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Abstract

:

Continuous cropping is the main form of cultivation in Chinese agriculture. The bacterial community plays an important role in maintaining the healthy growth of plants. However, there are few reports on the composition and dynamics of the bacterial community structure under continuous cropping of Lonicera japonica Thunb. High-throughput sequencing was used to monitor the variation in the soil bacterial community structure of different monocropping years of Lonicera japonica Thunb., as well as the correlation between soil characteristics and bacterial community. Meanwhile, antagonistic bacteria for Fusarium oxysporum pathogens were isolated and functionally verified by culture-dependent techniques and pot experiments. Bacterial community diversity and structure changed significantly with the increase in the years of Lonicera japonica Thunb. succession. However, some beneficial bacteria, such as Bacillus and Nitrosospira, were gradually depleted. The complexity of the bacteria co-occurrence networks decreased with increasing years of cropping. FAPROTAX-based functional prediction showed that the abundance of genes related to carbon, nitrogen, sulfur metabolism and chitinlysis were reduced with the extended crop succession. Furthermore, the three Bacillus strains that were strongly antagonistic toward Fusarium oxysporum and the pot experiment demonstrated they significantly promoted Lonicera japonica Thunb. growth. Our research provides theoretical support for the development of microbial fertilizers that are beneficial to plants.
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1. Introduction


Lonicera japonica Thunb., also known as honeysuckle or Jin Yin Hua in Chinese, is an extensively used traditional Chinese medicine [1,2]. Honeysuckle, with its heat-reducing, detoxification, antibacterial and anti-inflammatory functions, has been widely used in medical treatments and in other industries, with an annual market of approximately 10,000 tons and sales of over CNY 2 billion in China [1]. Furthermore, honeysuckle is a valuable antiviral agent for the treatment of SARS coronavirus [3], H1N1 influenza virus [4] and enterovirus 71 [5]. Honeysuckle is grown continuously in the same field because of the limited arable land in China and increasing market demand [6,7]. Continuous monocropping usually leads to deterioration in soil texture, increased crop disease rates and reduced yield [8]. As reported, many medicinal plants face obstacles to continuous cropping, for example, Rehmannia glutinosa, Pseudostellaria heterophylla, Panax notoginseng and Angelica sinensis [9]. However, there is little research on whether continuous cultivation of honeysuckle results in a succession of barriers. Soil microorganisms, as an important part of the soil ecosystem, are sensitive to environmental changes and can be used to measure soil health [10]. Bacteria are crucial for maintaining the health of the hosts, given that they promote host growth and defend against diseases [11,12]. For example, PGRP (plant growth-promoting rhizobacteria) reduces soil-borne diseases by increasing plant immunity to soil-borne pathogens and improving soil productivity [9]. Studies have shown that continuous cropping can lead to soil microecological imbalances [13] and increase the risk of soil root rot [14]. The number of typical pathogenic fungi, such as Fusarium, increased significantly in the soil of medicinal plants with obstacles to continuous cropping, and they occupied more ecological niches in the microbial community [15]. Root rot is a common soil-borne disease, and a study showed that Fusarium oxysporum is a cause of root rot disease that gradually weakens the ability to absorb water and nutrients [16]. The disease affects the yield and quality of the medicinal plants and results in substantial loss. Studies have shown that Fusarium oxysporum is a cause of root rot in honeysuckle [17,18]. Currently, the main method of controlling root rot is usually treatment with chemical fungicides, but the use of fungicides can have many negative effects on soil. Another method is to improve or reorganize the belowground microbial community [19]. Antagonistic bacteria control soil-borne diseases by regulating the soil microcosm, inhibiting the growth of plant pathogens or increasing the resistance of the plant [20]. The application of microbial agents and fertilizers regulates the interaction between plants and microorganisms, regulates the number of pathogenic fungi within the threshold of pathogenicity and helps to alleviate soil succession barriers [21]. To date, some antagonistic strains have been isolated and provide good control of a wide range of diseases in different plants (e.g., apple, banana, tomato and cucumber) [22,23], such as Bacillus, which has been demonstrated to play an essential role in the suppression of plant pathogens [24].



Therefore, in this study, we aim to (1) describe the composition and function of the soil bacterial community during the continuous cropping years, (2) determine the correlation between soil physicochemical properties and bacterial community structure and (3) identify and characterize the antagonistic bacteria for pathogenic fungi Fusarium oxysporum. There are few studies on the analysis of the community structure of continuously cultivated honeysuckle, and this study aims to provide theoretical support for improving management measures and establishing a scientific cultivation system for honeysuckle by analyzing the structure of the bacterial community.




