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Abstract

:

Radix pseudostellariae is one of the well-known genuine medicinal herbs in Fujian province, China. However, the continuous cropping obstacles with respect to R. pseudostellariae have seriously affected the sustainable utilization of medicinal resources and the development of related industrial systems. The occurrence of continuous cropping obstacles is a comprehensive effect of multiple deteriorating biological and abiotic factors in the rhizosphere soil. Therefore, intensive ecological methods have been the key to abating such obstacles. In this study, four treatments were set up, i.e., fallow (RP-F), fallow + bacterial fertilizer (RP-F-BF), rice-paddy-upland rotation (RP-R), and rice-paddy-upland rotation + bacterial fertilizer (RP-R-BF), during the interval between two plantings of R. pseudostellariae, with a newly planted (NP) treatment as the control. The results show that the yield of R. pseudostellariae under the RP-F treatment decreased by 46.25% compared to the NP treatment. Compared with the RP-F treatment, the yields of the RP-F-BF, RP-R, and RP-R-BF treatments significantly increased by 14.11%, 27.79%, and 62.51%, respectively. The medicinal quality of R. pseudostellariae treated with RP-R-BF was superior to that achieved with the other treatments, with the total saponin and polysaccharide contents increasing by 8.54% and 27.23%, respectively, compared to the RP-F treatment. The ecological intensive treatment of RP-R-BF significantly increased the soil pH, content of organic matter, abundance of beneficial microbial populations, and soil enzyme activity, thus remediating the deteriorating environment of continuous cropping soil. On this basis, the ecological intensive treatment RP-R-BF significantly increased the activity of protective enzymes and the expression levels of genes related to disease and stress resistance in leaves and root tubers. Redundancy and Pearson correlation analyses indicated that rice-paddy-upland rotation improved the soil structure, promoted the growth of eutrophic r-strategy bacterial communities, enhanced compound oxidation and reduction, broke the relationship between the deteriorating environment and harmful biological factors, and eventually weakened the intensity of harmful factors. The subsequent application of bacterial fertilizer improved the beneficial biological and abiotic factors, activated various ecological functions of the soil, enhanced the ecological relationship between various biological and abiotic factors, and reduced the stress intensity of R. pseudostellariae, thereby improving its disease and stress resistance, and ultimately reflecting the recovery of yield and quality. The results indirectly prove that the intensive ecological amelioration of the soil environment was the main factor for the yield recovery of R. pseudostellariae under continuous cropping.
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1. Introduction


In recent decades, the world’s population has grown rapidly, exceeding the capacity of natural resources at the current level of productivity. To support the massive global population, large-scale cropping has alleviated various pressures such as land resource scarcity, environmental restriction, and economic profit incentives [1,2]. However, single-crop farming has triggered a series of continuous cropping obstacles, including the obstruction of crop growth and development, the intensification of pests and diseases, and a decline in yield and quality [3]. Continuous cropping obstacles commonly exist in grain crops, cash crops, trees, vegetables, and flowers, including potato, sweet potato, soybean, strawberry, watermelon, tomato, cotton, peanut, tobacco, medicinal plants, etc. [4,5,6]. The continuous cropping obstacles with respect to medicinal plants such as ginseng, Radix pseudostellariae, American ginseng, Panax notoginseng, Rehmannia glutinosa, Platycodon grandiflorum, and Angelica sinensis are more serious than those of other plants [6]. As a well-known medicinal herb with an annual output value of CNY 3 billion in China, R. pseudostellariae reduces production by 30–50% in the second year of continuous cropping and over 70% in the third year of continuous cropping [7,8]. In addition, the quality of R. pseudostellariae declines seriously under continuous cropping; only after an interval of 3–4 years can the yield and quality be restored by replanting in the same field [9,10], which has become a bottleneck for the sustainable development of R. pseudostellariae.



Along with an understanding of the plant rhizosphere, most studies have found that the continuous cropping of plants alters the biological characteristics of the soil through the deposition of rhizosphere secretions and aboveground litter, which shapes the microbial community of the rhizosphere [11]. The process involves an increase in pathogenic microorganisms and a decrease in beneficial microorganisms, resulting in structural imbalances in the microbial community, which lead to disease outbreaks, hindered growth and development, and a sharp decline in yield and quality [6]. For example, with an increase in continuous cropping years, the abundance of pathogenic bacteria such as Fusarium and Talaromyces significantly increases in the rhizosphere soil of R. pseudostellariae, while the abundance of beneficial bacteria such as Bacillus, Burkholderia, Pseudomonas, Penicillium, and Streptomyces decreases [12]. It is thus clear that extensive land use will inevitably affect soil health and the diversity of the soil ecosystem [13,14,15].



The restoration and maintenance of soil health have become hot research topics among peers in China and abroad [16,17,18,19]. Based on the mechanism of continuous cropping obstacles, many scholars have explored environmentally friendly technologies to rebuild soil health, such as crop rotation, soil fumigation, and adding biochar, microbial fertilizer, organic fertilizer, and special element fertilizer [20,21,22,23,24]. Although these methods are effective in the current season, their effect is difficult to maintain in the next season due to the grave deterioration of the soil caused by long-term continuous cropping. Moreover, previous findings suggest that continuous cropping obstacles are a comprehensive manifestation of multiple factors such as soil acidification, nutrient sequestration, and soil-borne diseases [5]. Therefore, it is difficult to achieve lasting beneficial effects with a single technical measure.



