus_6 had a significant promoting effect on β-eudesmol.




Discussion


The GSM inoculation promoted the growth and drought-resistant phenotype of A. lancea

The number of adventitious roots, root length, aerial biomass, root biomass and root dry mass all increased after GSM inoculation under each treatment (Figures 2A–E), demonstrating the growth promoting effects of the GSM. Such growth promoting effects likely resulted from the synergistic action of the GSM, which may contain multiple microbe communities or strains beneficial for A. lancea growth.

Moreover, the phenotype of the A. lancea plantlets was altered by GSM inoculation and PEG6000 treatments. Biomass measurements of uninoculated plantlets showed inhibition of A. lancea growth under 10% PEG6000 treatment and more severe impairment of growth under 25% treatment. However, the root dry mass accumulation appeared slightly improved under 25% PEG6000 treatment compared to either 0% or 10% (P = 0.045 and 0.174, respectively, Figure 2A); meanwhile, the root:shoot ratio was significantly increased (Figure 2B). A relatively large allocation of biomass into the root is a characteristic trait associated with the perennial growth form; in many plant species, this trait is also associated with drought tolerance (Chapin et al., 1993; Comas et al., 2013). As a perennial plant, the uninoculated A. lancea plantlets developed the phenotype with significantly increased root:shoot biomass ratio after exposure to 25% PEG6000 treatment conditions (Figure 2C), suggesting this trait was closely associated with their drought tolerance. These results suggest GSM inoculation promoted a drought-resistant phenotype in A. lancea.

The water content in the root is also an important indicator of plant fitness and drought tolerance. Drought-resistant cultivars can maintain a relatively high water content under water-deficient treatments (Maghsoudi et al., 2016). In this study, the GSM inoculation significantly improved the DW-based water content of A. lancea root under 0% and 10% PEG6000 treatment. Under the extreme water deficiency inflicted by 25% PEG6000, the GSM inoculated pliantly maintained higher root water content compared to the uninoculated A. lancea. The relatively stable water content data under PEG6000 treatments post-GSM-inoculation showed improved root capacity to hold moisture (Figure 2E). Taken together, the improved growth and drought-resistance of GSM inoculated A. lancea may translate to increased agricultural yield and better adaptation to climate change.



The GSM improved medicinal compound accumulation in A. lancea root but was susceptible to PEG6000 stress inhibition

Under normal growth conditions, the GSM inoculation generally improved the accumulation of the four major volatile medicinal compounds, namely atractylon, β-eudesmol, atractylon and atractylodin (Figures 2F–I). Unlike in our previous study looking at the effects of GSM inoculation on A. lancea under heat stress we did not observe increased hinesol accumulation (Figure 2F) (Wang et al., 2022). Interestingly, without GSM inoculation water deficiency stress did not alone induce increases in any of the four compounds, in the way heat stress did for β-eudesmol (Wang et al., 2022). This suggests that the metabolism of each compound is differentially impacted by distinct environmental factors. The promoting effects of the GSM decreased as the concentration of PEG6000 treatment increased, suggesting that the GSM is itself susceptible to water deficiency stress (Figures 2A, B, 3A, J, 4A, 3J).

These results could also reflect a resource allocation and investment pattern in A. lancea whereby survival is prioritized over secondary metabolite accumulation under environmental stress. The growth–differentiation balance hypothesis suggests plantlets increase or decrease resource allocation to secondary metabolism in response to environmental conditions. The key premise of this hypothesis is that trade-offs constantly occur between the primary and secondary metabolism of plantlets (Herms and Mattson, 1992; Hale et al., 2005). When the environmental stress is severe enough to depress the carbon assimilation of plantlets, plant growth slows down due to limitation in resources. In such cases, the secondary metabolism falls due to low energy and substrates availability to supply secondary metabolite biosynthesis (Hale et al., 2005). In this study, the 10% and 25% PEG6000 may have suppressed the carbon assimilation of A. lancea, consistent with their significantly inhibited growth.

The suppression of the growth and drought resistance promoting effects of GSM by water deficiency stress suggests that, while microbe mixtures have great potential for application in A. lancea farming, water regimens will need to be carefully managed for their full benefit to be realized.



Fungal communities were less impacted by PEG6000 treatment than bacterial communities

In this study, we revealed that the bacterial communities in the rhizosphere of A. lancea or the bottled soil were strongly impacted by PEG6000 treatment (Figure 3C). The diversity and richness of the rhizosphere bacteria were negatively correlated with PEG6000 concentration (Figures 3A, B). The opposite was true for fungi (Figures 3E–G). These results indicate that a considerable proportion of the bacteria in the GSM are drought-susceptible, the fungi are relatively drought-resistant. It has previously been reported that different components of soil microbial communities respond differently to drought. A previous study on sugarcane-root-associated bacteria reported that drought stress significantly reduced the overall bacterial diversity while only increasing the abundance of drought-resistant bacteria in the sugarcane rhizosphere (Liu et al., 2021). Soil bacterial networks are known to be less stable than fungal networks under drought stress. Soil fungi are generally more resistant than bacteria to drought (Bapiri et al., 2010; Barnard et al., 2013; De Vries and Shade, 2013; De Vries et al., 2018). Our results were consistent with these previous findings. Rhizosphere fungi may provide relatively stronger protection A. lancea plantlets under drought stress than the rhizosphere bacteria.

The metabolism of plants can fluctuate considerably when subjected to abiotic stresses (Buffagni et al., 2020; Ahmed et al., 2021), which might in turn modify the endophytic microbe communities (Bhattacharyya et al., 2021). This means that plants can take the initiative selecting the microbial communities that they harbor within their roots by varying the metabolites contained in their roots. In A. lancea root, the endophytic bacterial communities remained relatively stable under different PEG6000 concentrations (Figures 4A, C). The richness of the endophytic bacteria also increased, but this was not statistically significant (Figure 4B). However, the richness of the endophytic fungi was significantly promoted after the GSM inoculation (Figure 4F). These results suggest that GSM inoculation was an important source from which A. lancea acquired and enriched microbes in its root. A. lancea selectively enhanced the endophytic fungi richness in its root, indicating they have a crucial role in promoting drought-resistant traits. Collectively, the community structure formation of the fungi from the GSM inoculum turned out to be less affected by PEG6000 concentration but more responsive to the physiological status of the A. lancea plantlets compared to the bacteria.



Drought stress can impact A. lancea growth and medicinal compound accumulation via modifying the abundance of specific bacterial clades

Our comparative analyses of the relative abundance of the microbe communities at the phylum level and the cladograms showing differentially enriched microbe groups at multi-clade levels have revealed a number of microbe clades that may enhance drought resistance in A. lancea (Figures 3–5; Supplementary Figures 1–4). Among them, many bacterial clades have been associated with plant drought resistance in previous studies.

Collectively, our results show that at the genus level, A. lancea specifically enriched Massilia and A-N-P-R in its rhizosphere. However, Massilia could resist 10% PEG6000 drought but was severely reduced under 25% PEG6000 treatment. By contrast, A. lancea showed the tendency to specifically reduce the relative abundance of B-C-P from in its rhizosphere. Nevertheless, B-C-P appeared highly drought-resistant and had high relative abundance in the GSM, hence, it maintained high abundance in rhizosphere at all PEG6000 concentrations. Moreover, since B-C-P was highly abundant in all soil samples, the detected decrease in relative abundance of B-C-P can be attributed to the plant enriching other genera, rather than to B-C-P being selectively excluded. This is supported by the unchanged ranking of B-C-P relative abundance under all treatments. Notably, the genera Pseudomonas, Paenibacillus, Conexibacter and Ralstonia also appeared drought-sensitive, with their relative abundance decreasing as the concentration of PEG6000 increased. A. lancea specifically enriched different bacterial communities under 10% and 25% PEG treatments, which might have been strategies to cope with water deficiency stress of varying intensity in collaboration with soil microbes. Bacillus, Dylla and Actinomadura became highly enriched in A. lancea rhizosphere specifically under 25% PEG6000 treatment, suggesting these genera are crucial bacterial clades that protect A. lancea under severe drought stress. The role of Bacillus spp. in inducing stress resistance in crops is well-documented (Radhakrishnan et al., 2017). Actinomadura of the phylum Actinobacteria have been reported as a specific drought-enriched bacterial genus (Xu et al., 2018). The phylum Actinobacteria is often specifically enriched in relatively dry environments or under drought conditions (Xu et al., 2018; Kumar et al., 2022). Actinobacteria was reported to be crucial for a drought-sensitive sugarcane cultivar GT39 to cope with drought stress, while a relatively drought-resistant sugarcane cultivar ZZ9 relied mainly on Bacilli to adapt to drought (Liu et al., 2021). A study looking at rice root-associated microbiota found that changes in bacterial communities in response to drought were taxonomically consistent across soils and different rice cultivars and were primarily driven by the enrichment of the genera Actinobacteria and Chloroflexi and, depletion of several Deltaproteobacteria species (Santos-Medellín et al., 2017). Similarly, we found Chloroflexi depleted in the rhizosphere of A. lancea in response to drought in a manner that may be plant-specific.

Our findings reveal that the structure of the endophytic bacterial communities remained relatively stable compared to the rhizosphere (Figs. 3A-3C, 4A-4C). Nonetheless, A. lancea selectively and flexibly favored the enrichment of different bacterial clades in its rhizosphere or root endosphere under drought stress of varied severities. Comparative analyses on the endophytic bacterial communities suggest that the genera Actinomadura and A-N-P-R were specifically enriched thus important for protecting A. lancea from drought conditions as severe as 25% PEG6000 treatment, while Massilia and B-C-P may be important under less severe drought conditions represented by the 10% PEG6000 treatment. A. lancea tended to enrich B-C-P in its root endophytes while increasing B-C-P abundance in its rhizosphere. The bacterial genus A-N-P-R also appeared favored by A. lancea in both the rhizosphere and root endosphere. In contrast, A. lancea appeared to prefer Sphingomonas specifically in its rhizosphere rather than its root endosphere. Notably, A. lancea would prefer specific enrichment of Paenibacillus in its root endosphere. Paenibacillus spp. are widely reported as plant-growth-promoting bacteria and have antagonistic activity against phytopathogens (Grady et al., 2016; Rybakova et al., 2016). However, due to the drought-sensitivity of Paenibacillus, as well as possibly due to A. lancea’s need of protection from particular drought-associated bacterial genera including endophytic B-C-P, A-N-P-R, Dylla, and rhizospheric Bacili and Dylla, Paenibacillus abundancy becomes depleted under drought stress. To summarize, our results showed the bacterial community structure was sensitive to drought; hence, it can be postulated that drought directly affected the bacterial communities, which in turn affected the growth and medicinal compound accumulation of A. lancea.



Novel roles of specific fungal clades in protecting A. lancea from drought stress were revealed

Our finds on the fungal communities showed that the genera Chaetomium and Acrophialophora were preferentially enriched by A. lancea in its rhizosphere under PEG6000 treatments although they were not identified as drought-resistant fungi (Supplementary Figure 8), suggesting their important roles in protecting A. lancea from drought stress. Notably, the relative abundance of the genera Acrophialophora, Trichoderma and Thielava increased as the concentration of the PEG6000 treatment increased, suggesting they are the key fungal groups that protected A. lancea under drought stress (Supplementary Figure 8). Fungi of the genus Trichoderma are widely known for promoting plant growth and enhancing the stress resistance of plantlets (Hermosa et al., 2012; Topolovec-Pintarić, 2019). A few Acrophialophora spp. have also been reported to have antagonistic effects against plant pathogens and enhance the tolerance of host plantlets, although most of these beneficial effects were reported for endophytic Acrophialophora strains (Zhou et al., 2015; Daroodi et al., 2021a; Daroodi et al., 2021b). Fungi of the Thielava genus have seldom been subject to research and to the best of our knowledge, we have reported its association with drought resistance in A. lancea for the first time in the present study.

In the endosphere of the A. lancea root, the endophytic fungal communities remained relatively unchanged between different samples, as did the endophytic bacterial communities. Notably, endophytic Fusarium appeared enriched in the GSM inoculated A. lancea root under 25% PEG6000 treatment (Supplementary Figure 4). A majority of the fungi of the genus Fusarium are soil borne plant pathogens that cause root rot and wilting and severely impair plant and crop health (Kidd et al., 2011; Xiong et al., 2017). However, some Fusarium species have also been reported to promote plant growth via particular signaling chemicals or phytohormone derivates they produce (Bitas et al., 2015; Bilal et al., 2018). For A. lancea, free-living Fusarium spp. are well known as pathogens causing devastating root rot disease (Ren et al., 2017; Li et al., 2018). Our results reveal that Fusarium also becomes enriched in A. lancea rhizosphere under drought conditions (Supplementary Figure 8), suggesting it may have a role in improving the drought resistance of A. lancea. The significance and function of Fusarium spp. on the medicinal plant A. lancea is worthy of further study.



Particular microbe isolates within a certain genus might have different functions

The results of this study revealed the genus Paenibacillus, both free-living in the rhizosphere and endophytic in the root, as a key microbe clade for A. lancea fitness under stress and its medicinal compound accumulation. Meanwhile, the bacterial genus B-C-P, which was highly abundant as free-living bacteria both in the soil and in the rhizosphere of A. lancea, was shown to play a more important role in root endosphere than in the soil. Hence, we selected the endophytic strains of these two genera from all the bacterial endophytes we isolated and performed inoculation assays to investigate their function on the accumulation of each major medicinal compound in A. lancea root. Additionally, we verified the function of the one endophytic Fusarium strain we isolated. The results showed that only certain strains could significantly induce the accumulation of particular medicinal compound(s) (Figure 6). Indeed, the microbial groups that we identified to potentially promote drought resistance and medicinal compound accumulation were acquired based on the collective outcome of massive microbe strains, not the effects of individual strains. The ultimate purpose of our study is to contribute to the future isolation and deployment of microbial agents that promote A. lancea growth, stress resistance and medicinal value. Our results suggest it is important to verify the function of specific microbe strains individually. Development and application of combinations of multiple microbial agents would be optimal to achieve improved outcomes in A. lancea farming.




Conclusion

In this study, we reveal that the inoculation with GSM was beneficial for A. lancea growth, medicinal compound accumulation and adaptation to drought. A. lancea selectively enriches specific clades of bacteria and fungi under drought stress of varied severities, partially due to the drought sensitivity of some microbes. Drought can be a more powerful driving force that shapes the root-associated microbe communities than the selectivity of A. lancea, especially for the rhizospheric bacteria. The community structure of rhizospheric fungi was more stable than bacteria, suggesting fungi were more resistant to drought; also, higher abundance of endophytic fungi than endophytic bacteria was found in A. lancea when subjected to drought stress. Hence, we conclude that fungi have a stronger role in protecting A. lancea from drought stress. Overall, the bacterial genera Bacillus, Dylla, Actinomadura, B-C-P and A-N-P-R, and the fungal genera Chaetomium, Acrophialophora, Trichoderma, Thielava and Fusarium were identified as the crucial root-associated microbial clades that protected A. lancea from drought stress. We verified that the effects of different endophytic Paenibacillus, Paraburkholderia and Fusarium strains of each genus were differential. Hence, besides identifying the crucial microbial clades that benefit A. lancea under stress, it is equally important to verify the function of each microbe isolate via inoculation for future application of microbial agents on A. lancea cultivation.
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On- and off-year management practices are usually adopted in Moso bamboo (Phyllostachys edulis) forests to achieve higher productivity. However, little is known about the effects of these management practices on soil C sequestration and microbial community structure. In the present study, soil nutrient content, organic C fractions, and bacterial and fungal communities were comparatively investigated in on- and off-year bamboo stands. The results showed that soil organic C (SOC), alkali-hydrolyzable N (AN), and available P (AP) in the on-year were significantly lower (p ≤ 0.05) than those in the off-year. Among the different soil organic C fractions, easily oxidizable organic C (EOC), microbial biomass C (MBC), Ca-bound SOC (Ca-SOC), and Fe/Al-bound SOC (Fe/Al-SOC) also had significantly higher contents in the off-year than in the on-year, with MBC and EOC decreasing by 56.3% and 24.5%, respectively, indicating that both active and passive soil organic C pools increased in the off-year. However, the alpha diversities of both soil bacteria and fungi were significantly lower in the off-year soils than in the on-year soils. The bacterial taxa Actinobacteria, Planctomycetes, WPS-2, Acidothermus, Candidatus_Solibacter, Burkholderia-Caballeronia-Paraburkholderia, and Candidatus_Xiphinematobacter were increased in off-year soils relative to on-year soils. Meanwhile, fungal taxa Ascomycota, Mortierella, Hypocrea, Cryptococcus, Clitopilus, and Ceratocystis were significantly increased in on-year soils. Soil pH, SOC, AP, MBC, EOC, and Ca-SOC were significantly correlated with bacterial and fungal communities, with soil pH being the most important driving factor for the shift in bacterial and fungal communities. Our findings showed that the studied bamboo forest possessed an inherent restorative ability in the off-year, which can reverse the soil nutrient and C depletion in the on-years and ensure soil fertility in the long term.
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1 Introduction

Bamboo is a key forest resource and is mainly distributed in tropical, subtropical, and temperate areas (Scurlock et al., 2000). The total area of bamboo forests worldwide is approximately 31.5 million ha and accounts for approximately 0.8% of the global forested area (FAO, 2010). In China, bamboo forests cover more than 6 million ha, 73.8% of which are Moso bamboo forests (Wang et al., 2013; Song et al., 2016a). Moso bamboo is a large uniaxial bamboo; it completes its body size growth in 40 days, during which it increases its C storage 45 times. The annual aboveground C sequestration rate in a Moso bamboo forest was found to be 2.39 times greater (8.13 ± 2.15 Mg ha-1 yr-1) than that in a Chinese fir forest (3.35 ± 2.02 Mg ha-1 yr-1) due to its unique growth features (Yen and Lee, 2011). Therefore, it has a high C sequestering capacity.