2. Materials and Methods


2.1. Description of the Soil Collection


The experimental field is located in Puyang (35°71′ N, 114°98′ E), Henan Province, China. This region belongs to a temperate continental monsoon climate and has an average temperature of 13.5 °C and a mean annual precipitation of 550 mm. Soil samples were taken through a five-point sampling approach to produce the soil samples. Samples were taken from the same area and where honeysuckle had never been planted as CK, and root-associated soil samples from different consecutive cropping years were named HS1, HS2, HS3, HS4, HS5 and HS6, respectively, and used for subsequent experimental analyses. A total of 21 soil samples were collected in this study. The soil was collected from the rhizome 1–2 cm range of honeysuckle and then sieved through a 2.0 mm sieve, and the soil samples were quickly transferred to a −80 °C freezer for DNA extraction and 4 °C for soil physicochemical characterization and bacteria strain isolation, respectively.




2.2. Soil Physicochemical Property Analysis


Soil pH was measured using a pH meter (METTLER-PE28, Shanghai, China) with water:soil = 2.5:1 [25]. The contents of soil total nitrogen (TN), total phosphorus (TP) and total potassium (TK) were determined by Convinced-test Co., Ltd. (Nanjing, China). Soil TP was determined calorimetrically by wet digestion with H2SO4 and HClO4 [26], while soil TN was determined by oxidation with potassium persulfate. The TK content in soil was determined by photometry and flame photometry.




2.3. DNA Extraction, PCR Amplification and Sequencing


Total DNA was extracted from 0.5 g soil samples by the E.Z.N.A.® Soil DNA Kit (OMEGA, Norcross, GA, USA) as instructed, and the final concentration was 20 ng/μL. The 16S rRNA gene using the primers 515F/926R was amplified for the V4–V5 hypervariable region [27]; the concentration of primer was 10 μM. The PCR volum was 50 μL, and thermal cycling consisted of initial denaturation at 98 °C for 1 min, followed by 30 cycles: denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, extension at 72 °C for 30 s and finally extension at 72 °C for 5 min. The Gene JET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA) was used to purify the mixed PCR products. The purified PCR products were quantified using Qubit® 3.0 (Thermo Scientific, Waltham, MA, USA) Sequencing libraries were generated using an Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s recommendations. Paired-end sequencing was performed at Novogene Technology Co., Ltd. (Beijing, China) using an Illumina MiSeq platform. After merging and quality checking, low-abundance noise was removed from the raw data [28]. The clean sequences were submitted to the NCBI Sequence Read Archive (SRA) under accession number PRJNA1012142.




2.4. Identification of Potential Isolates


Ten grams of fresh soil samples were serially diluted with sterile water, and the soil suspension was spread on LB plates. A total of 50 μL was applied to LB plates, incubated in the dark at 35 °C for 48 h and counted. Single colonies were picked for isolation and purification and then amplified by PCR. The 16S rRNA gene sequencing was conducted using bacterial universal primers 27F and 1492R. Gene sequences were aligned with those in the EzBiocloud database (https://www.ezbiocloud.net/, accessed on 19 December 2020). Multiple alignments and phylogenetic analysis were carried out using CLUSTALX (2.0) and MEGA (7.0) software.




2.5. Validation of the Antagonistic Bacteria Function


The dual culture technique was used to detect the antagonistic activities of bacterial isolates toward fungi. The pathogen Fusarium oxysporum was prepared by incubation in the center of PDA plates at 30 °C for 96 h, and then the strains were activated and inoculated at a distance of 3 cm around Fusarium oxysporum. The culture was conducted at 30 °C in an incubator for five days to observe whether the bacteria-inhibiting zone and the strains that were able to form a significant inhibition zone were considered antagonistic. The antagonistic effect was assessed by measuring the inhibition zones (mm) and the colony diameters. The percent (%) inhibition of the Fusarium oxysporum against each isolate was calculated as follows [23]:


Percentage colony growth inhibition = [(R2 − R1)/R2] × 100








where R1 = minimal distance between the center of the mycelial disc and the fungal colony margin toward the direction of the bacterium, and R2 = the fungal colony radius of the control plate (distance between the center of the mycelial disc and the fungal colony margin).