At present, agricultural ecologists around the world are advocating for the development of sustainable agriculture through ecological intensification to improve crop yield and quality [25]. Ecological intensification emphasizes the sustainable use of ecological resources, which means improving resource utilization and land productivity without affecting the environment, and it is thus becoming the direction of modern agriculture [25]. A diversified crop portfolio, which involves arranging different functional plants or multiple species in a single crop cycle or different planting season, can result in highly compatible diversity on the surface and underground to achieve soil health, high crop yield, and high quality [26]. Similarly, other studies have shown that a combination of different tillage techniques can be used to strengthen soil remediation, accelerate the restoration of the soil environment, and consolidate the restoration effect over a long period of time [26]. The technology portfolios include soil fumigation with the addition of a microbial fertilizer [27,28], the combined application of biochar and microbial fertilizer [29], crop rotation with the addition of biochar [30,31], and so on. In multiple crop rotation patterns, many farmers have found that rice-paddy-upland rotation has a better effect on reducing continuous cropping obstacles with respect to R. pseudostellariae than other crop rotation techniques [32]. Further, due to the contradiction withrespect to land use for planting fruit, forests, and R. pseudostellariae, rice-paddy-upland rotation with R. pseudostellariae has gradually become the main planting model in Fujian province. This has achieved sustained high and stable yields, increased farmers’ incomes, and ensured the rational use of land resources [33]. In our study, paddy field–dryland rotation with the addition of a microbial fertilizer was used to abate continuous cropping obstacles with respect to R. pseudostellariae. Using new planting and continuous cropping treatments for R. pseudostellariae as the controls, the effects of ecological intensive treatments were evaluated from the perspectives of the physiological and biochemical characteristics of R. pseudostellariae and changes in the microecological environment, such as rhizosphere soil microorganisms. Through redundancy and Pearson correlation analyses, we aimed to explore the root ecological mechanisms and technical keys by which to alleviate continuous cropping obstacles with respect to R. pseudostellariae, in order to provide technical support for its sustainable ecological cultivation.




2. Materials and Methods


2.1. Experimental Design


The field experiment was conducted in the R. pseudostellariae-producing area of Ningde city, Fujian province, China, from December 2018 to June 2021. The experimental site was located in Daping village, Ningde, Fujian province (27.32° N, 119.71° E), which has a subtropical humid climate, an average elevation of 800 m, and an average annual rainfall of 2000 mm. The soil was red soil containing 1.164 g kg−1 of total nitrogen, 0.437 g kg−1 of total phosphorus, 0.866 g kg−1 of total potassium, 0.163 g kg−1 of available nitrogen, 0.105 g kg−1 of available phosphorus, and 0.133 g kg−1 of available potassium, and the proportion of clay was 10.6%. The tuberous roots of the “Zhesheng 2” variety were used as planting material, with 450 kg per hectare. The microbial fertilizer was made from microbial agents, soybean meal, fish meal, wheat bran, and chicken manure, and was mixed at a ratio of 3:1:1:1:3, with about 3% pure nitrogen, 6% P2O5, and 3% K2O. The microbial agents were developed by our research group in the early stage [34] and mainly composed of Bacillus and Burkholderia.



We set up five treatments (Figure S1), including newly planted (NP), keeping soil fallow after harvesting R. pseudostellariae (RP-F), applying microbial fertilizer in fallow soil before the next season of R. pseudostellariae (RP-F-BF), R. pseudostellariae rotated with rice (RP-R), and applying microbial fertilizer in the soil after harvesting the rice rotated with R. pseudostellariae (RP-R-BF). From 2018 to 2021, these treatments were conducted twice. For the field trial, we adopted a completely random design, and there were three experimental plots with 20 m2 per plot in each treatment. The rice variety in the rotation was Yexiangyoulishi, with conventional planting density and field management. The fertilizer dosage per 667 m2 was 20 kg of pure N, 10 kg of P2O5, and 12 kg of K2O throughout the growing season of R. pseudostellariae, and was consistent in different treatments. The amount of microbial fertilizer was 3000 kg per hectare. Chemical fertilizers were used to supplement the insufficient NPK in the treatments of RP-F-BF and RP-R-BF, and were applied on the soil surface at a distance of 3–5 cm from the plant in late March. The fertilization in other treatments was divided into base fertilizer (70%) and topdressing (30%). The base fertilizer was sprayed into the field before planting, and the deep ploughing depth was 25 to 30 cm. The topdressing was sprinkled on the soil surface, and was applied on the soil surface at a distance of 3–5 cm from the plant in late March.



The planting time of R. pseudostellariae is in December each year, and the harvest time is in July each year. In this study, the growth period of R. pseudostellariae was divided into four stages: the seedling stage (SS, from late February to late March), early stage of root expansion (EE, in April), middle stage of root expansion (ME, from early May to early June), and late stage of root expansion (LE, from middle June to early July). In 2021, plant and soil samples were collected in the middle of each growth period. The plant samples were used to analyze quality and gene expression. The soil samples were used to investigate physicochemical properties and changes in key microbial communities.




2.2. Yield Measurement and Quality Detection


During the harvest period of R. pseudostellariae, three sampling points were randomly selected for each treatment, with an area of 1 m × 1 m for each sampling point. Root tubers were excavated, washed, and dried to measure the yield. The dried root tubers were used to test the total saponin and polysaccharide contents. The total saponin and polysaccharide contents of R. pseudostellariae were determined, respectively, using the vanillin-acetic acid [35] and sulfuric acid-anthrone colorimetric spectrophotometry methods [36].