Moso bamboo forests have on-year and off-year periods, depending on the production of new bamboo shoots. The On-year period refers to the calendar year with high bamboo shoot production, whereas the off-year period refers to the year with lower bamboo shoot production (Li et al., 1998; Zhou et al., 2011; Chen et al., 2018). During its growth, bamboo shoots grow from March to May in the on-year and the leaves do not wither, while in April-May of the off-year, Moso bamboo shoots rarely grow, and all the leaves gradually turn yellow and wither, after which new leaves start growing (Gratani et al., 2008; Song et al., 2016a). Bamboo leaves are biennial, except in newly planted bamboo (Li et al., 1998). In many cases, on- and off-years alternate, forming a regular biennial cycle (Li et al., 1998). Moso bamboo forests are usually managed according to the growth pattern of on- and off-years. This management is called on- and off-year management and includes digging the bamboo shoots and felling bamboo plants in the on-year and nourishing the bamboo plants in the off-year (Chen et al., 2018). Studies have shown that Moso bamboo forests consume a lot of different nutrient elements in the soil during different growth periods (Li et al., 2000; Wu et al., 2006; Song et al., 2016a; Zhang et al., 2021a). Other studies have shown that N, P, and K concentrations in Moso bamboo roots, stems, and leaves change significantly during the bamboo shoot growing season and leaf renewal (Ito et al., 2014; Umemura and Takenaka, 2014). This indicates that in Moso bamboo forests, different elements in the soil play different roles in different years. On- and off-year Moso bamboo forests have diverse physiological and ecological properties, which consequently have different effects on soil nutrient uptake and utilization as well as on C fraction cycling (Song et al., 2016b; Zhou et al., 2019). Studies had been shown that soil organic C (SOC) content has an important relationship with processes such as nutrient cycling and soil microbial metabolism in forests (Ren et al., 2018; Yang et al., 2021; Zhang et al., 2021b). The amount of the SOC pool and the pace of mineralization, coupled with the activities of C-cycling enzymes, are significantly impacted by the change in forest management types (Lin et al., 2018). For example, Li et al. (2012b) found that fertilization affected SOC sequestration in paddy soils between no-till and conventional tillage practices. Li et al. (2013) showed that SOC stocks and water soluble organic C, hot-water soluble organic C, microbial biomass C (MBC) and readily oxidizable C concentrations decreased with time under intensive management relative to conventional management practices in Moso bamboo forests. However, studies on the effects of on- and off-year management practices on the C sequestration in Moso bamboo forests have rarely been conducted.

The physical, chemical, and biological components of soil depend on soil organic C (Bhogal et al., 2009; Esmaeilzadeh and Ahangar, 2014). C intake via litter breakdown, root turnover, animal feces, and other sources, along with C outflow through soil respiration, determines the level of SOC at any given time (Cui et al., 2005). According to several studies, particular SOC fractions are sensitive indicators of evaluating the advantages and disadvantages of various management strategies and are crucial for maintaining soil quality, such as soil active organic C (Chan et al., 2001; Yang et al., 2005). Soil active organic C is a highly active component of SOC with a high turnover rate and is easily utilized by soil microbes. Based on the concept of soil structure hierarchy, different levels of soil structure organization are supported by different forms of SOC. For this reason, some studies have suggested that compared to the general SOC, soil active organic C, as assessed by various approaches, is more susceptible to environmental changes (Díaz-Raviña et al., 1993; Holt, 1997). Soil MBC is the most active component of soil organic matter, and its proportion in the soil carbon pool is small, generally accounting for only 1%-4% of the SOC (Sparling, 1992), but it is a large source and stock for effective soil nutrients (Fan and Hao, 2003). MBC is an easily available nutrient pool and a driving force for organic matter decomposition and C and N mineralization in soils, and is closely related to the nutrient cycle of C, N, P and S in soils (McGill et al., 1986). Compared with SOC, MBC responds quickly to changes in soil management practices such as tillage and straw culture and can be an early indicator of changes in SOC and an indicator of changes in active organic C (Wang et al., 2004; Ferreira et al., 2016).Therefore, studying active organic C pools would help elucidate the mechanisms involved in the turnover of SOC pool under different management practices.

Soil microorganisms respond differentially to soil C dynamics as a consequence of the differences in plant diversity and organic matter content among different land-use change types (Li et al., 2012a; Deng et al., 2016). However, the direction and magnitude of these responses are poorly understood. For example, Fontaine et al. (2007) showed that high amounts of plant residue inputs may lower the efficiency with which microorganisms consume C or degrade soil organic matter, consequently reducing the soil C storage. In contrast, some studies have demonstrated that increasing plant variability or plant residue inputs can enhance the soil C storage from new C by modifying soil microbial proliferation (Lange et al., 2015; Tardy et al., 2015). Nonetheless, contradictory findings have indicated that soil microorganisms are involved in crucial ecological processes in a changing environment, such as C and N cycling. Furthermore, several microbial species, including Ascomycota, Basidiomycota, and Proteobacteria species, contribute to the breakdown of soil organic matter, resulting in changes in SOC fractions and, eventually, soil CO2 outflow (Goldfarb et al., 2011; Tardy et al., 2015). However, it is unclear how changes in SOC fractions can be effectively explained by changes in microbial assemblages (Deng et al., 2016; Xiao et al., 2017).

Therefore, understanding the nutrient and C dynamics during on- and off-year management practices is not only important for shedding light on the sustainable management of bamboo forest ecosystems, but also for improving the prediction of C balances when assessing the effects of on- and off-year management practices on the SOC pool. The present study aimed to evaluate the effects of on- and off-year management practices on the SOC quality and microbial functionality in a Moso bamboo forest. Our specific goals were to: (1) comparatively investigate the effects of on- and off-year management practices on soil C fractions and pertinent soil properties; (2) describe the shift in soil bacterial and fungal community structure under on- and off-year management; and (3) investigate the relationships between the change in the bacterial and fungal community and the shift in C fractions and assess the land-use sustainability of the on- and off-year management model.



2 Materials and methods


2.1 Site description

The study site was located in Tianhuangping Town, Anji County, Zhejiang Province, China (30°29′ N, 119°42′ E). The area has a mid-latitude subtropical monsoon climate, with an average annual temperature of 17°C and an average annual rainfall of approximately 1300 mm. The average annual sunlight duration is 1946 h, with 230 frost-free days (Li et al., 2014). The study area has a low, mountainous and hilly landscape. The soil of the sample site was classified as ferric luvisol (FAO, 1990), which is slightly acidic, and the soil matrix was determined to be a mixture of silt and fine sand (Yang et al., 2019).

The on- and off-year Moso bamboo forest was originally a natural evergreen broad-leaved forest, which was transformed into a pure Moso bamboo forest through human modification and nurturing after the mid-1960s. Subsequently, on- and off-year management practices started to be implemented. The shrub layer under the Moso bamboo forest mainly consisted of three species: bilberry, hickory pepper, and raspberry. The herb layer consisted of five species, namely dog’s spine fern, hare’s umbrella, lox, white flower septoria, and Baoduo grass.



2.2 Experimental design and soil sampling

A 20 m × 10 m sample plot with the same slope, slope surface, and elevation was set up in each on- and off-year Moso bamboo forest sample plot. Using the S-shaped sampling method, 10 sample points were set up at opposite locations of the two sample plots, and five Moso bamboo were selected near each sample point. Their rhizosphere soil was collected and mixed into one sample, and this process was repeated 10 times to collect a total of 20 soil samples. Fresh soil samples were sieved through a 2 mm sieve, partially air-dried for the determination of soil physicochemical properties and organic C fractions, and partially stockpiled at -80°C for soil microbial community characterization.



2.3 Basic soil properties

Soil pH was determined with a pH meter with a soil to water ratio of 1:2.5 (w/v). Soil alkali-hydrolyzable N (AN) was determined by the alkali-diffusion method (Bremner et al., 1996). Soil available P (AP) was determined with 0.03 mol·L-1 NH4F and 0.025 mol·L-1 HCl using the method described by Bray and Kurtz (1945). Soil available K (AK) was extracted using 1 mol·L-1 ammonium acetate solution and determined using a flame photometer (XP BWB, UK). Soil organic C (SOC) was determined using a TOC analyzer (Multi N/C 3100, Analytik Jena, Germany).



2.4 Extraction and analysis of the SOC fraction

Referring to the categorization technique of organic carbon fractions employed by Gai et al. (2021), five C fractions (namely easily oxidized organic C (EOC), dissolved organic C (DOC), MBC, Ca-bound soil organic C (Ca-SOC), and Fe/Al-bound soil organic C (Fe/Al-SOC)) were recovered from the SOC pool using chemical procedures. Oxidation with 333 mmol·L-1 KmnO4 was used to measure EOC (Blair et al., 1995). In brief, the air-dried soil containing 30 mg of C was weighed into a 50-mL centrifuge tube, and 25 mL of 333 mmol·L-1 KmnO4 solution was added, shaken at 200 rpm for 1 h, and then centrifuged at 4000 rpm for 5 min. The absorbance of the diluted solution was measured spectrophotometrically at 565 nm after diluting the supernatant by a ratio of 1:250 with deionized water. Finally, the EOC content was calculated based on the absorbance. DOC was extracted using 0.5 mol·L-1 K2SO4 and determined by a TOC analyzer (Bolan et al., 1996). The chloroform fumigation and extraction method was used to determine MBC (Vance et al., 1987). The technique outlined by Xu and Yuan (1993a) was used to determine the contents of Ca-SOC and Fe/Al-SOC in the samples. In brief, 2 g of air-dried soil was weighed and placed in a 100-mL centrifuge tube, and 20 mL of 0.5 mol·L-1 Na2SO4 solution was added, shaken at 180 rpm for 2 h, left for 24 h, and then centrifuged for 10 min at 3000 rpm. After repeating the above procedure several times, the supernatant was collected. A TOC analyzer was used to detect the amount of Ca-SOC in the supernatant. Finally, 20 mL of 0.1 mol-L-1 NaOH and 0.1 mol·L-1 Na4P2O7·10H2O were combined with the residue, centrifuged, and the content of Fe/Al-SOC in the supernatant was determined again by a TOC analyzer.



2.5 Bacterial and fungal communities analysis

According to the manufacturer’s protocol, DNA was extracted from the soil samples using the E.Z.N.A.® Soil DNA Kit (D5625, Omega, Inc., USA). The 341F-805R (5′-CCTACGGGNGGCWGCAG-3′/5′-GACTACHVGGGTATCTAATCC-3′) and ITS1FI2-ITS2 (5′-GAACCWGCGGARGGATCA-3′/ 5′-GCTGCGTTCTTCATCGATGC-3′) primer sets were used to amplify the bacterial 16S V3-V4 region and fungal ITS2 genes. Amplicon synthesis, library construction, and Illumina NovaSeq sequencing (2 × 250 bp) were performed by LC-Bio Technology Co., Ltd. (Hangzhou, China). FLASH (Magoc and Salzberg, 2011) was used to construct paired-end 16s and ITS1 sequences, which were subsequently quality-trimmed and length-filtered using Fqtrim. DADA2 (Callahan et al., 2016) was used to construct the amplicon sequence variant (ASV) table, which was then allocated to the proper taxon using the QIIME 2 plugin (Bolyen et al., 2019). Taxonomy was assigned against the SILVA (release 132, https://www.arb-silva.de/documentation/release-132/) (Quast et al., 2012) and Unite (V8 released on 02.02.2019) databases (Abarenkov et al., 2010). The samples were rarefied to 51,038 sequences for bacterial communities and 38,330 sequences for fungal communities.



2.6 Statistical analysis

IBM SPSS (version 22.0; Chicago IL, USA) was used for the statistical analysis of soil chemical properties and organic C fractions. Significant differences among the soil samples were tested using an independent samples t-test, with p ≤ 0.05 determined as significant. Data are presented as mean ± SD. The ‘microeco’ package in R was used to compute alpha indices and perform the principal coordinate analysis (PcoA) (Liu et al., 2021), and the ‘vegan’ (Oksanen et al., 2019) package in R was used to perform the redundancy analysis (RDA) and assessed the effects of soil factors on the bacterial and fungal communities. The significant soil parameters were determined using the ‘envfit’ function in the vegan package. Spearman correlation analysis and Mantel test were performed using the ‘ggcor’ package in R (Huang et al., 2020). Random forest model (Breiman, 2001) was used to identify the key predictors of soil microbial communities using the ‘randomForest’ (Liaw and Wiener, 2002) package in R, and the significance of the model and each predictor were determined using the ‘rfUtilities’ (Evans and Murphy, 2019) and ‘rfPermute’ (Archer, 2016) packages, respectively. Linear regressions were visualized using the R ‘basicTrendline’ package (Mei et al., 2018).




3 Results


3.1 Soil properties

On- and off-year changes significantly affected the pH, SOC, AN, AP, and AK contents of rhizosphere soil in the Moso bamboo forest (p ≤ 0.05; Table 1). Soil pH and AK were significantly higher (p ≤ 0.05) in the on-year Moso bamboo stands than in the off-year Moso bamboo stands, whereas the opposite trend was observed for SOC, AN, and AP (p ≤ 0.05).


Table 1 | Soil basic properties at the on- and off-year Moso bamboo forests.





3.2 Soil organic C fractions

SOC fractions were significantly different between on- and off-year stands (p ≤ 0.05) (Table 1; Figure 1). Soil EOC and MBC contents were significantly higher in the off-year Moso bamboo stands than in the on-year Moso bamboo stands (p ≤ 0.05). The MBC/SOC was 1.65% for off-year moso bamboo stands and 0.93% for on-year moso bamboo stands, with significant differences between them (p ≤ 0.05). However, difference in the DOC content between the two years was not significant (p > 0.05; Figure 1A). In contrast, DOC was generally much lower than EOC, accounting for 9.9% to 13.6% of the corresponding EOC.




Figure 1 | Soil active organic carbon (A) and passive organic carbon (B) content in the on- and off-year Moso bamboo forest. Different lowercase letters indicate significant differences among different distances by independent samples t-test (p ≤ 0.05). Error bars indicate standard deviation (n = 10). EOC, easily oxidized organic C; DOC, dissolved organic C; MBC, microbial biomass C; SOC, soil organic C; Ca-SOC, Ca-bound soil organic C; Fe/Al-SOC, Fe/Al-bound soil organic C.



The on- and off-year management practices significantly affected the passive C pool composition (p ≤ 0.05) (Figure 1B). Thus, Fe/Al-SOC was much higher than the corresponding Ca-SOC (specifically, 16.37 to 18.08 times higher). In general, the Ca-SOC and Fe/Al-SOC contents were significantly higher in the off-year Moso bamboo stands than in the on-year Moso bamboo stands (p ≤ 0.05).



3.3 Bacterial and fungal community alpha diversities

The Chao1 and Shannon indices were used to evaluate the alpha diversities of bacterial and fungal communities (Figure 2). Compared with the off-year, the on-year significantly increased the Chao1 and Shannon indices of bacterial and fungal communities (p ≤ 0.05).




Figure 2 | Alpha diversity indices of bacterial (A) and fungal (B) taxa for the on- and off-year soil samples from Moso bamboo plantations. ***p ≤ 0.001; **p ≤ 0.01; ns, p > 0.05.





3.4 Compositions of bacterial and fungal communities

The most abundant bacterial phylum in the investigated soil samples was Acidobacteria, accounting for an average of 38.83% of the total sequences, followed by Proteobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, Planctomycetes, Gemmatimonadetes, WPS-2, Rokubacteria, and Bacteroidetes, accounting for 30.95%, 8.56%, 7.45%, 4.10%, 3.90%, 1.45%, 1.17%, 1.05%, and 0.52% of the total sequences, respectively (Figure 3). Within the fungal communities, Basidiomycota and Ascomycota were the dominant taxa, accounting for 52.57% and 33.60% of the total sequences, respectively. At the genus level, 13 bacterial and 12 fungal genera with an average relative abundance of > 0.5% were detected (Table 2).