2.6. Characterization of Antagonistic Bacteria


Nitrogen fixation with Ashby medium (g/L): KH2PO4 0.2, NaCl 0.2, MgSO4·7H2O 0.2, CaCO3 5.0, CaSO4·2H2O 0.1, mannitol 10, pH = 7.0 at 28 °C for 48 h [29]. A positive reaction indicated that the strain grew very well on this plate. Phosphate solubilization assay: Inorganic phosphorus medium (g/L): glucose 10.0, KCl 1.7, (NH4)2SO4 0.5, MgSO4·7H2O 0.5, Ca3(PO4)2 5.0, FeCl3 0.005, CaCO3 0.1, pH 7.5–8.0; and organophosphorus medium (g/L): glucose 10.0, (NH4)2SO4 0.5, NaCl 0.3, KCl 0.3, MgSO4·7H2O 0.3, FeSO4·7H2O 0.03, MnSO4·H2O 0.03 and agar 20. At the same time, 10 mL of yolk solution was added (ratio of normal saline to yolk solution: 1:1) [30]. A positive reaction was indicated by a transparent ring formed around the strain on the phosphorus solution medium. Secrete indole acetic acid (IAA) test: The strain was inoculated in LB liquid medium containing L-tryptophan (100 mg/L) at 30 °C and 180 r/min for 24 h. The suspended liquid of 50 μL bacteria was dropped on a white ceramic board, and Salkowski coloration solution of equal volume was added at the same time as performed previously [31]. LB liquid medium and an equal volume of chromogenic solution were used as controls. The white ceramic plate was placed at room temperature and in the dark for 30 min for observation. The development of a pink color indicates IAA production [31,32]. Protease production assay: Protease production was inoculated on 10 g/L skim milk agar plates at 30 °C. A positive test was indicated by the appearance of a clear zone around colonies [33]. Chitinase production assay: Chitin medium (g/L), colloidal chitin 10, peptone 10, K2HPO4 0.7, KH2PO4 0.4, MgSO4·7H2O 0.5, FeSO4·7H2O 0.01, ZnSO4 0.01 and agar 15.0 g. The presence of a clear ring around the colony indicates a positive reaction [34]. β-glucanase production assay: β-glucanase production medium (g/L), β-glucan 2.0, NaNO3 1.0, K2HPO4 1.0, KCl 0.5, MgSO4 0.5, FeSO4 0.1, Congo red 0.5 and pH 7.2. The positive test was indicated by the appearance of a clear zone around colonies.




2.7. Greenhouse Pot Experiments


The pot experiments were conducted in a greenhouse in which temperature, humidity and light duration were controllable. The experiment was set up in greenhouses in pots with a diameter of 60 cm and a height of 80 cm. Two seedling honeysuckle plants were placed in each pot. The experimental treatments were carried out after two weeks of growth of honeysuckle in the pots. The pathogenic fungus was added to each bottle of PDA liquid medium at a concentration of 108 cfu/mL after 72 h. Three antagonistic strains were incubated for 48 h in LB liquid medium. The experiment was divided into different treatments as follows: (1) for CK, plants were inoculated with sterile water as a control; (2) for Bacillus tequilensis 2M311, Bacillus velezensis R38 and Bacillus paralicheniformis LB6-1 were plants inoculated with different bacteria; (3) for CK + Fusarium oxysporum, plants were inoculated with pathogenic fungus; and (4) for Bacillus tequilensis 2M311 + Fusarium oxysporum, Bacillus velezensis R38 + Fusarium oxysporum and Bacillus paralicheniformis LB6-1 + Fusarium oxysporum, plants were inoculated with both pathogenic fungus and different antibiotic bacteria. Pathogenic and antibacterial bacteria were inoculated separately by root dipping. Each treatment was repeated three times.




2.8. Data Analysis


Paired-end reads were combined using FLASH, and the sequences were analyzed using QIIME [35]. UPARSE was used to remove chimeric sequences and identify sequences with >97% similarity as the same operational classification unit (OTU) [36]. Each OTU selects a representative sequence and annotates the classification using the RDP classifier. The alpha diversity of the bacterial community in the soil was calculated using the package “vegan” in the R version 4.2.2. Alpha diversity of the bacterial community was determined by the Shannon and Chao index [37]. Principal coordinate analysis (PCoA) was used to assess the beta diversity of the changes in the bacterial community based on the Bray‒Curtis distance between samples. The PERMANOVA test was carried out using the vegan Adonis function to assess the similarity of the bacterial community structure of different continuous cropping years. Venn diagrams were used to analyze OTUs that are common and unique to continuous cropping processing. Redundancy analysis (RDA) was used to reflect the relationship between the sample and environmental factors. Co-occurrence analysis involving OTU screening was performed according to a sample discovery rate of not less than 20%, and Spearman correlation coefficients p> 0.8 and p < 0.01 between OTUs were determined in the R environment. The function of microbial communities was predicted by functional annotation of Prokaryotic Taxa (FAPROTAX) [38]. Other data analyses were performed by one-way analysis of variance (ANOVA) using SPSS version 22.0.