2.3. Determination of Soil Physicochemical Properties and Enzyme Activity


The soil pH value was tested using a pH meter (PHS-3C; Weijia, Jiangshu, China). The contents of total nitrogen and phosphorus were determined using a Smartchem 450 automatic chemical analyzer (AMS Alliance, Paris, France). The content of available nitrogen was determined via the alkaline hydrolysis diffusion method. The Mo-Sb colorimetric method was used to determine the content of available phosphorus. Flame photometry was used to determine the total potassium and available potassium [37]. The soil organic matter content was determined using the sulfuric acid potassium dichromate method [37].



Five soil enzyme activities were determined using the methods described by Guan [38]. The determination of the soil catalase activity was carried out using the potassium permanganate titration method. Urease activity was measured using sodium phenol-sodium hypochlorite colorimetry. Cellulase activity was measured using anthrone colorimetry. Sucrase activity was determined using nitrosalicylic acid colorimetry. Acid phosphatase activity was determined using the disodium p-nitrophenyl phosphate colorimetric method.




2.4. High-Throughput Sequencing Analysis of Rhizosphere Soil Microorganisms


DNA was extracted using a soil DNA extraction kit (Bori, Hangzhou, China) according to the manufacturer’s instructions. The V3–V4 variable region of bacteria and internal transcriptional spacer 1 of fungi were the target sequences of the PCR (T100 Thermal Cycler; BIO RAD, Hercules, CA, USA). The primers and program reported by Wu et al. [39] were used to amplify 16S rRNA genes and ITS1 fragments. Purified amplicons were sequenced using an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) at Aoweisen Gene Technology Co., Ltd. (Beijing, China). Qualified sequences were clustered into operational taxonomic units (OTUs) at a similarity threshold of 97% using the Uparse [40] algorithm of Vsearch [41] (v2.7.1).




2.5. Determination of Protective Enzyme Activity and Gene Expression Related to Disease Resistance


The protective enzyme activity and gene expression related to disease resistance were determined in the third leaf to last and root tubers at different growth stages. A total of 0.5 g of the sample was ground with 0.05 mol/L PH 7.8 phosphate buffer and centrifuged at 5000 rpm for 10 min. The supernatant was used to detect the activity of protective enzymes. The activities of peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), and malondialdehyde (MDA) were measured using guaiacol colorimetry, ultraviolet spectrography, photochemical reduction of nitrio blue tetrazolium, and thiobarbituric acid colorimetry, respectively [42].



An RT-PCR was used to explore the expression of disease-resistance-related genes in leaves and root tubers. The total RNA of leaves and root tubers at different stages was extracted using Omega’s Plant RNA extraction kit (Omega Bio-Tek, Dallas, TX, USA). cDNA was prepared using the Synthesis SuperMix reverse transcription kit (TAKARA-Bio, Kusatsu, Shiga, Japan) according to the manufacturer’s instructions. The reaction systems and programs described by Qin et al. [43] were used in the experiments. The primers are shown in Table 1. The amplification reaction was completed using a Bio RadCFX96 fluorescence quantitative RT-PCR instrument (Bio Rad, USA). Gene expression was analyzed using the 2−△△Ct calculation method [43].





 





Table 1. Effects of different treatments on the diversity of microbial community in rhizosphere soil of R. pseudostellariae.
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Chao1

	
Observed_Species

	
Shannon

	
Simpson






	
Fungi

	
NP

	
1067.65 ± 256.77 a

	
824 ± 205.79 a

	
5.28 ± 0.92 ab

	
0.88 ± 0.08 ab




	
RP-F

	
670.16 ± 272.04 b

	
475.67 ± 169.47 b

	
4.05 ± 0.92 c

	
0.81 ± 0.11 b




	
RP-F-BF

	
917.54 ± 84.79 ab

	
597 ± 35.34 ab

	
5.03 ± 0.24 abc

	
0.93 ± 0.01 a




	
RP-R

	
1048.44 ± 141.76 a

	
760.97 ± 107.96 a

	
5.91 ± 0.42 a

	
0.96 ± 0.01 a




	
RP-R-BF

	
810.22 ± 165.94 ab

	
514.9 ± 85.17 b

	
4.37 ± 0.45 bc

	
0.87 ± 0.04 ab




	
Bacteria

	
NP

	
3664.64 ± 95.05 ab

	
2762.2 ± 21.64 a

	
9.27 ± 0.01 a

	
0.9947 ± 0.0005 a




	
RP-F

	
3249.78 ± 24.59 c

	
2381.93 ± 58.01 c

	
9.01 ± 0.10 c

	
0.9944 ± 0.0004 a




	
RP-F-BF

	
3793.65 ± 200.31 a

	
2754.3333 ± 58.2789 a

	
9.21 ± 0.05 ab

	
0.995 ± 0.0002 a




	
RP-R

	
3475.52 ± 57.11 b

	
2491.59 ± 68.73 b

	
8.80 ± 0.12 d

	
0.9902 ± 0.0015 b




	
RP-R-BF

	
3628.55 ± 126.86 ab

	
2588.5 ± 68.61 b

	
9.10 ± 0.09 bc

	
0.9946 ± 0.0003 a








Treatments are the same as those given in Figure 1. Different lowercase letters indicate significant differences between different treatments at p < 0.05.
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Figure 1. Effects of different treatments on yield and quality of R. pseudostellariae. NP: the newly planting R. pseudostellariae; RP-F: the keeping soil fallow after harvesting R. pseudostellariae; RP-F-BF: applying bio-microbial fertilizer in fallow soil before the next planting period of R. pseudostellariae; RP-R: R. pseudostellariae rotated with rice; RP-R-BF: applying bio-microbial fertilizer in the soil after harvesting the rice rotated with R. pseudostellariae. Different lowercase letters indicate significant differences between different treatments at p < 0.05. (a) Root diameter of R. pseudostellariae under different treatments; (b) content of total saponin in root tubers of R. pseudostellariae; (c) content of polysaccharide in root tubers of R. pseudostellariae. 
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2.6. Data Analysis