Figure 3 | Bacterial and fungal compositions at the phylum level in the on- and off-year Moso bamboo forest soil. Bacterial and fungal phyla with an average relative abundance of greater than 0.5%. *p ≤ 0.05.




Table 2 | Relative abundances of the dominant bacterial and fungal genera in the on- and off-year Moso bamboo forest soil.



At the phylum level, the abundances of the bacterial phyla Rokubacteria, Gemmatimonadetes, and Verrucomicrobia were significantly increased (p ≤ 0.05) while those of WPS-2, Planctomycetes, and Actinobacteria were significantly decreased (p ≤ 0.05) in the on-year samples compared with those in the off-year samples (Figure 3). The bacterial genera Candidatus_Udaeobacter, Bradyrhizobium, and Adurb.Bin063-1 were significantly increased (p ≤ 0.05), whereas Acidothermus, Candidatus_Solibacter, Burkholderia-Caballeronia-Paraburkholderia, and Candidatus_Xiphinematobacter were significantly decreased (p ≤ 0.05) in the on-year samples relative to those in the off-year samples (Table 2). Regarding the fungal communities (Figure 3; Table 2), compared to those in the off-year samples, the relative abundances of Ascomycota, Mortierella, Hypocrea, Cryptococcus, Clitopilus, and Ceratocystis in the on-year samples were significantly increased (p ≤ 0.05), whereas that of Basidiomycota was significantly decreased (p ≤ 0.05).

PcoA was used to show the similarities and differences between the microbial taxa (Figure 4). Bacteria and fungi accounted for 42.7% and 25.4% of the variation on the first and second axis, respectively. Two different clusters were formed for the on- and off-year soil samples concerning the bacterial and fungal community compositions, indicating that on- and off-year management practices in the studied bamboo forest caused marked bacterial and fungal community shifts. ANOSIM also confirmed significant differences in the bacterial (R = 0.955, p = 0.001) and fungal communities (R = 0.707, p = 0.001) between the on- and off-year stands.




Figure 4 | Principal coordinate analysis of soil bacterial (A) and fungal (B) communities in the on- and off-year Moso bamboo plantations.





3.5 Correlations between soil environmental factors and bacterial and fungal community

We conducted RDA and Mantel test to evaluate relationships between soil factors and microbial community structures (Figure 5). RDA showed that the first and second axes accounted for 31.02% of variance in bacterial communities (Figure 5A). Soil chemical parameters including pH, SOC, AN, AP, AK, MBC, DOC, EOC, Ca-SOC, and Fe/Al-SOC content significantly correlated with bacterial communities (r2 = 0.910, 0.754, 0.797, 0.636, 0.430, 0.663, 0.304, 0.541, 0.588, and 0.531, respectively). The results of the Mantel test indicated that bacterial community structures significantly correlated with pH (r = 0.819, p ≤ 0.001), SOC (r = 0.533, p ≤ 0.001), AN (r = 0.232, p ≤ 0.01), AP (r = 0.337, p = 0.001), AK (r = 0.275, p = 0.003), MBC (r = 0.241, p = 0.007), EOC (r = 0.376, p ≤ 0.001), Ca-SOC (r = 0.411, p ≤ 0.001), and Fe/Al-SOC (r = 0.220, p = 0.011) (Figure 5C). Within the in fungal communities, the first two RDA axes accounted for 22.56% of variance (Figure 5B). Soil pH (r2 = 0.865, p = 0.001), SOC (r2 = 0.831, p = 0.001), AN (r2 = 0.453, p = 0.007), AP (r2 = 0.547, p = 0.002), AK (r2 = 0.416, p = 0.012), MBC (r2 = 0.458, p = 0.005), EOC (r2 = 0.551, p = 0.004), Ca-SOC (r2 = 0.622, p = 0.001), and Fe/Al-SOC (r2 = 0.594, p = 0.002) significantly affected fungal community structure. Furthermore, results of Mantel test suggested that pH (r = 0.562, p ≤ 0.001), SOC (r = 0.310, p = 0.002), AP (r = 0.186, p = 0.049), MBC (r = 0.241, p = 0.016), EOC (r = 0.339, p = 0.005), and Ca-SOC (r = 0.376, p = 0.001) had important effects on variations in fungal communities (Figure 5C).




Figure 5 | Redundancy analysis of soil bacterial (A) and fungal (B) communities and measured soil properties in the on- and off-year Moso bamboo forests. Spearman’s correlation analysis and Mantel tests for microbial communities (C). SOC, soil organic C; AN, alkali-hydrolyzable N; AP, available P; AK, available K; MBC, microbial biomass C; DOC, dissolved organic C; EOC: easily oxidized organic C; Ca-C, Ca-bound soil organic C; Fe/Al-C, Fe/Al-bound soil organic C.



The randomForest analysis was also conducted to identify the main soil factors responsible for bacterial and fungal communities. (Figure 6) Soil pH was the most important predictors of bacterial and fungal communities (percentages of increased mean square error (%IncMSE): 13.39% and 14.12%, respectively), followed by SOC (%IncMSE: 9.25% and 8.99%, respectively), Ca-C (%IncMSE: 8.51% and 8.20%, respectively), and MBC (%IncMSE: 6.95% and 6.40%, respectively). The linear model showed that the soil pH was positively correlated with bacteria (R2 = 0.894, p ≤ 0.0001) and fungi communities (R2 = 0.792, p ≤ 0.0001; Figure 7).




Figure 6 | The randomForest analysis showing the relative contribution of soil properties in determining soil bacterial (A) and fungal (B) communities in the on- and off-year Moso bamboo forests. The bacterial and fungal community data represent alpha indices (Shannon and Chao1) and relative abundance of keystone taxa. **p ≤ 0.01; *p ≤ 0.05; ns, p > 0.05. %IncMSE: percentage of increased mean square error. SOC, soil organic C; Ca-C, Ca-bound soil organic C; MBC, microbial biomass C; EOC, easily oxidized organic C; AP, available P; AN, alkali-hydrolyzable N; Fe/Al-C, Fe/Al-bound soil organic C; AK, available K; DOC, dissolved organic C.






Figure 7 | Soil pH in relation to soil bacterial (A) and fungal (B) communities in the on- and off-year Moso bamboo forests. Shaded areas show the 95% confidence interval of the fitted line.






4 Discussion


4.1 Effect of on- and off-year management practices on SOC fractions

Large differences in the physiological and ecological traits of Moso bamboo forests between on- and off-year stands have been observed in several studies (Li et al., 1998; Volker and David, 2001; Gratani et al., 2008). Results showed that SOC, AN, and AP were significantly lower in the on-year Moso bamboo forest soil than in the off-year Moso bamboo forest soil, whereas the opposite trend was observed for AK (Table 1). This was probably because growing bamboo shoots in the on-year Moso bamboo stands mainly took up SOC, AN, and AP, whereas in the off-year Moso bamboo stands, AK was mainly used for replacing bamboo leaves and beeding bamboo shoots. Some studies have shown that SOC, N, and P play important roles in bamboo shoot growth and material growth in Moso bamboo, whereas K has significant effects on leaf growth (Wu et al., 2006; Song et al., 2016a).

C pools such as EOC, DOC, and MBC are sensitive to land-use type changes (Zhu et al., 2015; Gai et al., 2021). EOC was found to be the component with the highest content in SOC fractions in all bamboo soils as it has a slower turnover rate than that of other unstable C forms (Xu et al., 2010). Compared to those in the soil of off-year Moso bamboo stands, the EOC and MBC in the soil of on-year Moso bamboo stands decreased by 24.5% and 56.3%, respectively. Decreased soil EOC may be related to plant growth because it is highly available to plants (Xiao et al., 2021). McGill et al. (1986) showed that MBC can be used to represent SOC turnover and the nutrient cycle to a certain extent. Thus, MBC may be a sensitive indicator of SOC changes caused by the differences in on- and off-year management practices in Moso bamboo forests. The MBC is directly involved in soil biochemical transformation processes and is an important indicator of the role of soil microorganisms (Naorem et al., 2021). MBC/SOC has been often used as an indicator of how organic matter status changes land utilization (Ferreira et al., 2016). The MBC/SOC was 1.66% for off-year moso bamboo stands and 0.92% for on-year moso bamboo stands, with significant differences between them (p ≤ 0.05) (Table 1). This indicates that on- and off-year management practices change the structure of SOC fractions and promote the transformation of soil carbon, as well as indicating that the carbon sequestration capacity of soil microorganisms in off-year moso bamboo stands was significantly enhanced compared with that in on-year moso bamboo stands. However, in the present study, there was no significant difference between the DOC contents of on- and off-year stands, which may be related to the fact that DOC is the most active component of SOC and can be recovered in a short time after depletion (Singh et al., 2017).

SOC stability has an important relationship with its intermolecular chemical bonding (Kumada, 1987). Our results showed that the Fe/Al-SOC content in the studied soils was higher than the Ca-SOC content. This is because Fe/Al oxides are abundant in acidic soils od southern China and mainly form Fe/Al-bonded organic mineral complexes (Xu and Yuan, 1993b). Compared with those in the off-year stands, the Fe/Al-SOC and Ca-SOC contents in the on-year stands were significantly decreased. This indicated that the investigated Moso bamboo forest also consumed the passive organic C pool in the soil during bamboo shoot growth in the on-year stands, while the low growth of the Moso bamboo in the off-year stands facilitated the accumulation of passive organic C in the soil.



4.2 Effect of on- and off-year management practices on soil bacterial and fungal communities

A significant increase in both bacterial and fungal Chao1 and Shannon indices was observed in the on-year soils compared to those in the off-year soils (Figure 2), indicating that the on- and off-year management practices in Moso bamboo forests not only affected the diversity of soil bacteria and fungi, but also their species numbers. Meanwhile, PcoA showed that in the analysis of bacterial and fungal community compositions, two different clusters were formed for the on- and off-year soil samples (Figure 4). This indicated that the two management practices change the soil bacterial and fungal community compositions.

Our results showed that Acidobacteria and Proteobacteria were the dominant bacterial phyla in the soil of the study area (Figure 3, 5A, C). Eichorst et al. (2018) showed that Acidobacteria can use various carbohydrates as C sources and also inorganic and organic N as N sources. Proteobacteria favor C-efficient soil and may promote the increase in organic C fractions and respiration (Fierer et al., 2007; Ren et al., 2018). These results suggested that the two dominant phyla play vital roles in the cycling of C and N in Moso bamboo plantations. However, the relative abundances of these two bacterial phyla did not differ significantly between the on- and off-year soils. The relative abundance of Actinobacteria was lower in the on-year soils than in the off-year soils (Figure 3). Some studies have shown that Actinobacteria play an influential role in nutrient cycling and organic matter decomposition (Narendrula-Kotha and Nkongolo, 2017; Pei et al., 2018). This indicates that these species promote nutrient cycling and depletion in off-year soils. We also found that the relative abundances of the genera Acidothermus and Candidatus_Solibacter (both within the phylum Acidobacteria) were also lower in the on-year soils than in the off-year soils (Table 2 and Figure 3). This may be related to the harsh environmental conditions of the off-year soils. Most Actinobacteria species have a strong metabolic capacity and ability to rapidly colonize selective substrates (Narendrula-Kotha and Nkongolo, 2017), and some species have been shown to be resistant to acidic and other extreme environments (Barns et al., 2007).

Furthermore, results showed that Basidiomycota and Ascomycota were the dominant fungal phyla in the studied soils (Figure 3). Species belonging to these phyla are known to metabolize organic matter in forest litter and rhizosphere sediments, and their abundance is influenced by soil organic matter dynamics as a result of plant residue decomposition (Hannula et al., 2012; Bastida et al., 2013). The relative abundance of Basidiomycota in the soil was higher in the off-year stands than in the on-year stands, probably because of their strong ability to survive in soil environments with extreme pH or nutrient imbalances (Tedersoo et al., 2017), suggesting that soil quality actually improved during on-years. However, the relative abundances of Cryptococcus and Clitopilus within the phylum Basidiomycota were higher in the on-year soils than in the off-year soils. This is because the on-year period is when Moso bamboo plants require a lot of organic matter and nutrients to grow, whereas the genera Cryptococcus and Clitopilus have the ability to decay wood, break down plant and animal manure, and develop a symbiotic association with plant roots where they aid in the plant’s absorption of water, mineral salts, and metabolites, while also obtaining C and vital organic matter from the plant (Carris et al., 2012; Dejene et al., 2017). The relative abundance of Ascomycota was significantly higher in the off-year soils than in the on-year soils. Species belonging to this phylum are important decomposers in soils, as they can degrade litter containing refractory lignocellulose (Vandenkoornhuyse et al., 2002; Bastian et al., 2009; Angelini et al., 2012). Some Ascomycota species can decompose plant residues and use their easily degradable fraction to replenish soil C sources for their own growth and to promote the accumulation of C in the soil (Osono, 2007), as well as form a mutually reinforcing relationship with plants. The shifts in Basidiomycota and Ascomycota could explain the differences in SOC pools between the on- and off-year soils.



4.3 The mechanism of on- and off-year management practices affect soil SOC by changing soil microbial communities

Soil microbial communities can be characterized by their physicochemical properties (Rousk et al., 2010; Li and Liu, 2019; Zhang et al., 2022). The different plant growth status and related management measures in the on-year and off-year caused the change in soil physicochemical properties, consequently, resulted in the shift of soil microbial communities. In the present study, RDA, the Mantel test, and random forest analysis showed that the bacterial and fungal communities were mainly driven by soil pH and other available nutrients. Rousk et al. (2010) found that soil pH is correlated with bacterial and fungal communities. In this study, pH significantly shaped the microbial communities, meanwhile, the SOC fractions, SOC and Ca-SOC were negatively correlated with the soil pH (Figure 5C), indicating the pH might largely influence the SOC through the change of microbial communities and their activities. Previous studies have documented the effect of SOC on soil microbial communities (You et al., 2014; Paulina et al., 2020), and this effect was partly associated with the effect of SOC on other physicochemical properties (Gao et al., 2019). In this study, we found that the growth of Moso bamboo forest consumed a lot of soil nutrients in the on-year, which caused soil nutrients depletion and pH decrease at the beginning of the off-year. Actinobacterias and Basidiomycota could adapt to the harsh environmental conditions in the off-year and have the ability to decompose apoplastic matter, multiply (Narendrula-Kotha and Nkongolo, 2017; Tedersoo et al., 2017; Pei et al., 2018), and could make a large amount of apoplastic matter into organic matter and replenishing it into the soil, so that the soil SOC content of the bamboo forest can be greatly increased at the beginning of the on-year (Li and Liu, 2019; Song et al., 2021; Liu et al., 2022).




5 Conclusions

This study showed that off-year Moso bamboo forest management significantly increased the content of SOC and its fractions (EOC, MBC, Ca-SOC, and Fe/Al-SOC), indicating that this practice is beneficial for soil C sequestration. Furthermore, off-year management significantly decreased soil pH and AK, but increased AN and AP. The bacterial and fungal communities were significantly affected by on- and off-year management and best predicted by soil pH. The on- and off-year management measures enabled the nutrients and microbial communities in the Moso bamboo forest soil to be fully restored, which is of great significance for the sustainable management of Moso bamboo forests. Moreover, our findings revealed the characteristics of SOC fractions and microbial community composition in Moso bamboo soils under on- and off-year management practices. These results provide fundamental theoretical basis for the sustainable management and improvement of C sequestration in forest ecosystems.
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Bacillus can help plants to acquire nutrients either directly or indirectly. However, the role of Bacillus community on the competitive growth of invasive Ambrosia artemisiifolia is poorly understood. Native Setaria viridis is often found in areas that have been invaded by A. artemisiifolia. We sought to determine whether the quantitative and/or qualitative differences in the Bacillus community present on the invasive A. artemisiifolia and native S.viridis provide a competitive advantage to the invasive over native species. A field experiment was established to imitate the invasion of A. artemisiifolia. The 16S rRNA gene was commercially sequenced to identify the bacilli isolated from the rhizosphere soil of field-grown A. artemisiifolia and S. viridis. The Bacillus communities in their rhizosphere were compared, and their effects on the competitive growth of A. artemisiifolia and S. viridis were tested in the pot experiments. Bacillus in the rhizosphere soil of A. artemisiifolia significantly enhanced its intra-specific competitive ability. The relative abundance of B. megaterium in the rhizosphere soil of A. artemisiifolia was significantly higher than that of S. viridis. Inoculation with B. megaterium that was isolated from the rhizosphere soil of both A. artemisiifolia and S. viridis significantly enhanced the relative competitiveness of A. artemisiifolia and inhibited that of S. viridis. The higher abundance of B. megaterium in the rhizosphere of A. artemisiifolia creates higher levels of available nutrients than that in the native S. viridis, which enhance the competitive growth of A. artemisiifolia. The result helps to discover the mechanism of Bacillus community in the invasion of A. artemisiifolia.