3. Results


3.1. Physicochemical Properties of Honeysuckle Soil


The yield of honeysuckle decreased with the increase in years of cultivation, with the highest yield in the third year of cultivation and a 50.08% decrease in yield in the sixth year (Table 1). The pH decreased with the increase in the year of cultivation, with levels 14.90% and 20.56% lower in the fifth and sixth years, respectively. The nutrient content of the soil did not vary significantly between planting years, but there was a decreasing trend in the TN, TP and TK contents of the soil in the sixth year compared to the first year.




3.2. Alpha Diversity of Honeysuckle Root Soil Bacterial Community


All samples had coverage above 99.10%, and the rarefaction curve of each sample was close to smooth, indicating that the results can truly reflect the situation of the samples (Figure S1). The Shannon and Chao1 indices were used to characterize the alpha diversity of the bacterial community. (Figure 1a). With the increase in successive years of honeysuckle cultivation, the Chao1 indices showed a decreasing trend, and the Shannon index of the bacterial community showed an overall downward trend after the HS2 sampling period. Venn diagrams were used to reflect the number of common and unique OTUs between groups or samples (Figure 1b). A total of 2408 OTUs were found between different crop years of honeysuckle and CK, while 2492 OTUs were found in different years of honeysuckle. The highest number of unique OTUs was found in the third year of continuous cropping. However, the proportion of endemic species decreased with increasing duration of honeysuckle continuous cropping.




3.3. Composition and Structure of the Bacterial Community


The PCoA analysis showed that the structure of the bacterial community was significantly separated and differed among years of succession of honeysuckle (Figure 2a). The principal component axes PCoA1 and PCoA2 explained 20.46% and 17.43% of the variation, respectively. HS1 and HS2 were closer together but separated from HS5 and HS6 by Axis 1, showing that the bacterial communities were more similar after 1 and 2 years of successive planting, but HS3 was significantly separated from all samples, indicating that the greatest differences in bacterial communities were found in the third year. This result was confirmed by the Bray–Curtis distance similarity clustering analysis (Figure 2b). The comparative analysis of distance similarity between microbial communities showed that the greatest differences in CK were in the third year.



The dominant phyla were Proteobacteria (24.08–27.58%) and Acidobacteria (18.82–24.20%), followed by Actinobacteria (8.57–14.24%), Bacteroidetes (4.34–9.28%), Chloroflexi (7.47–8.31%) and Gemmatimonadetes (4.30–6.76%) (Figure 3a). The relative abundance of Proteobacteria, Acidobacteria and Actinobacteria showed slight fluctuations in successive crop years of honeysuckle. Cyanobacteria was enriched in the third year of continuous cultivation of honeysuckle (Figure S2). Furthermore, Gammaproteobacteria (9.67–12.71%), Alphaproteobacteria (7.76–9.63%,) Deltaproteobacteria (5.52–6.54%) and Bacteroidia (5.54–9.20%) were the predominant classes (Figure 3b). Pyrinomonadaceae (3.8–5.6%), Anaerolineaceae (2.0–3.5%), unidentified_Acidobacteria (4.0–4.9%), Nitrosomonadaceae (2.58–3.945%), Microscillaceae (1.35–3.32%) and Gemmatimonadaceae (2.82–3.64%) were the domain families (Figure 3c).



At the genus level, Bacillus (0.83–2.61%), Sphingomonas (0.54–1.60%), Lysobacter (0.29–0.88%), Bryobacter (1.05–1.23%) and Nitrosospira (0.40–1.22%) were the dominant ones (Figure 3d). From the sequencing results, only 10.68–12.46% of the variation in all the samples could be identified at the genus level, and the other OTUs were annotated as unclassified.



The relative abundance of some bacteria, including Bacillus and Lysobacter, started to decrease significantly by the third year of continuous honeysuckle cultivation. However, some taxa were also enriched in the sixth year, for example, Sphingomonas (Figure 3d). The relative abundances changed in different years of crop succession for some genera, such as Bacillus, Nitrospira, Soilrubacter and Nocardioides (Figure 4a). Linear regression analysis showed that the relative abundance of Nocardia and Nitrospira, Soilrubrobacter and Nocardioides were significantly and positively correlated with honeysuckle yield (Figure 4b).