The ribosomal RNA gene operon (rrn) copy numbers for bacterial OTUs were estimated according to the methods described by Stoddard et al. [44] and Nemergut et al. [45]. The community diversity of the rhizosphere microbes was analyzed using α- and β- diversity. Based on the I information, the richness and diversity indices were calculated using QIIME (v1.8.0) [41]. The PCA was analyzed using R (v3.6.0) to describe the dissimilarity between multiple samples. The β-diversity distance matrix between samples was calculated using the unweighted pair group method with an arithmetic mean (UPGMA) clustering tree. Redundancy analyses (RDAs) were used to explore the relationships between microbial abundance and environmental factors. The correlations between soil metabolites and microbial taxa were then evaluated using Spearman’s rank correlation test [46]. A one-way analysis of variance (ANOVA) was performed to assess the effects of the treatments on yield, gene expression, soil properties, and the alpha diversities and abundances of soil bacterial and fungal communities using the least significant difference (LSD, p < 0.05) in GraphPad Prism 7.1 software. The significance testing in the one-way ANOVA was based on the data from which the samples originated and followed a normal distribution [46,47].





3. Results


3.1. Yield and Quality of R. pseudostellariae under Different Treatments


The intensive ecological treatments significantly altered the appearance of root tubers in the second year of continuous planting of R. pseudostellariae (Supplementary Figure S2). Compared with the newly planted crop, the root length of R. pseudostellariae in the RP-F treatment decreased by 52.77%, and the diameter decreased by 21.12% (Figure 1b,c). The root length and diameter of R. pseudostellariae in the RP-F-BF, RP-R, and RP-R-BF treatments were also significantly lower than those of NP, but were higher than those of RP-F. The comparison between the four treatments was RP-R-BF > RP-F-BF > RP-R > RP-F.



In two identical trials, the yields of different treatments in the second test (December 2020–July 2021) were lower than those in the first test (December 2019–July 2020), but the changing trend between the two rounds of tests was consistent (Figure 1a). In the first field experiment, the yield of the RP-F treatment was significantly lower than that of the NP treatment, with a 46.25% drop in the yield. Compared with the RP-F treatment, RP-F-BF, RP-R, and RP-R-BF yields increased by 14.11%, 27.79%, and 62.51%. In the second trial, the RP-F yield declined by 67.38%. Compared with the RP-F treatment, the yields of RP-F-BF, RP-R, and RP-R-BF increased by 42.64%, 54.92%, and 140.52%, respectively. The yield of RP-R-BF increased by 55.25% as compared with RP-R.



The medicinal quality of R. pseudostellariae is an important indicator for measuring its value, and saponins and polysaccharides are its important quality indicators. The saponin and polysaccharide contents of R. pseudostellariae in the RP-F treatment were significantly lower than those of NP (Figure 1b,c). Compared to the RP-F treatment, the saponin content of R. pseudostellariae in the RP-F-BF, RP-R, and RP-R-BF treatments significantly increased by 3.66%, 6.10%, and 8.54% respectively. These three treatments significantly increased the polysaccharide contents by 18.30%, 22.81%, and 27.23%, respectively. There was no difference in the medicinal quality between the RP-R-BF and NP treatments.




3.2. Differential Physiological Responses of Leaves and Root Tubers under Different Treatments


The plants of R. pseudostellariae exhibited various physiological responses under different treatments. The content of malondialdehyde (MDA) and antioxidant enzyme activity in the leaves of R. pseudostellariae indicated its physiological state of resistance to the adverse environment. The MDA content in the leaves of different treatments showed an upward trend at different stages (Figure 2a). The MDA content in the leaves of RP-F was higher than that of other treatments in different growth stages, while the MDA content in the leaves of NP was significantly lower than that of other treatments. The peroxidase (POD, Figure 2b) activity in the leaves of different treatments was opposite to the variation tendency of MDA. The POD activity in the leaves of RP-F was lower than that of other treatments during the whole growth period. The leaf POD activity of RP-R-BF was significantly higher than that of RP-R and RP-F-BF in the middle and late stages of tuberous root expansion. The activity of superoxide dismutase (SOD, Figure 2c) in the leaves showed no significant difference in the middle stage of tuberous root expansion among different treatments. The SOD activity in the leaves of RP-R, RP-R-BF, and RP-F-BF was significantly higher than that of NP and RP-F in the early and late stages of tuberous root expansion. The leaf catalase (CAT, Figure 2d) activity showed an upward trend in RP-F and RP-R, and a downward trend in NP, RP-F-BF, and RP-R-BF. The CAT activity of RP-R-BF leaves was significantly lower than that of other treatments during the tuberous root expansion. In the later stage of tuberous root expansion, the CAT activity of RP-F leaves was significantly higher than that of other treatments.



The MDA content in the root tubers reached its maximum in the middle of root expansion (Figure 3a). The root MDA content of the RP-F treatment was significantly higher than that of the other treatments during the tuberous root expansion. The MDA content in the root tubers of NP was lower than that of other treatments in different growth stages. The POD activity of the root tubers in the RP-F treatment was significantly lower than that of other treatments throughout the entire expansion period. The POD activity of root tubers treated with RP-R-BF was significantly higher than that of the RP-R and RP-F-BF treatments in the middle and late stages of root expansion (Figure 3b). There was no significant difference in SOD activity among different treatments during the early stage of tuberous root expansion. The SOD activity in the root tubers of RP-F was significantly lower than that for RP-F-BF and RP-R treatments in the middle stage of expansion, but higher than that for other treatments in the later stage of expansion (Figure 3c). The CAT activity of RP-F root tubers was higher than that of other treatments during the root expansion period (Figure 3d).