Keywords: Ambrosia artemisiifolia, Bacillus community, rhizosphere soil, competitive growth, nutrient uptake, Bacillus megaterium



1 Introduction

Determining the comparative impacts of increased intra-versus inter-specific competition is important in the ecosystems for understanding the ecological changes by the invasion of invasive species (De Santis et al., 2021). In general, invasive species often outcompete native species when colonizing new ranges (Bernard-Verdier and Hulme, 2019). The growth and expansion of a plant species in a diverse community of competing organisms depend on two components: its ability to absorb nutrients from the soil and its impact on the available soil resources (Davis et al., 2000; Chase and Leibold, 2003). Some studies have delineated that invasive species are more effective in acquiring nutrients than native species (Pattison et al., 1998; Baruch and Goldstein, 1999; Feng, 2008). Some studies also pointed out that invasive species adapt to different levels of nutrient environments more quickly and are better able to modify resources than the native species, thus, the higher inter-specific competition of the invasive species leads to its successful (Davidson et al., 2011; Parker et al., 2013; Luo et al., 2019). Upon the successful invasion of a new range, the invasive species may exploit unused resources, modify resources to benefit themselves or weaken the growth of other species (Shea and Chesson, 2002; Chase and Leibold, 2003; Parker et al., 2019). Therefore, it is crucial to investigate the potential differences in the modification of resources by invasive and native species during an invasion.

Soil microbial communities are essential in the soil nutrient cycle (Fraterrigo et al., 2006; Iwaoka et al., 2018). The rhizosphere microbiome is involved in important processes, such as nitrogen fixation, the mobilization of phosphorus, and the alteration of other nutrients (Rodríguez-Caballero et al., 2020). Moreover, plants can alter the microbial community in the rhizosphere and may accumulate some beneficial microorganisms in their rhizospheres, such as Bacillus spp., arbuscular mycorrhizal fungi (AMF), and Pseudomonas spp. (Ehrenfeld, 2003; Kourtev et al., 2003; Gibbons, 2017; Chen et al., 2022). Bacillus is one of the rhizosphere-promoting bacterial genera known as a natural plant nutrition resource (Saxena et al., 2019). In addition, members of the genus Bacillus are known to have multiple beneficial traits that directly or indirectly aid plants to acquire nutrients (Saxena et al., 2019). Different Bacillus spp. varied in their ability to fix nitrogen and solubilize and mineralize phosphorus (Goswami et al., 2016; Pramanik et al., 2019). Moreover, root exudates are among the important factors that influence those abilities (Tariq et al., 2007; Zhang et al., 2014; Shakeel et al., 2015; Wang et al., 2020). The difference between the root exudates of invasive and native species may enable them to recruit specific Bacillus species in their rhizosphere and change their ability to fix nitrogen, and solubilize and mineralize phosphorus (Chen et al., 2022). The specific Bacillus species in the rhizosphere soil of the invasive plants may help the invading species exploit much more unused resources in the soil and eventually become the dominant plant species (Chen et al., 2022). However, only a few studies have investigated the interaction between invasive species and Bacillus species (Dai et al., 2016; Sun et al., 2020). Therefore, understanding the differences in Bacillus communities and their function between native and invasive populations would help to predict the ecological roles of Bacillus communities during the process of plant invasion.

The invasive species A. artemisiifolia, commonly known as ragweed, is a member of the family Asteraceae and is widely distributed in China (Xu and Qiang, 2004). Its invasion poses a serious threat to biodiversity and agricultural production (Ozaslan et al., 2016). In addition, it often causes human health problems owing to its allergenic pollen (Ghiani et al., 2012). S. viridis (L.) Beauv. (Poaceae) is an annual C4 monocotyledon species native to China. It is often found in areas invaded by A. artemisiifolia. According to Zhang et al. (2018), invasion by A. artemisiifolia changes the rhizosphere microbial community in its rhizosphere soil. In particular, when A. artemisiifolia grows with native S. viridis, the increase in AMF colonization in A. artemisiifolia and the decrease in S. viridis provide a competitive advantage to invasive species over the native species (Zhang et al., 2018). Furthermore, Bacillus spp. are often found in the rhizosphere soil of invasive plants (Huangfu et al., 2015; Song et al., 2017). However, the effect of the invasion of A. artemisiifolia on Bacillus community and the related mechanism is poor understood currently.

To test the role of Bacillus spp. in the invasion of A. artemisiifolia, we hypothesized that: (i) the difference in Bacillus diversity in the rhizosphere soil of between A. artemisiifolia and S. viridis lead to the different effect on the competitive growth of A. artemisiifolia; and (ii) the assembly of specific Bacillus isolates increased the competitive advantage of the invasive species more than the native species by providing more available nutrients. We then conducted three sets of experiments to test our hypotheses. Firstly, Bacillus was separately isolated from the rhizosphere soil of A. artemisiifolia and S. viridis, and a comparison of Bacillus diversity was performed to determine whether A. artemisiifolia recruits specific Bacillus species in its rhizosphere soil. Secondly, a comparison of the effect of Bacillus isolated from the rhizosphere soil of A. artemisiifolia and S. viridis on the competitive growth of A. artemisiifolia was performed in a greenhouse experiment. Lastly, the role of B. megaterium, specific Bacillus species recruited in its rhizosphere soil of A. artemisiifolia, in the competitive growth of A. artemisiifolia was evaluated. This results provide a broader understanding of the functional role of Bacillus in promoting the invasion of A. artemisiifolia.



2 Materials and methods


2.1 Experiment I: Comparative analysis of the Bacillus diversity in the rhizosphere soil of A. artemisiifolia and S. viridis


2.1.1 Experimental design

A field experiment was established at the Langfang Experimental Station, Chinese Academy of Agricultural Science (CAAS), Beijing, China (39° 30′ 42′′ N, 116° 36′ 07′′ E). The experimental site has a northern temperate climate. The mean annual rainfall and average temperature in 2013 were 712.8 mm and 11.2 °C, respectively. Our experimental design was described by Zhang et al. (2018). The experimental plots (3 m × 2 m) were prepared in 2008, with a 1 m isolation zone to prevent edge effects (Figure S1A). The three treatments that were used in the experiment included: (1) S. viridis monoculture (S), (2) an equal mixture of A. artemisiifolia and S. viridis (A:S=1:1), and (3) A. artemisiifolia monoculture (A) (Figure S1A).



2.1.2 Soil sampling and Bacillus isolation

After 11 years, the abundance of each plant species had changed, so we reduced the number of replicates to three, with similar aerial plant cover. In 2019, the cover of A. artemisiifolia and S. viridis in the monocultures was 99% and 93%, respectively, and 76% and 20%, respectively, in the mixed treatment. We identified the outliers of plants as described by Huber (2011) and thinned the samples to obtain a sample that would robustly reflect the mean. We visually estimated the mean and chose plants that appeared to be typical in each treatment. Five plants in each treatment were selected per species and pooled together for subsequent index determination. Soil was collected from the rhizosphere of A. artemisiifolia and S. viridis in each plot (Figure S1B) (Zhang et al., 2018). We isolated bacilli from the soil samples as described by Chikerema et al. (2012) with modifications. The procedure was listed in Figure S1C.



2.1.3 Analysis of Bacillus diversity

We extracted DNA from the colony as described by Figure S1D (Chen et al., 2022). The 16S rRNA gene was commercially sequenced to identify the bacilli isolated. The full-length gene was amplified from the bacterial DNA using the universal forward primer F27 (5′-AGAGTTTGATCMTGGCTCAG-3′) and the reverse primer R1492 (5′-ACGGHTACCTTGTTACGACTT-3′) (Malvick et al., 2010). The procedure of 16S rRNA gene amplification was listed in Figure S1E. The amplified PCR product (1500 bp) was separated via gel electrophoresis on a 1.0% (w/v) agarose gel. The sequencing was performed commercially by General Biosystems (Anhui, China). Phylogenetic analyses were followed Figure S1F. The sequences reported in the experiment were deposited in the EzTaxon database (https://www.ezbiocloud.net/) under the accession numbers MW759418-MW759434.

The relative abundance (RA) of the bacilli in the entire sample, including non-Bacillus DNA amplified by the Bacillus primers, was calculated as: RA=A/N×100%, where A indicates the number of sequences of one Bacillus phylotype, and N indicates the total number of sequences.

The Shannon index (H’), Simpson index (D), and evenness index (J) were calculated as additional measures of the Bacillus diversity (Whittaker, 1972; Hill, 1973). The formulae included:

	

	

	

	

where S represents the total number of Bacillus phylotypes; ni represents the number of Bacillus phylotype i, and N represents the number of all Bacillus phylotypes.




2.2 Experiment II: Comparative analysis of the effect of Bacillus from the rhizosphere soil of A. artemisiifolia and S. viridis on the competitive growth of A. artemisiifolia


2.2.1 Bacillus inoculation design

The Bacillus strains that were isolated from the rhizosphere soil of A. artemisiifolia and S. viridis were used to determine their effect on competitive advantage. The population count of isolated Bacillus was maintained at 108 CFU/mL. All the strains from the rhizosphere soil of A. artemisiifolia and S. viridis were mixed at 1:1 (v/v), respectively. There were three treatments in the competitive experiment. Each treatment was divided further into three levels (Figure S2). The sandy clay was collected near the experimental field site from an open area that had not been covered with vegetation for the previous three years. Vermiculite was obtained from the Baisheng Plant and Flower Co., Ltd., Baoding, China. Basic soil properties included a pH (w/v soil: water = 1:5) of 8.2, organic matter content of 14.29 g/kg, available nitrogen of 52.18 mg/kg, and available phosphorus of 3.4 mg/kg. Seeds of A. artemisiifolia and S. viridis were sterilized by 75% ethanol for 3 min and washed with distilled water until no alcohol residue was left. The sterilized seeds were planted in pots with 1 kg soil, and the respective bacterial suspensions (10 mL 108 CFU/mL) were added to initiate the experiment. The plants grown under the different treatments were harvested after 90 days. The roots were washed free of soil and then oven-dried at 80°C for 48 h to collect the growth index data. The entire plant, including the aboveground and root biomass, was used to determine the dry biomass. The corrected index of relative competition intensity (CRCI) and InRR were used to quantify the competitive outcome. The corrected index of relative competition intensity was calculated as described by Oksanen et al. (2006). CRCI = arcsine [(X-Y)/max (X, Y)], where X is the average biomass of individual plants grown without competition and Y is the biomass which grown in competition. CRCI<0 would indicate that the intra-specific competition is higher than inter-specific competition. CRCI >0 would indicate that the intra-specific competition is lower than inter-specific competition. The competitive outcome (lnRR) is the log(invasive/native). If the index lnRR is >0, that means that the invasive plants grew larger than the native plants under the mixture treatment.




2.3 Experiment III: Comparative analysis of Bacillus megaterium from the rhizospheres of A. artemisiifolia and S. viridis on the competitive growth of A. artemisiifolia


2.3.1 Bacillus megaterium inoculation

The B. megaterium strains isolated from the rhizospheres of A. artemisiifolia and S. viridis in Experiment I were used to test for their effect on the competitive growth of A. artemisiifolia. The previously frozen (-20°C) B. megaterium strains were thawed in a water bath at 30°C for 90 s. The activation of B. megaterium was followed Figure S3. All the suspensions of B. megaterium strains from A. artemisiifolia or S. viridis were mixed to 1:1 (v/v), respectively. Four densities of B. megaterium from A. artemisiifolia or S. viridis (C0: 0, C1: 5×108 CFU/mL, C2: 15×108 CFU/mL, and C3: 30×108 CFU/mL of B. megaterium) were used for the inoculation experiment, respectively. As for the uninoculated treatment (C0), 1 mL of sterile water was added to 100 mL petri dish of beef paste with a peptone medium. Three treatments were used to determine the effects of B. megaterium on the competitiveness of A. artemisiifolia compared with S. viridis (Figure S3).




2.3.2 Measured indices


2.3.2.1 Plant growth parameters

Ambrosia artemisiifolia and S. viridis grown in different treatments were harvested 90 days after germination. The soil was washed from the roots, and the plants were oven-dried at 80°C for 48 h to collect the growth index data. The whole plant, including the aboveground and root biomass, was used to determine the dry biomass. The total dry plant weight data of A. artemisiifolia and S. viridis were recorded. The CRCI was used to quantify the effect. Twenty milligram of samples of A. artemisiifolia and S. viridis leaves and stems were analyzed to determine the total carbon content. The carbon content was measured using the potassium dichromate-concentrated sulfuric acid (K2Cr2O7-H2SO4) oxidation method. Dry A. artemisiifolia and S. viridis matter (2 g each) were digested in a 1:6 mixture of concentrated perchloric (HClO4) and nitric acids (HNO3) (v/v) to analyze the contents of total nitrogen and phosphorus. The nitrogen content was determined using the micro-Kjeldahl method (Nelson and Sommers, 1972), while the phosphorus content was measured using inductively coupled plasma spectroscopy (Isaac and Johnson, 1983). Each experiment was replicated 10 times.



2.3.2.2 Available nutrients

Soil available phosphorus extracted by 0.5 M NaHCO3 was measured by the molybdenum blue method. Soil ammonium ( -N) and nitrate ( -N) concentrations in extracts were assessed colorimetrically by automated segmented flow analysis (AAIII; BRAN + LUEBBE, GmbH, Norderstedt, Germany) using the salicylate/dichloroisocyanuric acid and cadmium column/sulfanilamide reduction methods, respectively (Shi et al., 2018). Soil available nitrogen (AN) is the sum of ammonium and nitrate nitrogen.



2.3.2.3 Bacillus megaterium density

The density of B. megaterium was determined to compare its growth among different treatments at harvest. This was conducted for each fresh soil sample using serial dilution techniques on agar plates with nutrient broth media. In particular, one gram soil sample was collected from the rhizosphere soil and transferred to a tube when the plants were harvested, and 9 mL distilled water was added. The suspension was shaken to homogeneity at 200 rpm for 24 h, and then heated in a hot water bath at 90°C for 10 minutes. After 12 h of incubation, the supernatant was serially diluted from 10−2 to 10−5, then up to 0.1 mL was pipetted from each aseptic dilution using a flattened micropipette and added to nutrient agar plates. The plates were incubated at 37°C for 12 h. The density of B. megaterium was estimated by counting the single colonies. The Bacillus concentration was determined based on the number of colonies and colony separation in the 10−3 dilution. The CFU/1 g dry weight of the soil (CFU/g DWs) was calculated based on the volume diluted. Each treatment was replicated in triplicate.




2.4 Statistical analysis

Before analyses, all data were checked for normality using the Shapiro–Wilk test, to ensure that it met the normality assumption. A one-way analysis of variance (ANOVA) with a Duncan’s test was performed to test the differences in Bacillus diversity between the A. artemisiifolia and S. viridis rhizosphere soils in different treatments, as well as the effect of bacilli isolated from the rhizosphere soil of A. artemisiifolia or S. viridis on the CRCI of each species. A two-way ANOVA (Duncan’s test) was used to analyze the effect of competition and Bacillus on plant growth parameters, concentrations of available nitrogen and phosphorus in the soil, and the density of Bacillus. The Tukey’s Honest Significant Difference test was applied to compare the means between treatments. A Pearson’s correlation analysis (two-sided test) was used to determine the relationship between the concentration of B. megaterium and plant growth indicators in the soil at harvest. All the analyses were performed using SPSS 19.0 (IBM, Inc., Armonk, NY, USA).




3 Results


3.1 Experiment I: Bacillus diversity in the rhizosphere soil

A total of 17 species of Bacillus were identified in the rhizosphere soil (Figure S4). The Bacillus diversity varied among the different treatments. For instance, seven and eleven Bacillus phylotypes were identified in the rhizosphere soil of A. artemisiifolia in A and A:S. The rhizosphere soil of S. viridis in S and A:S had 10 and 6 Bacillus phylotypes, respectively (Figure S4; Table S1). The Shannon index, Simpson index, and evenness index of Bacillus diversity in the rhizosphere soil of A. artemisiifolia in the A treatment were lower than those in the A:S treatment (all, P<0.05). While the Bacillus diversity indices in the rhizosphere soil of S. viridis in the S treatment were higher than those in the A:S treatment, respectively (all, P<0.05) (Table 1). Bacillus megaterium was one of the predominant species in all the soil samples, particularly in the rhizosphere soils of A. artemisiifolia in A and S (Figure 1).


Table 1 | The bacillus diversity analysis of different soil.