3.4. Correlation between Soil Physicochemical Properties and Bacterial Community


To understand the relationship between environmental factors and soil microbial communities, redundancy analysis was performed on soil microbial communities at the phylum level (Figure 5a). The first two axes of RDA explained a total of 59.84% of the community variation; the first axis explained 33.58%, and the second axis explained 26.26%. pH and TK had the greatest effects on soil microbial communities. In addition, the results of Spearman’s correlation analysis of genera with soil physicochemical properties showed that Bacillus, Candiddatus_Xiphinemmatobacter, Planctopirus, Microbacterium, Geobacter, Azoarcus and Agromyces showed a significant positive correlation (p < 0.05) with soil pH (Figure 5b). Streptomyces and Agromyces were positively correlated with TK. Other genera were significantly and negatively correlated with soil TN content, such as Rhodopirellula, Aquicella, Dongia and Steroidobacter. In addition, Geobacter and Azoarcus were significantly positively correlated with TP.




3.5. Network Analysis of the Bacterial Community


A co-occurrence network analysis of bacterial communities was performed to further understand changes in microbial interactions across years of cropping. Two co-occurrence networks were constructed to clarify the changes in microbial interactions with increasing successive years of honeysuckle crops (Figure 6). The results showed that the network for 1–3 years had more nodes and an average degree value (Figure 6a,b). The resulting size (total nodes and links), higher average degree and higher average clustering in 1–3 years suggested that the network is more complex and the bacteria are more closely connected in 1–3 years than in 4–6 years (Figure 6c, Table S1). The modularity index of the two networks was >0.4, and the modularity index decreased with increasing years of continuous cropping. Moreover, there were more positive correlations in the 1–3 years group. Proteobacteria dominated the bacterial network at 1–3 years (28%), while Acidobacteria dominated (26.27%) at 4–6 years of continuous cropping, which may be due to the acidification of the soil environment with the increase in the number of years of continuous cropping. Moreover, the proportion of Cyanobacteria at 1–3 years was 2.86%, while that at 4–6 years was 0.67% in the network nodes. Lysobacter, Nocardioides and Burkholderiaceae, with high node degree values, were the keystone species in 1–3 years, but Solirubrobacter, Gaiella and Stenotrophobacter were keystone species in 4–6 years, which showed that the keystone species of the bacterial co-occurrence did not overlap between different years of continuous cropping (Table S2).




3.6. Functional Prediction Analysis of the Bacteria Community


Changes in bacterial community composition resulted in changes in metabolic genes, which were predicted by FAPROTAX based on 16S rRNA gene sequences (Figure S3). Phototrophy, photoautotrophy, photosynthetic cyanobacteria, oxygenic photoautoautrophy, fermentation and chitinolysis were enriched in the third year of honeysuckle continuous cropping and decreased with increasing years of continuous cropping. Sulfate respiration, respiration of sulfur compounds and predatory or exoparasitic and aromatic compound degradation were enriched in the third to fourth years of honeysuckle continuous cropping but reduced in the sixth year. The abundance of human-associated, human pathogens and animal parasites or symbiotic parasites was significantly reduced after honeysuckle cultivation. The abundance of many functions associated with carbon and nitrogen cycling decreased after the third year of continuous monocropping of honeysuckle cultivation. In addition, the predictive function of aerobia nitrite oxidation was significantly enriched in the sixth consecutive year of the cropping.




3.7. Characteristics of the Antagonistic Bacteria


A total of 61 bacteria were screened from the rhizosphere of honeysuckle, of which the most isolated genera were Bacillus and Pseudomonas, accounting for more than 50% of the total number of isolates (Figure S4, Table S3). Based on the EzBioCloud database, the preliminary phylogenetic analysis of bacteria with antagonistic effects on the 16S rRNA gene sequences is shown in Table 2. The strain 2M311 showed the highest 16S rRNA gene similarities with Bacillus tequilensis (KCTC 13622T 99.93%), R38 showed the highest similarities with Bacillus velezensis (CR-502T 99.36%), and LB6-1 showed the highest similarities with Bacillus paralicheniformis (KJ-16T 100%).



To determine the inhibitory ability of the isolates, 61 strains were cultured in double culture (Table S3), of which three strains with the strongest antagonistic ability were selected for subsequent experiments (Table 2). The inhibition rates of these three strains, 2M311, R38 and LB6-1, against Fusarium oxysporum pathogens were 48.66%, 69.66 and 74.66%. The three colonies were white, opaque, and round in shape, with a wrinkled surface and slightly raised edges, and were Gram-positive (Figure 7a). The results of PGPR characterization of these strains showed that they grew well on an Ashby nitrogen-free medium; LB6-1 and 2M311 were phosphate soluble and showed clear zones of phosphate solubility around bacterial colonies based on organophosphate and inorganic phosphate plate and produced indole acetic acid (IAA) (Figure S5, Table S4). In addition, R38, LB6-1 and 2M311 all have protease and β-glucanase activity, but only strain LB6-1 exhibits chitinase activity (Figure S6).