3.3. Differential Expression of Disease Resistance Genes in Leaves and Tuberous Roots


In order to understand the defense status of R. pseudostellariae against continuous cropping obstacles under different treatments, we analyzed the differential expression of disease resistance genes in leaves (Supplementary Figure S3) and root tubers (Supplementary Figure S4) throughout the entire growth period. PAL1 and PAL3 expression levels in the leaves of NP were significantly lower than those of other treatments during the seedling stage, early root expansion stage, and middle expansion stage, but significantly higher than those of other treatments in the later expansion stage. In each stage, the expression levels of PAL1 and PAL3 in the leaves of RP-F were significantly lower than those of RP-F-BF, RP-R, and RP-R-BF. The expression abundance of PAL1 and PAL3 in the leaves of RP-R-BF was the highest compared to other treatments at different growth stages. Similarly, the expression abundances of CH1, CH4, and CH5 in the leaves of RP-F were significantly lower than those of RP-F-BF, RP-R, and RP-R-BF during the whole growth period. CH1, CH4, and CH5 expression levels in the NP leaves were significantly lower than those in the RP-F-BF, RP-R, and RP-R-BF treatments at the seedling, early, and middle stages of root expansion. The expression abundance of chitinase genes in leaves treated with RP-F-BF and RP-R-BF was significantly higher than that of RP-F and RP-R. The expression pattern of pathogenesis-related genes in the leaves of different treatments was opposite to that of phenylalanine ammonia lyase and chitinase genes. The expression abundances of PR1a, PR4, PR10, and PRS in the leaves of RP-F were significantly higher than those of other treatments at the seedling, early, and middle stages of root expansion, but significantly lower than those of other treatments in the later stage of root expansion. The expression level of disease-related protein genes in the NP leaves was significantly higher than that of other treatments only in the later stage of root expansion.



The gene expression patterns of phenylalanine ammonia lyase, chitinase, and pathogenesis-related genes in the root tubers of different treatments were similar to those of the leaves. PAL1 and PAL3 expression abundances in the root tubers of R. pseudostellariae treated with RP-F were significantly lower than those of RP-F-BF, RP-R, and RP-R-BF during the entire root expansion period, but they were higher than those of NP in the early stage of root expansion. PAL1 and PAL3 expression levels in the RP-R-BF treatment were the highest at each stage of root expansion. Similarly, compared with other treatments, the expression levels of CH1, CH4, and CH5 in the root tubers of RP-R-BF were the highest. However, PR1a, PR4, and PRS expression levels in the RP-F treatment were significantly higher than those of other treatments throughout the entire root expansion, while the expression level of the PR10 gene was only significantly higher than that of other treatments in the early stage of root expansion.




3.4. Differences in Soil Physicochemical Properties under Different Treatments


We measured the soil pH and NPK contents to clarify the dynamic changes in soil physicochemical properties under different treatments. The results show that after the new planting of R. pseudostellariae, the soil pH value significantly decreased (Figure 4a). The addition of microbial fertilizer, rice rotation, and the combination of the two methods resulted in a significant increase in soil pH under different treatments before the next planting. Although the soil pH of each treatment showed a decreasing trend in the continuous planting of R. pseudostellariae, the drop in soil pH under the RP-R-BF treatment was slower than that of other treatments, and there was no significant difference in soil pH between RP-R-BF and NP at the later stage of root expansion. The soil pH of RP-F was significantly lower than that of other treatments at different growth stages, and it showed the highest degree of acidification in the later stage of root expansion.



The organic matter (OM) content of the RP-F treatment was the lowest, and the decrease throughout the entire growth period was greater than that of other treatments (Figure 4b). The OM contents of RP-F-BF and RP-R-BF were significantly higher than that of NP in the middle and late stages of root expansion, and they maintained a high level in the later stage of root expansion. The contents of available phosphorus, available potassium, total phosphorus, and total potassium were significantly higher than those of NP soil (Figure 5b,c,e,f). Available phosphorus, available potassium, and total phosphorus in the soil treated with RP-R and RP-R-BF were also significantly lower than those under the RP-F treatment (Figure 5b,c,e).




3.5. Differences in Microbial Community Structure in the Rhizosphere Soil of R. pseudostellariae under Different Treatments


The diversity indexes of the rhizosphere microbial community are summarized in Table 1. The Chao1, observed_species, and Shannon indices of the fungal community in the rhizosphere soil of NP and RP-R are significantly higher than those of RP-F. The alpha indexes of fungal diversity in the RP-F rhizosphere soil are lower than those of the other treatments. Similarly, the Chao1, observed_species, and Shannon indices of the bacterial community in RP-F are significantly lower than those of NP, RP-F-BF, and RP-R-BF.



The analysis of UPGMA and PCA based on I shows the differences in fungal and bacterial communities among the different treatments (Supplementary Figure S5a–d). The cluster of the fungal community shows RP-F, RP-F-BF, and RP-R-BF gathering together to form a group, and the NP and RP-R treatments are each grouped separately. The principal component and cluster analyses of bacterial communities in the rhizosphere soil under different treatments are divided into three groups, with RP-F and RP-F-BF belonging to one group, RP-R and RP-R-BF belonging to another group, and NP being a separate group.