Figure 1 | Relative abundance of Bacillus species in different treatments soil. C, control; A: Bacillus from the rhizosphere soil of A. artemisiifolia in the monoculture; S: Bacillus from the rhizosphere soil of A. artemisiifolia in the monoculture; A/A:S, Bacillus from the rhizosphere soil of A. artemisiifolia in the mixture; S/A:S, Bacillus from the rhizosphere soil of S. viridis in the mixture. Error bars represent ±SD of mean (n=3).





3.2 Experiment II: A comparative analysis of the effect of Bacillus from the rhizosphere soil of A. artemisiifolia and S. viridis on the competitive growth of A. artemisiifolia

Compared with the monoculture of A. artemisiifolia, the total dry biomass of A. artemisiifolia in the mixture treatment increased by 44.29% in the uninoculated treatment (F=108.495, P<0.001) (Figure 2). When Bacillus from the rhizosphere soil of A. artemisiifolia was inoculated, the biomass of A. artemisiifolia increased significantly by 75.79% compared with the uninoculated treatment (F=99.723, P<0.001). The biomass of A. artemisiifolia inoculated with Bacillus from the A. artemisiifolia soil increased by 20.02% compared with that from the S. viridis soil (P<0.001). The InRR in the treatment of inoculation with Bacillus from the rhizosphere soil of A. artemisiifolia increased by 37.77% compared with that from S. viridis (Figure 3). The CRCI also suggested that Bacillus in the rhizosphere soil of A. artemisiifolia enhanced its competitive growth (Figure S5).




Figure 2 | Effects of competition and inoculum on the biomass of A. artemisiifolia and S. viridis. Means and SDC, control; AA: Bacillus from the rhizosphere soil of A. artemisiifolia in the monoculture; SV: Bacillus from the rhizosphere soil of S. viridis in the monoculture. Different uppercase letters indicate significant differences between mixture treatments and monoculture treatments receiving the same microbial inoculations at P < 0.05. Different lowercase letters indicate significant differences among inoculation of different Bacillus at P<0.05. Error bars represent ±SD of mean (n=10).






Figure 3 | Effects of competition on InRR of A. artemisiifolia and S. viridis. C, control; AA: Bacillus from the rhizosphere soil of A. artemisiifolia; SV: Bacillus from the rhizosphere soil of S. viridis. Different lowercase letters indicate significant differences among inoculation of different Bacillus at P<0.05. Error bars represent ±SD of mean (n=10).



The biomass of S. viridis inoculated with Bacillus from the A. artemisiifolia soil or from the S. viridis soil was higher than that of the uninoculated treatment. The biomass of S. viridis inoculated with Bacillus from the S. viridis soil increased by 20.37% in the monoculture and 13.53% in the mixture compared with that from A. artemisiifolia soil, respectively (Figure 2). However, the CRCI of S. viridis showed that Bacillus in the rhizosphere soil of S. viridis decreased its intra-specific competitive growth ability.



3.3 Experiment III: Effect of B. megaterium on the competitive growth of A. artemisiifolia

Bacillus megaterium was one of the predominant species in all the soil samples, particularly in the rhizospheres of A. artemisiifolia in A and S, their function in the competition between A. artemisiifolia and S. viridis was compared in the experiment.



3.4 Biomass and CRCI

There was no significant change in the biomass of A. artemisiifolia between the monoculture and mixed treatment (with S. viridis) (P=0.228). Conversely, the competition with A. artemisiifolia decreased the biomass of S. viridis in the uninoculated (control) treatments (F=136.15; P<0.001) (Figure 4; Table S2). As for the inoculation of B. megaterium from A. artemisiifolia or S. viridis, the biomass in both plant species increased in parallel with the density of B. megaterium (P<0.05), showing a dose-dependent relationship. Our analysis showed that the biomass of A. artemisiifolia in the C2 and C3 inoculation treatments increased significantly by 133.94%-163.20% compared with the uninoculated treatment of the monoculture (all, P<0.001). Compared with the monoculture, competition had different effects on the biomass of A. artemisiifolia and S. viridis in the inoculation with C2 and C3 B. megaterium. The biomass of A. artemisiifolia increased by 57.59%-53.84%, while that of S. viridis decreased by 52.66% (C3)-66.03% (C2) compared with that in the monoculture treatment. The CRCI results further showed that inoculation with C2 and C3 B. megaterium concentrations from A. artemisiifolia or S. viridis enhanced the intra-specific competitive growth ability of A. artemisiifolia, while decreasing that of S. viridis (Figure S6, Table S2). The CRCI of A. artemisiifolia in the inoculation of B. megaterium (C2 and C3) from A. artemisiifolia increased by 44.60% (C2) and 61.13% (C3) compared with that from S. viridis.




Figure 4 | Effects of different concentration of B megaterium from the rhizosphere soil of A artemisiifolia (A) or of S. viridis (B) on plant biomass, C0, control; C1: 5X 108 cfu/mL of B. megaterium; C2: 15 X 108 cfu/mL of B. megaterium; C3: 30 X 108 cfu/mL of B. megaterium. A-I and A-II represent the biomass of A artemisiifolia and S. viridis when B megaterium from the rhizosphere soil of A artemisiifolia was inoculated respectively. B-I and B-II represent the biomass of A artemisiifolia and S. viridis when B megaterium from the rhizosphere soil of S. viridis was inoculated respectively. Different uppercase letters indicate significant differences between in the mixture and in the monoculture treatments at P<0.05. Different lowercase letters indicate significant differences among different concentrations of B megaterium at P<0.05. Error bars represent SD of mean (n=10).





3.5 Total carbon, nitrogen, and phosphorus concentrations of A. artemisiifolia and S. viridis

Whether B. megaterium was inoculated from A. artemisiifolia or S. viridis, the bacteria had a dose-dependent effect on the total carbon, nitrogen, and phosphorus concentrations of A. artemisiifolia and S. viridis (Figure 5; Table S2-S3). There were no significant differences between the C0 and C1 treatments. In the monoculture of both the C2 and C3 treatments, the total carbon, nitrogen, and phosphorus concentrations of A. artemisiifolia or S. viridis were significantly higher than in the C0 treatment, respectively. Compared with the monoculture, the total carbon, nitrogen, and phosphorus concentrations of A. artemisiifolia in the mixture increased. However, the concentrations in S. viridis in the mixture decreased in both the uninoculated and the inoculated treatments (Table S2-3).




Figure 5 | Effects of different concentration of B megaterium from the rhizosphere soil of A artemisiifolia (I) or of S. viridis (II) on carbon (A), nitrogen (B) and phosphorus (C) levels. of Control; 0; C1: 5X108 cfu/mL of B. megaterium; C2: 15X108 cfu/mL of B. megaterium; C3: 30 X 108 cfu/mL of B. megaterium.





3.6 Available nitrogen and phosphorus concentrations in the soil of different treatments

There appeared to be no significant difference in available nitrogen and phosphorus concentrations in the soil between C0 and C1 treatments (Figure 6; Table S2-S3). However, in both C2 and C3 treatments, the total concentrations of carbon, nitrogen and phosphorus of A. artemisiifolia or S. viridis were significantly higher than those in C0 treatment. The concentrations of total carbon, nitrogen, and phosphorus of A. artemisiifolia in the mixture increased compared with those of the monoculture, while the concentrations of S. viridis decreased in both the uninoculated and the inoculated treatments (Figure 6; Table S2-S3).




Figure 6 | Effects of different concentration of B megaterium from the rhizosphere soil of A artemisiifolia (I and III) and S. viridis (II and IV) on soil available phosphorus and nitrogen levels. C0, control; C1: 5X108 cfu/mL of B. megaterium; C2: 15X108 cfu/mL of B. megaterium; C3: 30×108 cfu/mL of B. megaterium. Different uppercase letters indicate significant differences between in the mixture and in the monoculture treatments at P < 0.05. Different lowercase letters indicate significant differences among different concentrations of B megaterium at P<0.05. Error bars represent ±SD of mean(n=10).





3.7 The density of B. megaterium in different treatments

The inoculation of B. megaterium from A. artemisiifolia or S. viridis resulted in a dose-dependent increase in soil B. megaterium levels when grown in monoculture (A or S) or mixture (A: S). For the A. artemisiifolia monoculture, the density of B. megaterium in the C2 and C3 treatments was significantly higher than those in the C0 treatment (B. megaterium from A. artemisiifolia: F=25.306–30.904, P=0.001; B. megaterium from S. viridis: F=133.802–182.161, P<0.001). It was also found that the density of B. megaterium in the soil of mixture treatment was significantly higher than that in the monocultures of A. artemisiifolia and S. viridis following inoculation with different concentrations of B. megaterium, respectively, B. megaterium from A. artemisiifolia: F=49.849, P<0.001; B. megaterium from S. viridis: F = 13.436, P=0.001; B. megaterium from A. artemisiifolia: F=47.811, P<0.001; B. megaterium from S. viridis: F=12.637, P=0.001) (Figure 7).




Figure 7 | Effects of different concentration of B megaterium from the rhizosphere soil of A artemisiifolia (I) and S. viridis (II) on B megaterium density. C0, control; C1: 5×108 cfu/mL of B. megaterium; C2: 15×108 cfu/mLof B. megaterium; C3: 30×108 cfu/mL of B. megaterium. Different uppercase letters indicate significant differences between in the mixture and in the monoculture treatments at P<0.05. Different lowercase letters indicate significant differences among different concentrations of B megaterium at P<0.05. Error bars represent ±SD of mean(n=10).





3.8 Correlation of the density of B. megaterium with plant growth indicators

When B. megaterium was inoculated from the rhizospheres of A. artemisiifolia, its density positively correlated with the growth indicators of A. artemisiifolia in all the treatments (Table S4). In S. viridis, the density of B. megaterium positively correlated with the biomass, total carbon, nitrogen, and phosphorus contents in the monoculture, but it was not correlated with the growth indicators of S. viridis in the mixture.

When B. megaterium was inoculated from the rhizospheres of S. viridis, the density of B. megaterium positively correlated with the biomass and total carbon of A. artemisiifolia in the C0 and C1 treatments. However, it was not correlated with the biomass, total carbon in C3 treatment in both the monoculture and mixture treatments. In S. viridis, the density of B. megaterium positively correlated with the growth indicators of S. viridis in the monoculture. Moreover, the density of B. megaterium positively correlated with the biomass, contents of nitrogen, and phosphorus in the C2 and C3 mixture treatments (Table S5).




4 Discussion

Inter-specific interactions are key factors in the structuring and functioning of ecological communities (Mofu et al., 2019). The difference in plant traits and the rhizosphere soil microbe play key role in the inter-specific interactions. On the one hand, invasive plant has higher inter-specific competition for their competitive advantages over neighboring native species through resource competition (Daehler, 2003; González et al., 2010; Sardans et al., 2017a). On the other hand, invasive plants always modify soil microbe to benefit their own fitness over native species, and then to enhance its inter-specific interaction (Huangfu et al., 2019). In the study, A. artemisiifolia and S. viridis have different carbon fixation and nutrient absorption abilities, A. artemisiifolia assembles some Bacillus species (eg. B. megaterium) to create higher levels of the available nutrients in its rhizosphere soil than the native S. viridis, by promoting its nitrogen and phosphorus absorption to enhance its competitive growth.

Plant functional traits is related with carbon fixation and nutrient absorption abilities, which shapes plant growth (Weidenhamer and Callaway, 2010; Choudhury et al., 2022; Zhang et al., 2022). An increasing body of research shows that invasive plants generally have quite different functional traits from native species, such as higher specific leaf area, leaf area index and photosynthetic rate, which is related to invasion success (Suding et al., 2004; te Beest et al., 2015). Ambrosia artemisiifolia and S. viridis are members of the Asteraceae and Poaceae families, respectively, and they have different carbon fixation and nutrient absorption abilities. When A. artemisiifolia grew alongside S. viridis whether in the uninoculated (control) treatments or the inoculated treatments, the competition promoted the growth of A. artemisiifolia by increasing its photosynthetic products and absorption of nitrogen and phosphorus. However, the growth of S. viridis is inhibited by a reduction in the photosynthetic products and absorption of nitrogen and phosphorus. The different abilities to synthetic photosynthetic product and absorb nutrients leads to their difference in inter-specific competitive ability in the uninoculated (control) treatments, suggesting the successful invasion of A. artemisiifolia in resident community is mainly driven by high inter-specific competition.

Soil microbial communities in the rhizosphere have a wide spectrum of plant interactions (Berendsen et al., 2012; Du et al., 2020). The novel weapons hypothesis posits that invasive plants can release secondary compounds into the soil environment from their litter, leaf leachate and root exudate (Zhu et al., 2017), which would, in turn, alters soil microbial community (Lorenzo et al., 2013). The difference in secondary compounds between invasive and native plants may lead to the difference in soil microbial community (Zhu et al., 2017). The difference in Bacillus diversity between A. artemisiifolia and S. viridis further indicates that different functional traits play great roles in shaping microbial community of rhizosphere soil. Besides, increasing evidences show that invasiveness of the invasive species is associated with significant changes in the plant–soil elemental composition and stoichiometry (González et al., 2010; Wu et al., 2019). One of the invasion hypotheses proposes that changes in the soil microbial communities caused by invasive plants can result in positive plant-soil feedback by accumulating beneficial microorganisms in the rhizosphere (Inderjit and Cahill, 2015). Bacillus species are prominent soil inhabitants that increase plant growth by various mechanisms, such as the production of growth-stimulating phytohormones, nitrogen fixation, and phosphorus solubilization and mobilization (Wang et al., 2020). The different Bacillus diversity between the rhizosphere soil of A. artemisiifolia in A and the rhizosphere soil of S. viridis in S may lead to their difference in changing soil nutrient cycle. Our further study shows that the different ability of B. megaterium to modify soil available nutrients from between the rhizosphere soil of A. artemisiifolia in A and the rhizosphere soil of S. viridis in S is demonstrated in a B. megaterium inoculation experiment. We find that resource modification by plants may be self-beneficial during the inter-specific interactions. Our result indicates that specific Bacillus species are gathered in the rhizosphere soils of A. artemisiifolia and S. viridis during their growth and they differs significantly. Specifically, Bacillus from the rhizosphere soil of A. artemisiifolia benefited A. artemisiifolia more than S. viridis, while those from S. viridis benefited S. viridis more than A. artemisiifolia, suggesting both invasive and native species accumulate the different Bacillus to benefits its growth. The ability to modify growth-limiting resources is directly related to plant competitive ability (Harpole, 2006; Dybzinski and Tilman, 2007). However, some research show that invasive species can increase the concentrations of available nutrients during their invasion (Sardans et al., 2017b; Zhou and Staver, 2019). For example, Sardans et al. (2017b) reported that the concentrations of soluble nitrate and Olsen-P in soils under invasive plants were 117% and 21% higher, respectively, than in soils under native plant communities. Increasing evidences show that invasiveness of the invasive species is associated with significant changes in the plant–soil elemental composition and stoichiometry (Daehler, 2003; Funk and Vitousek, 2007; González et al., 2010). One of the invasion hypotheses proposes that changes in the soil microbial communities caused by invasive plants can result in positive plant-soil feedback by accumulating beneficial microorganisms in the rhizosphere (Inderjit and Cahill, 2015). The different Bacillus diversity the rhizosphere soil of A. artemisiifolia in A and the rhizosphere soil of S. viridis in S may lead to their difference in changing soil nutrient cycle. Our further study shows that the different ability of B. megaterium to modify soil available nutrients from the rhizosphere soil of A. artemisiifolia in A and the rhizosphere soil of S. viridis in S is demonstrated in a B. megaterium inoculation experiment. The increase in available nitrogen and phosphorus concentrations in the soil and their increase in the plants suggests that B. megaterium inoculation increases the concentration of available nutrients in the soil. Furthermore, the concentrations of available nitrogen and phosphorus increases in parallel with the density of B. megaterium. The density of B. megaterium in the rhizosphere soil of A. artemisiifolia is higher than that in the rhizosphere soil of S. viridis. We hypothesize that A. artemisiifolia assembles more B. megaterium than native S. viridis to increase the level of available nutrients in its rhizosphere soil.

The invasion success of A. artemisiifolia in resident community is mainly driven by high inter-specific competition, B. megaterium in its rhizosphere soil can modify the resources and enhance its inter-specific competitive growth ability. In the study the effect of B. megaterium on the inter-specific competitive growth ability of invasive and native species differed. Compared with the control, Bacillus isolated from the rhizosphere soil of both invasive and native species enhanced the inter-specific competitive growth ability of A. artemisiifolia, while Bacillus from the rhizosphere soil of both invasive and native species decreased the inter-specific competitive growth ability of S. viridis, suggesting that A. artemisiifolia assembles B. megaterium to create higher levels of the available nutrients in its rhizosphere soil than the native S. viridis, and then to enhance its competitive growth during its invasion.