3.8. Biocontrol Potential of the Antagonistic Bacteria for Pathogens Fusarium oxysporum


The biocontrol efficacy of antagonistic bacteria against Fusarium oxysporum causing root rot disease was evaluated in the greenhouse (Figure 7b,c). Compared with CK, LB6-1 had the best effect on improving the root length and plant height of honeysuckle when no pathogenic fungi were added. When pathogenic fungi were added, R38 had the best effect on improving the fresh weight and plant height of the honeysuckle. In conclusion, the results showed that the Fusarium oxysporum significantly inhibited the plant height of honeysuckle compared with the control group (p < 0.05), which may be one of the reasons why plant growth deteriorates as the years of continuous cropping increase. The three antagonistic strains had an effect on promoting the growth of honeysuckle and could inhibit the root rot of honeysuckle to some extent. High-throughput sequencing analyses of bacterial community composition showed a decrease in the abundance of Bacillus after three years of continuous cropping, which, in combination with the verified culture-dependent antagonistic pathogen characteristics of Bacillus, was hypothesized to be one of the reasons for the increase in root rot of honeysuckle with increasing years of continuous cropping.





4. Discussion


4.1. Continuous Cropping Led to Changes in Soil Physical and Chemical Properties


In our study, soil pH, TN, TP and TK contents decreased with increasing years of continuous cropping of honeysuckle (Table 1). Continuous monocropping has been reported to lead to deterioration in soil chemistry, imbalance in nutrient content and acidification, which ultimately leads to a reduction in plant yield and quality [39]. For example, continuous cropping of Panax quinquefolius L. (American ginseng) also resulted in a decrease in soil pH [40]. Soil acidification may be caused by the accumulation of root secretions, and the acidic environment will limit root development and nutrient absorption during plant growth [41]. Furthermore, it will encourage the multiplication and spread of soil pathogens [42]. Another study found that the contents of TN, TP and TK in the soil showed a downtrend with the extension of continuous cropping time [43]. Moreover, continuous cropping significantly reduced rhizosphere TN content [44]. The decrease in soil nutrient content and pH may be an obstacle to honeysuckle continuous cropping. There are many effective measures that can be taken in practical farming, such as adding organic amendments to regulate the pH of soil.




4.2. Continuous Cropping of Honeysuckle Led to Changes in Diversity of Bacterial Community


It has also been shown that bacterial diversity tends to decrease with increasing years of cultivation of American ginseng [45]. For example, continuous cropping of Rehmannia glutinosa caused a decrease in bacterial diversity [46]. This is in agreement with the results of continuous cropping of Sophora flavescens and Lycium barbarum L., which all showed that continuous cropping reduced the alpha diversity of soil bacterial communities [47]. However, some studies showed that with the increase in planting years, the Shannon index of bacteria of Andrographis paniculata and potatoes increased significantly [48,49]. This is in contrast to the results of the present study and may be related to differences in soil type, crop species and cultivation practices. In general, the greater the diversity of soil microorganisms, the more stable the microbial community and the more resistant it is to environmental disturbances [50]. Bacterial community abundance and diversity are important drivers of ecosystem sustainability and productivity [51]. Therefore, the reduced soil bacterial diversity may be one of the factors contributing to the formation of a succession barrier.