The ribosomal RNA operon (rrn) copy number is a genomic feature related to bacterial growth rates and nutritional needs, and can effectively predict the bacterial growth rate and nutrient utilization efficiency. Due to the large number of ribosomes required for rapid bacterial growth, r-strategy (eutrophic) bacteria will hold more ribosomal RNA operons. Therefore, K-strategy (oligotrophic) and r-strategy bacteria can be distinguished based on the number of ribosomal RNA operons. As shown in Figure 6a, bacterial species with rrn ≤ 2 (K-strategy) account for 56.49%, species with rrn >2 and <5 (r-K intermediate type) account for 27.25%, and species with rrn ≥ 5 (r-strategy) account for 5.72%. The relative abundance of K-strategy bacteria in the new planting is the smallest. There is no significant difference in the abundance of K-strategy bacteria between the RP-F, RP-F-BF, and RP-R-BF treatments. The abundance of K-strategy bacteria under the RP-R treatment is significantly lower than that of RP-F, RP-F-BF, and RP-R-BF (Figure 6c). The abundance of r-strategy bacteria and the r/K ratio in RP-F are significantly lower than those of other treatments, while they are the highest for RP-R (Figure 6b). Thus, it can be seen that under different treatments, the evolution of rhizosphere soil microorganisms is related to the differences in life-history strategies adopted. The RP-R treatment has a good effect on the subsequent planting of R. pseudostellariae, which may be related to the evolution of rhizosphere microorganisms using the r-strategy, and the formation of eutrophic structural characteristics.




3.6. Correlation Analysis between Rhizosphere Microbial Community and Environmental Factors


The RDA analysis showed that there was a significant correlation between fungal communities and factors including pH, available NPK, catalase, urease, and cellulose (Figure 7a, Table 2). Environmental factors including pH, urease, available PK, and total P significantly affected bacterial communities (Figure 7b, Table 2).



A Pearson correlation analysis showed a significant correlation between soil environmental factors and key microorganisms (Figure 8). Total NPK in the soil was positively correlated with Acidobacterium and Burkholderia, while it was negatively correlated with Nitrosospira, Nitrospirae, Pseudomonas, Rhizobium, and Glomeromycota. The available NPK was positively correlated with Fusarium, Acidobacterium, and Didymella, but negatively correlated with Nitrosospira, Nitrospirae, Penicillium, Pseudomonas, and Rhodobacter. Sucrase and acid phosphate monoesterase were positively correlated with potentially beneficial microorganisms such as Trichoderma, Streptomyces, Pseudomonas, Nitrosospira, and Bacillus. There was a positive correlation between catalase and Penicillium. Urease, cellulase, catalase, and organic matter were negatively correlated with the pathogenic bacteria Didymella. Acid phosphate monoesterase was negatively correlated with the pathogenic bacteria Fusarium and Talaromyces. Soil pH was negatively correlated with Acidobacterium, Fusarium, and Talaromyces, while it was positively correlated with Nitrospirae and Rhizobium.





4. Discussion


Continuous cropping obstacles are an unavoidable outcome in large-scale intensive agricultural production, and they have become one of the main limiting factors for soil health and the sustainable stability of productivity. The occurrence of continuous cropping obstacles in medicinal plants is a comprehensive reflection of the superimposed deterioration of multiple factors in the rhizosphere environment. Therefore, restoration of the soil environment through diversified intensive ecological methods is the key to abating continuous cropping obstacles.



Crop rotation, intercropping, and the application of bacterial fertilizers are effective measures by which to abate obstacles to continuous cropping [4,5,6]. Rice rotation has shown that residual rice stalks with an abundant silicon content can improve the diversity of soil fungi, promote the growth of Coniochaeta prunicola and Thermothelomyces hinnuleus, and inhibit the growth of pathogenic fungi such as Fusarium equiseti [48,49]. In this study, we found that after harvesting the first planting of R. pseudostellariae, treatments involving rice rotation, the addition of bacterial fertilizer, and a combination of the two methods significantly increased the organic matter content and pH value and slowed the drop in pH value during the second planting of R. pseudostellariae. These results are consistent with other research, which has shown that several medicinal plants such as Ligusticum sinense, Fritillaria hunbergia, Alisma orientalis, and Pinellia ternate rotated with cereal crops such as rice or wheat can significantly increase soil pH and effectively alleviate soil acidification in continuous cropping [50]. Other studies have shown that the continuous cropping of most medicinal plants exhibits the highest degree of acidification in rhizosphere soil, and changes in soil acidity significantly affect the microbial community structure [51]. For example, a decrease in soil pH caused by continuous cropping is beneficial for the proliferation of pathogenic fungi such as Fusarium oxysporum, while being disadvantageous to beneficial microorganisms such as Burkholderia [12]. The results of this study show that intensive ecological treatment, i.e., a combination of rice rotation and the addition of microbial fertilizer, significantly increases the diversity indexes of fungal and bacterial communities, reduces the population abundance of pathogenic fungi such as Fusarium and Aspergillus, and increases the population abundance of beneficial bacteria such as Penicillium and Trichoderma (Supplementary Figure S6). Research on the abatement of soybean continuous cropping obstacles has also indicated that maize/soybean rotation can significantly improve the abundance and diversity of bacteria in rhizosphere soil compared to soybean continuous cropping [52,53]. Similarly, compared to 3-year continuous cropping of pepper, the abundance of bacteria and actinomycetes in the rhizosphere soil after garlic/pepper rotation significantly increased, while the number of pathogenic fungi significantly decreased [54]. Thus, rotation can effectively improve the diversity and stability of microbial communities and ameliorate the soil environment and quality.