5 Conclusion

The successful invasion of A. artemisiifolia in resident community is mainly driven by high inter-specific competition. A. artemisiifolia assembles B. megaterium to create higher levels of the available nutrients in its rhizosphere soil than the native S. viridis, by promoting its nitrogen and phosphorus absorption to enhance its competitive growth during its invasion.
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82,57
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Treatments 16S

Raw_tags Clean tags Goods coverage
LK 40641 37892 0.9761
MK 39884 37688 0.9760
HK 36020 34116 0.9778

LK, Low amount of K,80,; MK, Middle amount of K,SO,; HK, High amount of K,SO,.

ReadsCount

117919397
107915497
116254271

Metagenomics

BasesCount (bp) Q20 (%)

17687909500 97.81
16187324600 97.85
17438140600 97.83

Q30 (%)

94.38
94.47
94.37
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Environmental factors

pH
OM
N

TK
TS
AN
AK
AS

OTUs

P value

0.029
0.978
0.909

0.416
0.746
0.781
0.079
0.086

x‘2

0.636
0.012
0.026

0.25
0.111
0.089
0.562
0.593

Pathways
Pvalue 1*
0.025 0.757
0.936 0.033
0.914 0.046
0.167 0.428
0.142 0481
0.933 0.022
0.023 074
0.004 0.878

OM, organic matter; TN, total nitrogen; TK, total potassium; TS, total sulfur; AN,

available nitrogen; AK, available potassium; AS, available sulphur.
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Treatment

NM-Fo
NM-+Fo
AM-Fo
AM+Fo

Chlorophyll a (mg/g)

0.846 + 0.019a
0.759 £ 0.011b
0.813 + 0.018ab
0.790 + 0.022ab

Chlorophyll b (mg/g)

0.303 + 0.008a
0.269 + 0.007b
0.304 + 0.009a
0.285 + 0.018ab

Carotenoid (mg/g)

0.335 + 0.012bc
0.315 + 0.005¢
0.363 + 0.008a
0.344 + 0.039ab

Total Chlorophyll (mg/g)

1.318 + 0.012a
1.117 + 0.017b
1.281 + 0.023a
1.233 + 0.038ab

Values are means + SD from four sets of independent experiments with 15 plants. Different lowercase letters indicate significant differences between different treatments according to two-
way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).
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Treatment

NM-Fo
NM-+Fo
AM-Fo
AM+Fo

d>l’SIl

0.450 + 0.028a
0.359 + 0.022b
0.439 + 0.019a
0.395 + 0.014b

F,/F,,

0.6312 + 0.074a
0.548 + 0.073b
0.650 + 0.038a
0.627 + 0.031a

qr

0.860 + 0.147a
0.794 + 0.065a
0.854 + 0.067a
0.798 + 0.091a

N

0.556 + 0.147a
0.523 + 0.065a
0.555 + 0.067a
0.536 + 0.091a

Values are means + SD from four sets of independent experiments with 15 plants. Different lowercase letters indicate significant differences between different treatments according to two-

way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).
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Treatment Mycorrhizal colonization (%) Disease incidence (%) Disease index (%) Control efficacy (%)

NM-Fo 0 Oc 0c 0
NM+Fo 483 + 7.6a 415+ 3.3a 0
AM-Fo 8333+ 3 0Oc 0c 0
AM+Fo 183 + 2.8b 15.5 + 2.3b 62.6

Values are means + SD from four sets of independent experiments with 60 pots per treatment for each set of experiments. Different lowercase letters indicate significant differences between
different treatments according to two-way ANOVA followed by Tukey’s test for multiple comparisons (P < 0.05).
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Physicochemical property pH NH,"-N (mg kg’l) NO; -N (mg kg’l) AN (mg kg’l) OM (mg kg'l) Mit, (mg kg'l d’)

AT 3.75 £ 0.02b 4.91 + 0.27b 41.10 + 0.06a 46.02 + 0.22b 36.28 £ 0.18a 2.29 +0.02b
ST 5.26 + 0.02a 20.82 + 0.26a 29.87 £ 0.07b 50.69 + 0.22a 33.46 + 0.16b 5.70 £ 0.01a

AT, tea soil with a pH of 3.75; ST, tea soil with a pH of 5.26. NH,*-N, ammonium nitrogen content; NO; N, nitrate nitrogen content; AN, available nitrogen content; OM, organic matter
content; Mit,, net nitrogen mineralization rate. Data in the table are mean + SE. Different lowercases represent significant differences at P < 0.05 level.





OPS/images/fpls.2022.973919/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.973919/fpls-13-973919-g001.jpg
ZINg

A
7

Planctomycetales

Planctomycetacia 2 §\\\\\w/////

JIN

i

" Planctomyggté
sutaaanctomyd

£ brobacteres,
oidetes Actinobacteria

Cyanobacteria

(N Tectomicrobia inococcus-Thermus'

N
AN

gt mﬂe'—Tne”
Armatimonadetes

t itrospirae

Gemmiati

Az

p/_Acidobacteria &
NS

B gdospirillaceae

Verrucomicrobia .
9/ RhiZobiales

FSM DDM

|

N

2

p
mn





OPS/images/fpls.2022.998178/fpls-13-998178-g004.jpg
[ Proteobacteria
[ JActinobacteria
B Acidobacteria

Chloroflexi

-Nnrospm

Planctomycetes

I Fimicucs
] Amatimonadetes

[ m——
[ Jothers

=
%
g

Relative abundance
Relative abundance

20

100

80

60

40

20

[ Bradyrhizobinm
[_INitrospira

B Rhodanobacter
{ctinomadtura
Thermogemmatispora
B Candidatus Solibacter
reobacter

| Mycobacterium

I redonobacter






OPS/images/fpls.2022.998178/fpls-13-998178-g005.jpg
= 1.00
Sucrase Rk

£
P) Protease -
Ex = 0.50
E Catalase | s e - ok o sk
:na polyhphenol oxidase | ** ok - ok - A
Phosphomonoesterase
- 0.00
Glutamate synthesis -

o S~ I
Assimilatory N reduction = %
Dissimilatory N reduction -- --- |
Nitrification --
Denitrification --

- -0.50

pH NH,N NOs-N AN OM  Mit

| -1.00





OPS/images/fpls.2022.998178/fpls-13-998178-g006.jpg
RDA 2 (0.1138%)

A RDA B RDA

050 I Rhodanobacter
1
02 1
1
1
ycetes 1
(1] !
rchaeota 1
Acidobacteria = !
NHoN AN[ § Candia'atusSalibacier
2 S .
00 === 2 X 1 Groups
€ @ AT
o
< W st
a
&

-025

Chloroflexi !

RDA 1 (99.83%)





OPS/images/fpls.2022.998178/fpls-13-998178-g007.jpg
Tea yield and quality
decreased

Soil acidification

i —
-
v
-
-
-
-
-
-
-
£

The abundance of microorganisms

Soil
enzyme activity
Sucrase, Protease, Catalase,
Polyphenol oxidase

The gene abundance
involved in each N-cycle
processes
GluS (-) Amm (+) ANR Proteobacteria, Actinobacteria,
DNR (+) Nit (+) Den (+) Chloroﬂex‘i’,yitrospirae etc.

-
-
~ - ~ - =

associated with nitrification,
denitrification and pathogenicity

Net nitrogen
mineralization

Soil N supply capacity and absorbable N content

the risk of soil N leaching and N,O emission (+)

——> Increase after acidification - - > Decrease after acidification





OPS/images/fpls.2022.998178/fpls-13-998178-g001.jpg
6.0

o]
4

9

= af
) -

3 sur) AJIANIR INBWAZUD [10S

PMase

PPO

CAT

PR

UR

SC





OPS/images/fpls.2022.998178/fpls-13-998178-g002.jpg
A Ammonification Glutamate synthesis B C AT ST
OrgC —=- o~ *_——> L-Glutamine —— L-Glutamate

3 3.6x10*
\mriﬁcatinn 340

Nitrogen fixation

%
N, % NHOH R
o % g
\"'-“ 7 Y g 2.7x10*
NH, 3 % 5 3.0x10° g
= % z g
NO  [has & Ny Noy 3
Anammox | 3. <, g _él.sxu)‘
: y | & !
g > £ g
3 £ 15x10% <
e £
H s "
2 2 0.9x10°
NO 5 NO, a
Denitriﬁcatio\ /
NO;
0. o

GluS Amm ANR DNR Nit Den GluS Amm ANR DNR  Nit Den





OPS/images/fpls.2022.998178/fpls-13-998178-g003.jpg
20000 12000

B Ammonification

A Glutamate synthesis

a
16000

12000

8000

4000

0 0
glnA gltl gtB gt
3500
o C Assimilatory N reduction D Dissimilatory N reduction
>
§ 2800
=
=
2100
=
<
]
= 1400
3
700
0

o i i i napA napB napC  narl narJ nirB  nirD  nrfA  narH

10000

E Nitrification F Denitrification

8000

6000

4000

2000

amod A amoB B amoC C narG nirk nirS norB nosZ





OPS/images/fpls.2022.1005303/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1005303/fpls-13-1005303-g001.jpg
55

= ]
a_ = =
o v v
s H $ 2
=— - 2 =
< & = o n S v o wn o v S own
N (o] N — =t < el bl IS} A — —
(3¥/3) L 3Bw) gV
-l RS | %
=H[H = =i} ¢
-, of
$ 3 3§ g 2B &2 T g8 §g&ee888§e88¢s
@8 NL ) (@y8uw) yv
| M M
=] ]
- 2 i =
-, -F i
& 8 = & o § B 2 e
@B WO w @i Ny
=] ]
-l 2 =HJH £
L 2 ST .
< s A — =) 4+ A4 o ®» © 9+ & o ® o
- B - « @ 9 a9 &a = = = = = & 3
(=} < (=} (=] (=) (=] (=} =} [=} (=}
Hd i YA s





OPS/images/fpls-13-962759/fpls-13-962759-g005.jpg
@ Module #2 @ Module #3 @ Module #4 @ Module #5 @ Module #6 @ Module #7
8 Fungi

@ Module #0 @ Module #1

A N
Bacteria

o
3
3
g
2 4
s POSiVE e Negative @ Degree
 Proteobacteria @ Actinobacteriota @ Firmicutes  Sordariomycetes @Eurotiomycetes @ Agaricomycetes
Acidobacteriota @ Chlorofiexi  Others ®Unclassified_k_Fungi  Dothideomycetes " Others

€ Bacteria D, Fungi

Taxonomy






OPS/images/fpls-13-962759/fpls-13-962759-g006.jpg
50 -

T
® i Actinobacteriota

30 AP 7
Firmicutes . i %
mmr \ o
Chioroflexi piy
s S 5P

RDA2(27.53%)

Proteobacteria |

00 60 60 40 20 0 20 40
RDA1(71.14%)

@ AB: §17a W3
100 :

L Eurntiomycetes

‘Sordariomycetes

83

pH

RDAZ(18.10%)

o Pedzomycetes

80 Agaricomycetes | SOM

-100

420 100 80 60 40 20 0 20 40
RDA1(66.57%)

60 80

100

Fungal

Spoarman's r

l Mantel's p
05
- <0001
o0 = 0001005
. 05 >=005

NO,-N
NH,*N
EC

Mantel's r

— 02-05

— =05





OPS/images/fpls-13-962759/fpls-13-962759-g007.jpg
~ Firmicutes

I ~ Abditibacteriota
~ Acidobacteriota

.~ RCP2:54

Nitrospirota

Actinobacteriota
Chlorofiexi

unclassified_k
norank_d__Bacteria
Myxococcota
Desulfobacterota
Elusimicrobiota
Verrucomicrobiota
Bdellovibrionota
Gemmatimonadota
Armatimonadota
Planctomycetota
Patescibacteria
Dependentiae
Proteobacteria
Bacteraidota

| s
4

Agaricomycetes
Leotiomycetes
Microbotryomycetes
nclassified
Ehyfidiomycota
Sordariomycetes
Pezizomycetes
Mortierellomycetes
nclassified
BaSomycot—
Zoopagomyceles
Atractiellomycetes
unclassified_k__Fungi
nclassified
Hseremyeota—
Tremellomycetes
Olpidiomycstes
Glomeromycetes
Dothideomyceles
ynglassiied p
\scomycot:
Eurofiomycetes
Rozellomycotina_cls
~ Incertae’ sedis

_ Calcarispariellomycetes

s¥g





OPS/images/fpls-13-962759/fpls-13-962759-g008.jpg
( | (
| Edaphic 1 Tre
| factors I T 1 age
3 24 1 N i
1
452% U 27%
1.6% 49.9%

393% | 329% | Fungal
=TT T =% community

Residual=19.8% Residual=14.4%






OPS/images/fpls-13-962759/fpls-13-962759-g001.jpg
Shannon

-]
m

Shannon

. 03
2250 —_—
0.2 .
[.ET .
2000 2 3
] 2
= g of : -
= 1200 =
= Q-0
1600
0.2
0.3 4
42 8 17a 33 42 & 172 3% R B o7
PC1(61.57%)
e F
1500+
0.4
= 1200 ;
— 4 == _ 0z
% Y
== § o0 3
5 = 50
600 | g
-
I
04 H
4 68 17a 33 fa 4 72 3% -

-06 -04 -0.2 0 02 04 068
@®da Asa $17a W33 PC1(53.13%)





OPS/images/fpls-13-962759/fpls-13-962759-g002.jpg
Relatively abandence

W Protecbacteria
Actinobacteria
Firmicutes
 Acidobacteria
 Chioroflexi
Myxocacoota
Gemmatimonadota
W Verrucomicrobiota
~ Bdellovibrionota
Nitrospirota
¥ RCP2-54
® Armatimonadota
Bacteroidota
™ Depencentias
= undlassified_K_norankd_Bacteria
' Planctomycetota
' Abditibacteriota
 others

Relatively abandence

m Sordariomycetes
Tremellomycetes

W Eurotiomycetes

= Pezizomycetes

= Agaricomycetes
Mortierellomycetes
unclassified_k_Fungi

m Dothideomycetes

* undiassfied_p_Ascomycota

= Leotiomycetes

= undlassified_p_Rozellomycota

m Microbotryomycetes
undlassiied_p_Chytidiomyoota

™ others





OPS/images/fpls-13-962759/fpls-13-962759-g003.jpg
fa praa e (73
-

_— o
’ 284 O, Ry >,
/ 8.4% pr o \
4a /J——-L ) g o IE .
Rl WP o N
¢ 1 qea 3K _(28%) >0 288 1\
Il \\ (5.2%) // R 7NN (82%) I 1
A 1
! \ /160 = 152 \ & 1
4 LA /
\‘ N (G y - @omyN 1

926 "(;gﬂz/e) y
ECoc e 2% )
/ A

\ J69 ‘s
\(64%) 1
£ |

2134

17a 33a

Rp— s T
- P \\
\
o e - 51\\ i\
B - \
99 @0%) > 27 1\
{0\ @R AERN UT Ny (o2%) 1
N ]
1 & /53 A 85 \ 4 |
’
\ By S@ow L B3%) ) !
4 X B 220
/l 82:; \\ 4 (16.1%)//
\ [ e 1 y

4
83 | 4
S e /\'3.2% 4
N ADS -6 4
he \4\1&“/0—<~@.§s¥//
- 62 -

1394 1278

255 R o
L 68 <D (5w

824 e

1000
500






OPS/images/fpls-13-962759/fpls-13-962759-g004.jpg
Adidobacteia

norank_o_Subgraup_2
Acidobacieriales
norank_o_Acidobacterialos
i acoan
1:g_Sporosarcina,
g1 Bacilacoac
= b : g Baci
= g unclassiied f Bacilaceae
= j {_Thermormonosporaceae
= kg Novioacills
=g Planifium

m: _Xanthobacteraceae
= 1 ;g norank_{_Xanthobactoracose

+g_Bradyrhizobium
= p 7 Burkholderiaceas

orte®

= @ Pymnemataceze
= b {_Chactamiaceac

© 1 Trichcoadium
d " Nectriaceae
g Fusarium
(Microascaceas
_Acaulum
T_Pseudeurotiaceas

oo pamumycem

o Geomyous

- Tichotomaceas

T Aspargilacese

aAcpergiis

' unclossiled_o_Chaetolhyiiles

4 uncieasild_o_Chaetoihyrison

1 unclassified p_Ascormycota
Ascormycela

o unclassied

{_Sorandipitacoao
unclassiiod_c_Agaricomycotos
inclassifed_c_Agaricomycetes

21 Hotlermanniles_fam_Incertas_sed

= q - §_Burkholderia-Caballerania-Paraburkholderia a1 g Hottermanniclia

= 1 _Rhodanobacteraceae
= g Chujaibacler
1T Acidolhermaceae
g_Asidothermus.
11 Solitbrobecteracese

b1 :{_Piskurorymaccan

©1 1 Solicoecazyma
{unclassified_p_Razelomycota

== o1 g_unclassified_p_ Rozelbmycata

1 { Mottiralaceae
== g1 {_unciassified_k_Fungi
= 1 g_unclassified_k_Fungi

D 9 Tausonia I—
1 Hiaiiacens DR
o_Cystofiobasidiales E——————
o Microascales IS
f_Microascaceae E—