4.3. Continuous Cropping of Honeysuckle Led to Changes in Soil Bacteria Community Structure


Proteobacteria was the dominant phylum in the honeysuckle soil, and Proteobacteria was the dominant phyla of the tomato rhizosphere [52], which is consistent with our study. The main function of Proteobacteria is to break down organic matter and promote plant growth [41]. Notably, the relative abundance of Cyanobacteria reached a maximum abundance in the third year of honeysuckle cultivation (Figure S2). It has been reported that Cyanobacteria can fix N2 in the atmosphere and are increasingly being used as biological agents to inoculate and improve soil fertility and environmental quality [53]. The relative abundance of Lysobacter decreased with successive years of cultivation; in fact, it is an important potentially beneficial bacteria that is also gradually depleted during the continuous cropping of tomatoes [54]. Several bacterial genera, such as Nocardioides and Bacillus, are known to not only antagonize soil-borne fungal pathogens but also trigger plant-induced systemic resistance (ISR) and promote plant growth [55]. Nocardioides is also a plant growth-promoting rhizobacteria (PGPR) that can secrete antibiotics [56]. Nitrospirae is associated with soil nitrite oxidation, which affects the uptake of nitrogen by crops [57]. Bacillus is also a disease-inhibiting group in potato continuous cropping soil [41]. In addition, Flavisolibacter and Bryobacter decrease in abundance with increasing years of continuous cropping. Continuous cropping of Rehmannia glutinosa also caused a decrease in the abundance of Pseudomonas and Bacillus [46]. A study has shown that the number of aerobic bacteria and nitrogen-fixing bacteria decreases significantly with increasing years of continuous cropping, which may disrupt the balance of the original bacterial community structure and affect plant growth [58]. The change in the bacterial community is a complex process, but the majority of research has demonstrated that continuous cropping decreases the relative abundance of beneficial bacteria [54,59,60]. There were also bacteria that increased in relative abundance in the sixth year of continuous cropping, such as Sphingomonas. A study has shown that Sphingomonas can tolerate barren and harsh environments and that their special metabolic regulatory mechanisms can withstand unfavorable external environmental changes, as well as degrade toxic substances in the soil [61]. It is also possible that the prolonged use of chemical pesticides in the continuous cropping process results in high levels of organic contamination in the soil. This may be the reason why the genus was enriched in the sixth consecutive year of honeysuckle cultivation. These changes across different years demonstrated that continuing agricultural practices influence the structure of soil bacterial communities.




4.4. Soil Physical and Chemical Properties Are Closely Related to Bacterial Community Structure


Continuous cropping may affect soil microbial communities by influencing the soil physicochemical environment [62]. Our study showed that the bacterial community structure characteristics of honeysuckle in different years of continuous cropping were strongly correlated with soil pH, TP, TN and TK contents (Figure 5b), which was consistent with the results of watermelon and potato continuous cropping [63,64]. Nutrients released by microbial activity in soil are an important source of nutrients for plants. Continuous cropping can alter soil nutrient effectiveness and thus reduce beneficial microbial abundance [65]. A study has demonstrated that pH is an essential factor influencing the diversity and composition of bacterial communities [66]. Disturbances in the microbial community structure due to declining soil nutrient status as the number of years of continuous cropping increases may be the main reason for the decline in honeysuckle yield. Consistent with our results, continuous cropping of ramie leads to poor growth and yield reduction [67]. Therefore, continuous cropping of honeysuckle may alter the physicochemical properties of the soil and, thus, the structure of the bacterial community.




4.5. Continuous Cropping Reduced the Complexity of Bacterial Community Networks


Microbes do not exist independently but form complex social networks. In this study, the complexity of the bacterial co-occurrence network was higher at 1–3 years of continuous cropping than at 4–6 years, including the number of nodes, average degree and other network attributes. Previous studies have shown that bacterial communities with complex network structures are more resistant to environmental disturbances than simple networks [68]. A related study also found that when agricultural activity increases, the complexity of the microbial network decreases [69]. Burkholderiaceae was the keystone in the 1–3 years bacterial network, but it was altered in 4–6 years. The keystone on the network is closely associated with the functional potential of the soil [70]. Burkholderiaceae has been reported to be effective in inhibiting the growth of pathogenic fungi in the soil [71]. Positive correlation dominates in both bacterial co-occurrence networks (Figure 6a,b), indicating that the synergistic effect was the main effect among bacteria in honeysuckle soils [72]. Compared to 1–3 years of continuous cropping, the proportion of positive correlations between bacteria was also significantly reduced in the 4–6 year bacterial co-occurrence network, which was probably due to increased competition between soil bacterial communities as a result of decreased soil nutrients due to increased years of continuous cropping of plants. Therefore, prolonged cropping may possibly lead to reduced resistance of soil bacteria to environmental changes.




4.6. Continuous Cropping Changed the Function of Bacteria Community


The FAPROTAX functional predictions showed that the abundance of genes related to carbon, nitrogen and sulfur metabolism and chitinolysis in the honeysuckle soil decreased with increasing years of continuous cropping (Figure S3). Photorophy was enriched in the third year but decreased with increasing years of continuous cropping, which may be related to changes in the bacterial community, such as reduced populations of photosynthetic bacteria (Cyanobacteria), which may inhibit phototrophic, anoxic phototrophic and photoautotrophic processes and inhibit carbon fixation. Chitinolysis has been observed to create nitrate/ammonium, which could help in the degradation of invertebrate chitin [73]. Moreover, nitrate reduction would result in nutrient loss in honeysuckle continuous cropping soil due to nitrogen content loss [56], which may also be a contributing factor to the decrease in soil nutrient content of honeysuckle with increasing years of continuous cropping. Sulfuate respiration was enriched in the third year. Sulfur is essential for plant growth, and reduction in sulfur metabolism may lead to smaller plants, yellowing of leaves and ultimately to reduced crop yield and quality [74], which may also be one of the reasons for the best honeysuckle yields in the third year. Chemoheterotrophy, aerobic chemoheterotrophy and fermentation are significant biological processes related to the carbon cycle [75], and the decrease in their abundance in the fifth and sixth years indicates that the proportion of bacteria participating in the carbon cycle is reduced under a continuous cropping system, which will not be conducive to soil organic carbon mineralization. The increase in aerobic ammonia oxidation implies that under the continuous monocropping system, a greater proportion of bacteria were involved in carbon cycling.