In addition, bacterial fertilizers are widely used due to their environmentally friendly, disease resistant, and soil improvement characteristics [55,56,57]. Bacterial fertilizer plays a significant role in reducing continuous cropping obstacles for plants such as tomato [58,59], cucumber [60,61], watermelon [62,63], strawberry [27,64], etc. The results of this study indicate that the combination of paddy-upland rotation and the application of bacterial fertilizer effectively improved the yield and quality of replanted R. pseudostellariae. This is because the intensive ecological treatment before the continuous planting of R. pseudostellariae significantly increased the soil organic matter content and promoted the activities of sucrase, acid phosphate monoesterase, catalase, urease, and cellulose. The results of the Spearman correlation analysis show that the soil enzyme activities were positively correlated with beneficial bacteria such as Trichoderma, Streptomyces, Pseudomonas, Nitrosospira, and Penicillium. It is thus clear that the intensive ecological methods for continuous cropping soil increase the abundance of beneficial microorganisms, which can not only degrade harmful substances, inhibiting rhizosphere pathogenic microorganisms and improving stress resistance, but also efficiently decompose and activate ineffective nutrients in the soil, improve soil physical and chemical properties, promote crop absorption of nutrients, stimulate crop growth, and thus improve the yield and quality of continuous cropping [56,57].



The results also show that, under intensive ecological soil treatment, the peroxidase and superoxide dismutase activities in the leaves and tuberous roots of R. pseudostellariae were significantly higher than those of the RP-F treatment, and the MDA content was significantly reduced. This indicates that the ecological intensive treatment significantly improved the protective enzyme activity in the continuous planting of R. pseudostellariae, quickly removing and reducing the damage caused by reactive oxygen. In addition, the expression levels of defense-related genes, including phenylalanine ammonia lyase and chitinase genes, in the leaves and tuberous roots of replanted R. pseudostellariae under the intensive ecological soil treatment were significantly higher than those of the RP-F and RP-R treatments, while the expression levels of pathogenesis-related genes were significantly lower than those of the RP-F treatment. In addition, CAT activity in RP-R at the seedling stage was significantly lower than that in other treatments, which may also have been caused by the low expression abundance of chitinase gene in RP-R. Studies have shown that when bacteria produce chitinase, its hydrogen peroxide content is significantly higher [65]. In this study, CAT activity in RP-R gradually increased, while the activity of CAT in other treatments decreased to remove excess reactive oxygen species (ROS), especially H2O2 [66]. The above results indicate that, under continuous cropping stress, the replanted R. pseudostellariae under the RP-F treatment was in a state of stress response throughout the entire growth period, disrupting normal physiological functions and even excessively improving disease resistance, which led to the premature aging and death of plant tissues and organs, thereby reducing overall stress resistance, hindering normal growth, and seriously affecting the yield and quality of R. pseudostellariae [9]. Qin et al. [43] found that after being infected by the pathogenic fungus Fusarium oxysporum, R. pseudostellariae accumulates a large amount of calcium ions in the infected cells in a short time, then activates the calcium signal sensing system to induce hypersensitivity reactions, and promotes the secretion of more phenolic acids by the roots, which causes colonization by the pathogenic fungus F. oxysporum around the roots of R. pseudostellariae, resulting in a sharp increase in the number of pathogenic F. oxysporum fungi in the rhizosphere soil. Ultimately, this leads to the deterioration of soil health. Therefore, with the increment of continuous cropping years, R. pseudostellariae exhibits weak stems and abnormal leaves, and significantly reduces aboveground and underground biomass [9,10]. In this study, the combination of rice-paddy-upland rotation and bacterial fertilizer application not only improved the stress resistance of R. pseudostellariae, but also significantly increased the length and diameter of root tubers, as well as the yield. The intensive ecological treatment also significantly increased the polysaccharide and saponin contents, achieving good results in alleviating continuous cropping obstacles with respect to R. pseudostellariae.