Bl e g Geomyces
oo o nelebolaies
f_Pssudeuroliaceas

n o_Geastrales

‘9_Bradyrhizobium
P © s oo
a_norank_norank

_ Burkholderia-Cab S
T_norank_c_Subaroup_2

Subgroup 2

o Frankiales

s Bl sa EM17a

1 2 3 4
LDA SCORE (log10)

33a

1 Geastraceas —
B p——"
_Holsimanniella E——

 undiassified_c_Agarcomyosies
o Unclassified s Agaricomycstes EE—

o Agaricales E—
g unclassified o Agaricomycetes IN————

0_Pezizaies

o Trichoclacium

f Pyronemataceae

o Sorsarisles
£ Chastomiaceas I ——
o_Tremellslos I ——

f Tnmnrv‘mmv-:em:eae

Saitozyma
o_unaassited

gunclassified
Tunclassified

f_unclassified g r!me\\nmym'a_
o Fusariun E——]
o_undlassified p_Rozellomycola E——

e oLundlassiflecp_Rozeliomycota —
hr: g Selicoccozima
g_Sporosarcina :l

1 Briirozymaceae
o flobmae =
o Chagtosphaerisles |
5 g unciassied p Accomyoota
o_undassified p_Ascomycota |
Tundassified_p_Ascomycota T
o Eurofisles
g wnciassified o Chactothyrizles
* unclassiied_o_Chaetothyriales

o |

1 Aspergillaceae

¢ Aspergilus
¢ Trichocomaceae
f Teratosphaeriaceas

o 1 2 3 4 5

LDA SCORE (log10)





OPS/images/fpls.2022.1005303/im1.jpg





OPS/images/fpls.2022.1005303/fpls-13-1005303-g007.jpg
A
B HK B LK

| | | |

Valine, leucine and isoleucine biosynthesis _
Pantéthenate and CoA biosynthesis _ -
C5-Branched dibasic acid metabolism _ :

_ Homologous ri:combinati(m
= Starch and suu()su muabollsm
DNA erhLdtIOll
_ Glycolysis /(JIULOIKOQLHLSIS
[ 53asc cxcision fepair

Aminoacyl-tRNA biosy mhmx
; TCA cycle I ;

3 2 - 0 1 9 3 4
LDA SCORE(log 10)

B HK B MK

! I | |
: : Monobactam biosynthesis

C5-Branched dibasic acid metabolism

: Glutathione metabolism

) _ Nucleotide ex¢ision repair
_ Pyrimidine mu,ltaholism

I, 1A cycle

i | [ [ | i i |
-4 -3 -2 -1 0 1 2 3
LDA SCORE(log 10)

B 1K B MK

| | | | | | |
h One carbon pool by folate :

[ S
Streptomycin biosynthesis I N
Mmmhdutdm biosynthesis i
llomolouous recombination :
_ Glyoxylate and dILdIhO\\ late lmtdbollsm
Aldmm aspartate and glutamate metabolism
[ ] RNA degradation :
_ Pantothenate and CoA biosy mhws

-3 -2 -1 0 1 2 3
LDA SCORE(log 10)





OPS/images/fpls.2022.1005303/fpls-13-1005303-g008.jpg
® LK
® MK
® HK

% |
9 Fo
°
i z -
z @
. 3 . g
< Lo &
g
M el
= =
g < i m
o
G
°
foe
=1
LS
;
. : . :
< b o
{1 (=] (=)
a uonnqryuo))
©
=}
=
=]
—
a @
s £
s ¥
IS I
<
o
g g
<+
(=3
:
©
=3
:
ol
o
T T T
- ° - a < « a -
= (&) uonnqryuo))

< (%6TLDTVad





OPS/images/fpls.2022.1005303/fpls-13-1005303-g009.jpg
Y
7

/"

/

7|

NN
NN
NN

\

Z/
7/
/4

7/
7

AN






OPS/images/fpls.2022.1005303/fpls-13-1005303-g010.jpg
Abundance of

G

o

o —
0 .8
-
o D
dt
= 9
2 8
=

community

kegg pathway

0.0261

40.150; SRMR=

0.885: AIC

=0.246; GFF

4.150; df=3; P

)

P





OPS/images/fpls.2022.1005303/fpls-13-1005303-g003.jpg
A
3000
2500
2000

1500

Chaol

1000

500

PCo02(15.34%)

5.00e-2

2500

Observed_species

0.1

04

F=2.42, R?>=0.45, P=0.045

T
0.0
PCo1(42.6%)

T
0.1

)
S
L

=)
S
L

0
(=]
L

PD whole tree

(=)
(=]
1

N
(=4
1

204

@ MK

® HK

LK MK HK

Shannon

LK MK

HK






OPS/images/fpls.2022.1005303/fpls-13-1005303-g004.jpg
A

- .

95% confidence intervals

Acidabacteria EEE —— H Sdged
Protcobacteio | —— 5263
Chloroflexi Hillm —e— ! 0.018

et 0049

- 0032

Bactroidetes B to: 0038
00 a0 a5 0 s 0 5 10 15

K E MK

Mean proportion (%)

Proteobacteria E——
Chloroflexi Bl
Gemmatimonadetes B

Patescibacteria
Chiamydiae |

00

394 -10
Mean proportion (%)

[—

Difference in mean proportions (%)

95% confidence intervals

a
0 5 10
Difference in mean proportions (%)

15

————— i oon

502¢3
0014
0018
0034

pvalue (corrected)

pvalue (corrected)

C

L RO TS 95% confidence intervals.

unculured_Acidobactera_bacteriun S — — ] 190e:3
‘Sphingomonas P | —e—i 8153
Bacilus B e 36603
Ellin6067 B o 12863
Bryobacter Bl ot 45763
00 4 -5 a0 s 0 s )
Mean propartion (%) Difference in mean proportons (%)
=K = K 95% confidence intervals
Sphingomonss EE— e oms
Bacillus B | e s51e3
Gemmatimonas EEE=. —.—i 0048
Ellingo67 S | e 25563
Prcudolabrys B (e 96963
uncultured_Acidobactersceac_bacterium By o 66603
00 0o 2 0 2 4 6 8 10 12
Mean proportion (%) Difference in mean proportions (%)

= MK . K 95% confidence intervals
Pcudolabrys E————

0023

00 19 -12 0 08 06 04 02 00
Mean proportion (%) Difference in mean proportions (%)

02

pvalue (corrected)

pvalue (corrected)

pevalbe comected)





OPS/images/fpls.2022.1005303/fpls-13-1005303-g005.jpg
HK VS LK

ARIES

HK VS MK

MK VS LK

2

® down
© nodiff’

ouwp

D

- OTU_1373 g_Taibaiella 120

4-- OTU_373 g Rhodocyclaceae_bacterium

N OTU_354 g_Ellin6067 050
OTU_365 g_Mizugakiibacter -0.00
OTU_2874 g_Sphingomonas
OTU_2715 g_Devosia -0.60
OTU_1860 g_Pseudarthrobacter 12

TU_2532 g_Sphingomonas

[ B o 575 Sphingomonas

- OTU_2682 g_Acidobacteriaceae_bacterium
OTU_2711 g_Acidobacteria_bacterium

-- OTU_353 g_Burkholderia-Caballeronia-Paraburkholderia

OTU_2752 g_Acidobacteria_bacterium
TU_2246 g_Acidobacteria_bacterium

- OTU_2084 g_uncultured_bacterium

OTU_396 g_Lysobacter
OTU_2080 g_uncultured_bacterium
OTU_2075 g_Nitrolancea
OTU_1742 g_Singulisphaera






OPS/images/fpls.2022.1005303/fpls-13-1005303-g006.jpg
PC02(25.81%)

5.00e-3

-5.00e-3

-1.00e-24

-0.0154

F=1.34, R?=0.31, P=0.163

20010 -0.005 0.000 0.005 0.010
PCol(31.54%)

® LK
@ MK

® HK






OPS/images/fpls.2022.1005303/fpls-13-1005303-g002.jpg
” (yueyd/S) uonenuIndoe & (yuerd/3) wySrom 1onew A1g

5
44
3
2
1
0

0.8

0.

0

0

(3ued/3)uonemunode N (querd/3) vonenuwndoE §

<





OPS/images/fpls.2022.1032480/fpls-13-1032480-g001.jpg
Plant root samples
(ND\MD\SD &
ND+\MD+N\SD+l)

New roots

Subjected to treatments

Control and rhizosphere samples
(ND+I/-p\MD+1/-p\SD+l/-p &
ND+1/+p\MD+I/+p\SD+/+p)

for 40 days

Growth under sterile condition
under different drought stresses Plantlets underwent Control soil
different treatments samples





OPS/images/fpls.2022.1032480/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1043042/table3.jpg
NM DM DM-G DM-PH DM-CK DM-P4 DM-TC

BGBA (mmol/L) 8.533 + 1.650c 32.300 + 1.300a 29.833 + 5.093ab 26.933 + 1.893b 33.433 £ 0.709a 31.866 + 2.157a 29.700 + 2.663ab
BGAA (mmol/L)  10.666 + 0.321d 33.700 + 1.552a 11.633 + 0.709cd 16.366 + 1.625b 14.833 £ 4901bc  13.833 + 1.504bcd ~ 14.767 + 1.858bc
Heart 0.264 + 0.035a 0.157 + 0.040c 0.187 + 0.030bc 0.207 + 0.043b 0.157 + 0.025¢ 0.198 + 0.041bc 0.184 + 0.028bc
Liver 1.589 + 0.342a 1.483 + 0.386ab 1.194 + 0.242b 1.557 + 0.309a 1.512 + 0.265ab 1.490 + 0.270ab 1.609 + 0.253a
Spleen 0.152 + 0.029a 0.131 + 0.053ab 0.088 + 0.031ab 0.136 + 0.030a 0.111 + 0.054ab 0.142 + 0.027a 0.121 + 0.038ab
Lung 0.258 + 0.043a 0.167 + 0.051d 0.168 + 0.073d 0.231 + 0.030abc 0.188 + 0.025cd 0.243 + 0.034ab 0.208 + 0.025bcd
Kidney 0.384 + 0.081d 0.497 + 0.11bc 0.430 + 0.059bcd 0.525 + 0.122ab 0.418 + 0.064cd 0.477 + 0.094bcd 0.620 + 0.107a
Pancreas 0.119 + 0.009ab 0.094 + 0.008cd 0.105 + 0.012bc 0.077 + 0.008d 0.078 + 0.016d 0.131 + 0.041a 0.051 + 0.016e
Gonad 0.239 + 0.053bcd 0.175 + 0.061cd 0.160 + 0.069d 0.394 + 0.174a 0.280 + 0.034b 0.257 + 0.051bc 0.242 +0.018bcd
Thymus 0.045 + 0.009a 0.031  0.006bc 0.026 + 0.003¢ 0.030 + 0.008bc 0.028 + 0.006¢ 0.039 + 0.014ab 0.038 + 0.006ab
Femur 0.089 + 0.005a 0.086 + 0.004ab 0.081 + 0.003b 0.086 + 0.005ab 0.085 + 0.005ab 0.084 + 0.005ab 0.085 + 0.005ab

BGBA, blood glucose before administration; BGAA, blood glucose after administration. Different letters indicate significant difference determined by Tukey’s test (p < 0.05; n = 10).
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Metabolite

Tropic acid

Elaidic acid
Phytosphingosine
Alanine
3-Hydroxypropionic acid
Stearic acid
Cycloleucine

D-talose
Glucoheptonic acid
Trehalose

Linoleic acid
3-hydroxypalmitic acid
Piceatannol

Threitol

Linolenic acid
Conduritol b epoxide
3-Hexenedioic acid
Thymidine
Kyotorphin

RT (min)

14.741
21.052
24.165
8.071
8.626
21.277
9.5850
17.706
21457
25.137
21.000
21.098
23.549
13.234
21.058
18.576
13.602
15.155
23.774

VIP

1122
1.160
1.144
1161
1.183
1.140
1136
1133
1139
1.174
1.126
1.167
1.081
1.089
1176
1175
1.147
1.105
1179

p-value

0.00092
0.00033
0.00025
0.00021
0.00017
0.00030
0.00065
0.00044
0.00029
0.00010
0.00069
0.00021
0.00154
0.00143
0.00014
0.00017
0.00064
0.00160
0.00014

Q-value

0.0019
0.0007
0.0006
0.0005
0.0005
0.0007
0.0014
0.0010
0.0007
0.0003
0.0014
0.0005
0.0031
0.0029
0.0004
0.0005
0.0014
0.0032
0.0004

Log,FC

-0.7510
—0.6553
-0.6175
-0.5996
-0.5407
-0.4653
-0.4151
-0.3953
-0.3924
-0.2487
0.3522
0.4055
04629
0.4943
0.5559
0.5573
0.5802
0.5843
0.8647
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it 10
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VII 10

Treatment

NM
DM
DM-G
DM-PH
DM-CK
DM-P4
DM-TC

0.5 ml of distilled water

1% alloxan (120 mg/kg, b.w.; i.p.
1% alloxan (120 mg/kg, b.w.; i.p.
1% alloxan (120 mg/kg, b.w.; i.p.
1% alloxan (120 mg/kg, b.w.; i.p.
1% alloxan (120 mg/kg, b.w.; i.p.
1% alloxan (120 mg/kg, b.w.; i.p.

Drug type and dose

+ 80 mg/kg, b.w.; i.p.
+ 80 mg/kg, b.w.; i.p.) + Glibenclamide tablets (20 mg/kg, b.w.; i.p.)
+ 80 mg/kg, b.w.; i.p.

+ 80 mg/kg, b.w.; i.p.

)
)
) + A. roxburghii purchased from pharmacy (20 mg/kg, b.w.; i.p.)
) + A. roxburghii in CK (20 mg/kg, b.w.; i.p.)

+ 80 mg/kg, b.w.; i.p.) + A. roxburghii in P4 inoculation (20 mg/kg, b.w.; i.p.)

)

+ 80 mg/kg, b.w.; i.p.) + A. roxburghii in tissue culture (20 mg/kg, b.w.; i.p.)

DM, Diabetic Model [1% alloxan (120 mg/kg, b.w. + 80 mg/kg, b.w.)]; b.w., Body weight; i.p., Intraperitoneal; (n), Number of animals per group.
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Treatment pH (H,0) SOC (gkg™) MBC/SOC (%) AN (mgkg™”) AP (mgkg™) AK (mg-kg™)

Off-year 4.72 £ 0.05b 29.13 £ 2.90a 1.66 + 0.67a 218.19 + 30.67a 5.76 £ 1.03a 315.47 + 54.79b
On-year 4.95 + 0.05a 22.94 + 2.35b 0.92 + 0.61b 192.75 + 22.31b 4.53 + 0.36b 377.47 + 40.31a

Different lowercase letters within columns indicate significant differences at p < 0.05. Data are presented as mean + SD, n = 10. SOC, soil organic C; MBC/SOC, the ratio of microbial
biomass C to soil organic C, namely, microbial quotient; AN, alkali-hydrolyzable N; AP, available P; AK, available K.
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Samples Simpson index Evenness index
CK 1.8 4% 0.08a 0.78 £ 0.01a 0.73 +0.04a
A 0.82 +0.04d 042 + 0.02d 0.430.03¢
A/AS 131 +0.01c 0.58 + 0.01c 0.61 +0.01b
S/A:S 0.62 £ 0.03e 0.31 £ 0.02¢ 038 +0.04c
s 1.73 £ 0.05b 0.75 + 0.02b 076+ 0.02a

Treatments: Data represent Mean + SD. CK (bare soil), A (Aartemisiifolia monoculture), A/A:S (A. artemisiifolia in the mixture of A. artemisiifolia and . viridis), S (S. viridis
monoculture), S/A:S (S. viridis in the mixture of A. artemisiifolia and S. viridis). Different lowercase letters indicate significant differences of the same indicator among different
treatments at P < 0.05 (n = 3).
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Pathogenic fungi Water fraction (cm) Ethyl acetate fraction (cm) Methanol fraction (cm) Ketoconazole (cm)

A 1.50 £0.14 1.60 £0.29 0.00 1.8+ 0.14
B 1.00 £0.14 1.10+£0.22 0.50 £ 0.08 20£0.14
C 0.80 +0.22 0.50+0.14 0.00 23+0.22
D 1.80 £0.08 1.30+£0.22 0.30 £ 0.08 26+029
E 1.80 £0.14 1.80 £ 0.22 0.20 £ 0.00 24 +£022
F 0.50 +£0.14 0.90 + 0.29 0.50 £ 0.08 25+0.29
G 1.80 £0.22 1.60+0.14 0.80 £0.14 20£0.14
H 1.00 £0.16 1.00£0.22 1.204+0.08 1.8+ 0.16
| 1.00 £0.14 1.10+£0.22 0.00 1.5 £0.00
J 1.00 £0.08 0.80+0.14 0.50 £ 0.08 1.20 £0.22

The anti-pathogenic fungal activities were displayed by the inhibition zone. A: Verticillium dahliae Kleb; B: Alternaria mali; C: Rhizoctonia solani; D: Sclerotinia sclerotiorum;
E: Gibberella saubinetii; F: Cordyceps militaris; G: Corynespora cassiicola; H: Fusarium oxysporum Dahl-1; I: Fusarium sp. Dahl-2; J: F. solani Dahl-3.





OPS/images/fpls-13-954160/fpls-13-954160-t002.jpg
Pathogenic fungi

V. dahliae Kleb
A. mali
R.solani

S. sclerotiorum
G. saubinetii
C. militaris

C. cassiicola

DAPG

125
>100
6.25
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Fusarium sp. Dahl-2
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CK: ketoconazole. Minimum inhibitory concentration (MIC) was 100 ng/mL; the fungus grew at a concentration of 100 pg/mL.
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Strains Antagonism against 9 fungal pathogens? Biocontrol potential® PGP potential® Assessed commercial value

Fo Fm R.s C.g C.f A.n A.f A.a Ag Antibiotics Sid. P 1AA N Total = 32

ZL8 2 3 3 3 3 3 3 3 2 1 1 1 1 0 29

Indicates sizes of inhibition zones of ZL8 antagonists toward 9 fungal pathogens 1 point represents 0—-1 mm wide zone; 2 point represents 1-3 mm wide zone; 3 point
represents >3 mm wide zone.

bindicates activities of antifungal metabolites. 1 point represents antagonist showing antibiotics and siderophore production (sid.). 1 point represents that ZL8 possesses
such trait while O point represents no ability.

CIndicates activities of plant growth-promoting potential including solubilizing phosphate (P), production of IAA, fixing nitrogen (N); B Phosphate solubilization; IAA,
Production of indole-3-acetic acid; N, Nitrogen fixation. 1 point represents ZL8 showing the said activity; O point represents ZL8 showing no these abilities.
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Alfalfa cultivars pH EC (us/cm) SOC (g/kg) TP (g/kg) AP (mg/kg)

Vi 8.16 = 0.042bcd 128.62 = 1.04bede 10.13 = 0.53¢bcde 1.60 £ 0.01° 6.54 % 0.51°
Sb 8.15 = 0.0230<d 133.70 + 1.39%b¢ 10.25 = 0.492bcde 1.60 £ 0.01° 5.12 =+ 0.25%¢
sd 8.21 +0.01%> 116.82 & 1.58° 891 +0.41% 1.55 & 0.002b¢ 4.28 + 0.26°
Md 8.09 & 0.03¢de 121.36 & 1.68% 9.61 & 0.33bcde 1.44 +0.044 5.26 & 0.172b¢
Fr 8.09 £ 0,01 141.20 + 2.61° 11.42 4 0.012b 1.44 4 0.03% 4.92 + 0.64%>¢
Mz 8.18 £ 0.01%>¢ 126.38 + 2.30Pcde 9.40 + 0.26%de 1.41 £ 0.024¢ 5.12 + 0.17%>¢
Rb 8.12 + 0.01bede 122.02 = 2.57¢de 10.00 = 0.492bcde 1.59 + 0.012b 5.14 & 0.50%b¢
Ns 8.24 4 0.012 124.00 = 1.94bcde 8.70 & 0.21¢ 1.31 4 0.03¢ 4.60 + 0.29b¢
Mf 8.03 £ 0.02¢ 13144 + 3.17°bcd 11.86 & 0.45° 1.46 =+ 0.04bcd 6.34 + 0.37°
Zm 8.09 = 0.01¢d 128.50 + 4.06>de 10.33 = 0.643bcde 1.53 =+ 0.042bcd 6.06 + 0.24%
Ws 8.04 = 0.00° 134.10 + 2.96°° 10.79 = 0.422bed 1.55 + 0.042b¢ 5.56 & 0.15%b¢
WE 8.08 + 0.02d¢ 128.74 + 2.83bcde 11.22 4 0.36°%b¢ 1.54 % 0.01°bcd 6.44 £ 0.19%

Soil properties (pH value, soil electrical conductivity, soil organic carbon, soil total phosphorus, and soil available phosphorus) among different alfalfa cultivars. Different lowercase letters indicate
significant differences (P < 0.05) among mean values in different cultivars. Values are means =+ standard error (n = 5).
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341.1072[M-H]-
120.0811[M+H-H20]+
218.1016[M-H]-
167.0334[M-H]-
401.1439[M-H]-

541.1182[M-H]-
415.1592[M-H]-
177.0553[M+H-H20]+
353.0863[M-H]-
515.1181[M-H]-
353.0701[M-H20-H]-
389.1223[M-HJ-
37L1119[M-H]-
177.0903[M-H20-H]-
163.1113[M-H]-
219.0645[M-H20-H]-
313.1064[M-H]-

353.1016[M-H]-

353.1016[M-H]-

191.1069[M+H]+

313.1154[M+2ACN
+2H]+

221.0804[M-HJ-
316.2853[M+H]+
311.221[M-H]-
293.2104[M-H20-H]-
185.0816[M+H]+
409.2344[M-H]-
453.1938[M-H]-

377.2673[M+H]+

Mass
accuracy
(ppm)

-4.98
-2.50
-8.25
-5.99
-3.49

7.76

-4.34
0.56

-2.83
-1.75
227

-4.88
-4.58
-7.34
-9.20
-5.48
-3.83

-4.25

-4.25

<157
-0.64

-4.52
221
-5.78
-4.43
432
10.26
4.19

-3.45

MS/MS fragment
ion (m/z)

123.0447[M-H]-

565.1557[M-H]-,
387.1641[M-H]-

373.1855[M-H]-

134.0361[M-H]-,
193.0495[M-H]-

203.0697[M-H]-

193.0488[M-H]-,
134.0362[M-H]-
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Group

Sobs
Mean SD
4082.881a 379.9242
3837.61% 357.408
Ace
Mean SD

51253352 394.3544
4777.339b 366.216

Shannon
Mean SD
9.30265a 0.778844
9.00981a 0748578

Goods coverage

Mean SD
0.98369a 0.001361
0.98609b 0.001127

Simpson
Mean SD
0.98772a 0.020017
0.98145a 0.019449
Pielou
Mean SD

0.7754a 0.05825
0.7562a 0.05588

Chaol
Mean SD
4951.628a 391.3516
4667.4152 368.1226
Pd
Mean SD

359.3468a 26.01045
340.168a 24.19418

Different letters in the same column indicate a significant difference (ANOVA followed by Tukey s-b(k), n=14, p<0.05, average value, SD standard deviation).
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Treatment pH

Original soil ~ 4.868 +0.02a
(¢} 5.58 £0.02b
R 587 £0.01c¢

SOC TN AP AK Water-soluble C1~

(g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
38.11+528a 15624 4+6.21b 46.334+3.87a 154.29+6.85a 3536 £3.28 ¢
43.84+6.14c 184.86£5.85¢c 93.90 £4.81c 682.35+ 2543 ¢ 14.63 +2.54b
27.82+535b 114.32+532a 69.98 +2.54b 407.51+31.24b 12.68 £3.25a

Exchangeable Ca Exchangeable Mg

(mg/kg)

37498 £29.64 a
706.12 £45.21b
851.69 £ 51.86 ¢

SOC, soluble organic carbon; TN, total nitrogen; AP, available phosphorus; AK, available phosphorus and potassium. Different letters indicates significant differences.

(mg/kg)

7422 +8.62a
213.65 £ 1236 ¢
12334 +9.52b
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Strains

AP B. megaterium
B. frigoritolerans
AN B. megaterium

B. frigoritolerans

Co

28.14 +295a
25.01 + 1.63¢c
114.36 + 6.51d
94.3 + 1.88a

G

32.39 £293a
28.25 + 2.57¢
165.8 + 1.56¢
96.53 + 0.98a

C

32.02 + 3.61a
42.42 + 3.24b
2534 + 15.28b
98.47 + 0.8a

Cs

32.64 +3.47a
61.24 +3.27a
3425 +13.93a
99.04 + 0.83a

AP, Available phosphorus; AN, Available nitrogen; Cy, sterile water; C;, 20xthe volume of concentrated root exudates; C,, 40xthe volume of concentrated root exudates; Cs, 60xthe volume

of concentrated root exudates. Different lowercase followed after values in the same line indicate that the same strain with different concentrations root exudates has significant differences at
the p <0.05 level. The values are shown as mean + standard deviation.
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Sample N TK i Available N Available K Available P Organic matter ~ pH

(g/kg) (g/kg) (g/kg ) (mg/kg) (mg/kg) (mg/kg) (g/kg)
FR 2.31 +0.06 be 0.92 £0.03 a 0.97 £0.01d 194.00 + 4.58 d 11246 + 191 ¢ 315.26 + 4.66 abc 30.58 + 1.64 ab 7.48 a
MR 296 £0.55a 0.73 + 0.06 be 1.21 £ 0.11 be 256.67 + 14.57 a 201.49 £ 6.77 a 276.90 +9.34 d 29.55 + 0.46 b 7.15a
MA 208 +0.41c 0.72 + 0.01 be 1.04 + 0.15 cd 186.67 + 10.70 d 88.27 +2.49 de 32546 + 2538 a 30.87 + 0.94 ab 7.39a
NR 2.75 +£0.27 ab 0.73 +0.03 be 1.25 £ 0.13 ab 228.67 + 10.69 bc 214.60 + 18.88 a 305.66 + 9.03 abc 3167 +2.15a 714 a
NA 287 +0.27a 0.57 £ 0.01 ¢ 1.27 + 0.13 ab 235.67 £7.23b 102.40 + 4.62 cd 316.83 + 14.62 ab 30.20 + 0.22 ab 733 a
SR 190 £0.14 ¢ 0.59 £ 0.01 ¢ 1.26 + 0.11 ab 216.00 + 6.56 ¢ 172.59 +7.02 b 299.41 + 16.36 bed 3179+ 1.20 a 732a
SA 196 £ 0.16 ¢ 0.88 + 0.05 ab 140+ 0.12a 184.33 £ 5.69 d 8299 £ 620 e 291.01 + 13.82 cd 30.77 £ 0.15 ab 721a

FR, newly planted R. glutinosa rhizosphere soil; MR, plastic film barrier treatment R. glutinosa rhizosphere soil; MA, plastic film barrier treatment A.bidentata rhizosphere soil; SR, nylon
mesh barrier treatment R. glutinosa rhizosphere soil; SA, nylon mesh barrier treatment A.bidentata rhizosphere soil; NR, no root barrier R. glutinosa rhizosphere soil; NA, no root barrier
A bidentata rhizosphere soil.

Different letters in columns show significant differences determined by LSD’s test (p<0.05, n=3).
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Soil type

FCP-r
SCP-r
TCP-r
CK-r
FCP-nr
SCP-nr
TCP-nr
CK-nr

Shannon

6.92 4 0.07a
7.15+ 0.01b
6.81 £ 0.02¢
6.60 £+ 001d
7.02 4 0.02a
7.12+0.01b
7.05+ 0.01a
6.70 £0.01c

Chaol

20,098 =+ 4455a
13,676 £ 998b
14,474 + 1483b
9,704 £ 700c
14,573 &+ 991ab
13,392 £+ 151a
17,201 + 465b
13,611 + 400a

ACE

29,654 £ 7801a
16,717 & 1413a
19,317 & 2128a
12,217 + 884a
19,041 £ 782a
16,797 &+ 78a
23,901 £ 1120a
18,047 &+ 771a

OTUs, operation taxonomy units (97% similarity). Values are the means =+ standard

errors (n = 3). Different lowercase letters show significant differences (P < 0.05). CK,

Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP,

third-generation seedings. r, rhizosphere soil; nr, bulk soil.
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Soil type

FCP-r
SCP-r
TCP-r
CK-r
FCP-nr
SCP-nr
TCP-nr
CK-nr

Shannon

4.96 £+ 0.43b
5.25+0.26a
4.82 4+ 0.01c
4.93 £ 0.60b
4.38 4+ 0.21c
533 4+0.78a
4.60 £ 0.24b
534 4+0.29a

Chaol

2,035 =+ 86.16b
3,085+ 312.28a
2,783 £ 430.26a
2,125 + 254.72b
2,382 + 408.31b
2,922 £ 196.90a
2,535 4 138.38ab
2,537 4 132.28ab

ACE

3,007 £ 114.04b
4,948 + 420.67a
4,145 +700.64a
3,200 + 302.76b
4,036 + 645.33b
5,328 + 687.33a
3,447 £ 136.89b
3,585 + 320.42b

OTUs, operation taxonomy units (97% similarity). Values are the means =+ standard

errors (n = 3). Different lowercase letters show significant differences (P < 0.05). CK,

Nanmu seedings; FCP, first-generation seedings; SCP, second-generation seedings; TCP,

third-generation seedings. r, rhizosphere soil; nr, bulk soil.
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Soil type TC g/kg TN g/kg TCN MBC mg/kg MBN mg/kg MBCN

FCP-r 35.97 4 4.47ab 1.07 + 0.18a 34.51 + 8.67ab 608.94 + 64.15a 123.36 & 2.80a 4.95+ 0.64a
SCP-r 4123 + 1.66a 0.98 + 0.01a 42154128 429.9 + 20.66b 127.90 + 6.65a 3.37 4 0.35b
TCP-r 29.18 + 1.52b 1.05 4 0.02a 27.89 & 1.02b 520.87 & 51.93ab 121.95 4 4.29a 428 +0.57ab
CK-r 34.76 4 2.30ab 1.06 + 0.02a 32.87 £ 2.34b 642.50 + 88.21a 129.55 4 9.53a 5.00 = 0.88a
FCP-nr 33.47 £ 2.14b 1.01 4 0.02a 32.98 + 1.97ab 311.90 + 13.62a 117.02 4 9.37a 2.68 = 0.30a
SCP-nr 4036 + 1.8% 1.07 4 0.02ab 37.80 +2.32a 151.18 £ 10.61b 125.53 + 13.42a 1.21 4+ 0.14b
TCP-nr 31,57 + 3.14b 1.05 4 0.01ab 30.03 & 3.15b 380.70 + 26.20a 123.08 + 14.00a 3.12+ 0.46a
CK-nr 33.10 = 2.43b 1.06 & 0.04b 31.40 = 3.46b 37129 + 84.68a 132.714 7.71a 2.80 + 0.60a
Soil type DOC mg/kg DON mg/kg DOCN NH,*-N mg/kg NO;3;~-N mg/kg AP mg/kg
FCP-r 167.25 % 5.10¢ 20.96 + 1.06a 7.98 4 0.17b 13.32 4 0.78b 1.06 + 0.06a 2.114027c
SCP-r 176.15 & 9.52¢ 19.12 4 1.51ab 9.23 4 0.65b 18.56 4 0.56a 0.41 +0.07¢ 2.18 + 0.05¢
TCP-r 20243 + 17.34b 14.05 + 2.79¢ 14.75 + 2.84a 18.09 4 0.69a 0.69 == 0.10b 4.47 £ 0.53b
CK-r 290.08 + 2.75a 17.54 4 0.56b 16.54 + 0.56a 14.46 4 0.38b 0.43 +0.11c 6.90 = 0.16a
FCP-nr 20852 +5.17b 17.94 4 2.75ab 11.83 + 2.04b 11.13 4 0.026b 1.13 = 0.05ab 2.54 %+ 0.07c
SCP-nr 229.84 - 7.83ab 11.71 4 1.03b 19.68 + 1.30a 16.85 4 0.36a 0.51 +0.10¢ 2.47 + 0.04c
TCP-nr 24653 + 8.78a 13.59 4 2.57a 18.62 + 3.88a 16.56 4 0.16a 0.92+ 0.15a 5.17 + 0.16b
CK-nr 248.8 £3.91a 18.11 4 3.15a 14.25 4 4.51ab 11.17 4 0.09b 0.76 = 0.15b 7.26 + 1.65a

TC, total carbon; TN, total nitrogen; TCN, TC/TN ratio; DOC, dissolved organic carbon; DON, dissolved organic nitrogen; DOCN, DOC/DON ratio; MBC, microbial biomass carbon; MBN,
microbial biomass nitrogen; MBCN, MBC/MBN ratio; AP, available phosphorus; NH; " -N, ammonium nitrogen; NO3 ™ -N, nitrate nitrogen CK, Nanmu seedings; FCP, first-generation seedings;
SCP, second-generation seedings; TCP, third-generation seedings. r, rhizosphere soil; nr, bulk soil. Values are the means =+ standard errors (n = 3). Different lowercase letters show significant
differences (P < 0.05).