5. Conclusions


In summary, this study suggests that continuous cropping obstacles are the result of multiple factors that are interrelated, superimposed, and amplified to hinder plant growth and development. Breaking down the association between the factors of continuous cropping obstacles, minimizing the effects of the obstacles, and conversely enhancing various benign ecological factors conducive to plant growth are the keys to effectively repairing the ecological relationship between various biological and abiotic factors in the rhizosphere ecosystem. Therefore, using intensive ecological methods to reconstruct healthy rhizosphere soil is an effective path by which to reduce continuous cropping obstacles. The results of this study indicate that the combination of rice-paddy-upland rotation and bacterial fertilizer application is the best intensive ecological treatment by which to abate the continuous cropping obstacles with respect to R. pseudostellariae. This is mainly due to the benign change in the soil environment caused by rice-paddy-upland rotation, which enhanced the oxidation and reduction of compounds, alleviated soil acidification, and improved soil conditions. Rice-paddy-upland rotation also disconnected the relationship between the deteriorating environment caused by continuous cropping and harmful biological factors in the early stage of replanting R. pseudostellariae, suppressed the intensity of harmful factors, and resulted in the diversity reconstruction of rhizosphere microorganisms with increasing eutrophic r-strategy bacterial communities. The follow-up application of bacterial fertilizer enhanced the improvement effect on the rhizosphere soil, which increased the soil organic matter and abundance of beneficial microbes, improved various soil enzyme activities, and activated ecological functions in the rhizosphere soil, thereby achieving the healthy growth, stable yield, and high quality of replanted R. pseudostellariae.
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Figure 2. Antioxidant enzyme activities in the leaves of continuously monocultured R. pseudostellariae under different treatments. Treatments are the same as those given in Figure 1. SS: the seedling stage; EE: the early expanding stage of tuber roots; ME: the middle expanding stage of tuber roots; LE: the late expanding stage of tuber roots. (a) Content of MDA in the leaves of R. pseudostellariae; (b) POD activity in the leaves of R. pseudostellariae; (c) SOD activity in the leaves of R. pseudostellariae; (d) CAT activity in the leaves of R. pseudostellariae. 
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Figure 3. Antioxidant enzyme activities in the tuber roots of continuously monocultured R. pseudostellariae under different treatments. Treatments are the same as those given in Figure 1. EE: the early expanding stage of tuber roots; ME: the middle expanding stage of tuber roots; LE: the late expanding stage of tuber roots. (a) Content of MDA in root tubers of R. pseudostellariae; (b) POD activity in root tubers of R. pseudostellariae; (c) SOD activity in root tubers of R. pseudostellariae; (d) CAT activity in root tubers of R. pseudostellariae. 
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Figure 4. Soil pH value and organic content under different treatments. Treatments are the same as those given in Figure 1. BT: before treatments; BP: before the planting of second crop; SS: the seedling stage; EE: the early expanding stage of tuber roots; ME: the middle expanding stage of tuber roots; LE: the late expanding stage of tuber roots. Different lowercase letters indicate significant differences between different treatments at p < 0.05. (a) Soil pH value under different treatments; (b) soil organic content under different treatments. 
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Figure 5. Soil nitrogen, phosphorus, and potassium contents of R. pseudostellariae under different treatments. Treatments are the same as those given in Figure 1. SS: the seedling stage; EE: the early expanding stage of tuber roots; ME: the middle expanding stage of tuber roots; LE: the late expanding stage of tuber roots. Different lowercase letters indicate significant differences between different treatments at p < 0.05. (a) Soil-available nitrogen under different treatments; (b) soil-available phosphorus under different treatments; (c) soil-available potassium under different treatments; (d) total soil nitrogen under different treatments; (e) total soil phosphorus under different treatments; (f) total soil potassium under different treatments. 






Figure 5. Soil nitrogen, phosphorus, and potassium contents of R. pseudostellariae under different treatments. Treatments are the same as those given in Figure 1. SS: the seedling stage; EE: the early expanding stage of tuber roots; ME: the middle expanding stage of tuber roots; LE: the late expanding stage of tuber roots. Different lowercase letters indicate significant differences between different treatments at p < 0.05. (a) Soil-available nitrogen under different treatments; (b) soil-available phosphorus under different treatments; (c) soil-available potassium under different treatments; (d) total soil nitrogen under different treatments; (e) total soil phosphorus under different treatments; (f) total soil potassium under different treatments.



[image: Agriculture 14 00326 g005]







[image: Agriculture 14 00326 g006] 





Figure 6. Analysis of r-K survival strategies of rhizosphere soil microorganisms under different soil intensification treatments. Treatments are the same as those given in Figure 1. (a) The proportion of species with different ribosome RNA operon copy numbers; (b) shows the proportion of r-strategy bacteria and K-strategy bacteria under different treatments; (c) shows the relative abundance of r-strategy bacteria, K-strategy bacteria, and r-K intermediate strategy bacteria under different treatments. Different lowercase letters indicate significant differences between different treatments at p < 0.05. 
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Figure 7. Redundancy analysis between microbial communities and environmental factors in the rhizosphere soil of R. pseudostellariae under different treatments: (a) showed the redundancy analysis between fungal communities and environmental factors, and (b) showed the redundancy analysis between bacterial communities and environmental factors. 
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Figure 8. The correlation analysis demonstrated the relationships between soil environmental factors and microbial communities. A: Acidobacterium, Acidobacteria, Actinobacterium, Actinobacteria; B: Bacillus, Pseudomonas, Burkholderia-Paraburkholderia, Streptomyces, Penicillium, Trichoderma, Glomeromycota; C: Cellulomonas; D: Fusarium, Talaromyces, Aspergillus, Didymella; E: Rhizobacter, Nitrospira, Nitrosospira, Nitrospirae. 
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Table 2. Effects of environmental factors on the rhizosphere microbial community of R. pseudostellariae.
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Fungi

	

	
Bacteria

	




	
Environmental Factor

	
R2

	
p Value

	

	
R2

	
p Valure

	






	
pH

	
0.4989

	
0.016

	
*

	
0.544

	
0.014

	
*




	
Total nitrogen

	
0.1079

	
0.499

	

	
0.2161

	
0.233

	




	
Total phosphorus

	
0.4013

	
0.052

	

	
0.1832

	
0.279

	




	
Total potassium

	
0.3612

	
0.073

	

	
0.128

	
0.426

	




	
Available nitrogen

	
0.4544

	
0.032

	
*

	
0.0496

	
0.73

	




	
Available phosphorus

	
0.4847

	
0.023

	
*

	
0.3328

	
0.096

	




	
Available potassium

	
0.569

	
0.007

	
**

	
0.4612

	
0.021

	
*




	
Organic matter

	
0.2398

	
0.202

	

	
0.508

	
0.019

	
*




	
Catalase

	
0.6204

	
0.004

	
**

	
0.5835

	
0.007

	
**




	
Urease

	
0.4039

	
0.033

	
*

	
0.4054

	
0.05

	
*




	
Cellulase

	
0.5428

	
0.007

	
**

	
0.339

	
0.084

	




	
Acid phosphate monoesterase

	
0.3427

	
0.079

	

	
0.1918

	
0.278

	




	
Sucrase

	
0.3805

	
0.062

	

	
0.2511

	
0.167

	








** p < 0.01, * p < 0.05.
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