4.7. Antagonistic Bacteria Improve Honeysuckle Growth


In our experiments, the growth of honeysuckle was improved by the addition of Bacillus sp. The possible reason why Bacillus can play a role in honeysuckle rhizosphere is that Bacillus belongs to that is easy to colonize, and the three Bacillus strains were isolated from the honeysuckle soil and can quickly adapt to the environment. At the same time, these Bacillus are capable of fixing nitrogen, solubilizing organic and inorganic phosphorus, and secreting plant growth hormones (IAA), all of which are beneficial for the improvement of plant growth environment. As reported, the addition of beneficial bacteria improves soil nutrition and quality and prevents plant disease without excessively altering soil conditions [76]. In addition, those Bacillus could inhibit the growth of pathogenic fungi Fusarium oxysporum by secreting chitinases and proteases. Fusarium oxysporum is the most common phytopathogenic fungi, infecting almost 150 plant species, which can cause vascular wilt disease in many food crops, resulting in considerable yearly economic losses throughout the world [77,78]. Chitinase and β-glucanase are major components of the fungal cell wall, and antagonistic bacteria may inhibit the growth of pathogenic fungi by secreting chitinase and β-glucanase, thereby inhibiting the growth of pathogenic fungi. The β-glucanase enzyme directly attacks glucan on fungal hyphae, inhibiting fungal growth, and the oligosaccharides produced during hydrolysis act as exciters in the plant hypersensitive response, inducing a plant defense response [79]. Bacillus has been shown to strengthen the cell wall and immunity against pathogen infections and plays an important role in tomato and rice disease resistance systems [80]. Similar to our research, a study found that Bacillus subtilis B28 has a control efficacy of approximately 44% against Fusarium wilt in chickpeas by enhancing plant growth characteristics [78]. Bacillus velezensis has been reported to form trophic interactions with indigenous species and mobilize indigenous microorganisms to achieve plant growth regulation [81]. According to a recent study, the biocontrol bacterium Beijerinckia fluminensis BFC-33 isolated from the rhizosphere of potatoes might greatly suppress the growth of Fusarium oxysporum [82]. Studies of bacterial-fungal interactions in agroecosystems are primarily concerned with the control of diseases [83,84]. Consistent with our results, some beneficial native root-associated bacteria were isolated from the rhizosphere of tobacco in a continuous cropping system, which could reduce the incidence of disease [85]. Many of the Bacillus species recognized as environmentally friendly soil regulators produce effective substances for controlling soil-borne pathogens [86]. Moreover, numerous studies have attempted to use Bacillus as biocontrol agents and biofertilizers [23,87,88]. Furthermore, the inhibitory effect on root rot was further demonstrated by the higher species diversity of cultured Bacillus, suggesting an important role for classical nonculture techniques in developing better antagonistic strategies [89]. Therefore, soil microbial community management is a viable approach to the biological control of continuous cropping barriers and will be an important aspect of future crop research. However, considering the insufficient sample size of our experiments and the fact that the strain function validation experiments were conducted in a greenhouse, where many of the environmental conditions could be controlled, subsequent field application of these strains may require several more experiments for optimization and adjustment.





5. Conclusions


The bacterial community structure and physicochemical properties of the honeysuckle soil were affected by continuous cropping years, especially when the soil pH decreased significantly. There was a reduction in the potentially beneficial bacteria Cyanobacteria and Bacillus during continuous cropping of honeysuckle. Three strains of Bacillus with antagonistic abilities against pathogenic fungi Fusarium oxysporum were isolated, identified and characterized from honeysuckle soil. Meanwhile, the disease suppression activities of Bacillus against honeysuckle root rot pathogens were further validated by pot experiments. The third year may be the accumulation enrichment phase of beneficial bacteria, and with the highest yield of honeysuckle, soil nutrient and pH condition improvement should be appropriate after the third year, which may be more favorable for the continued cultivation of honeysuckle. Our findings provide evidence for identifying and monitoring changes in plant continuous cropping bacterial communities as well as the cultivation of beneficial antagonistic bacteria to optimize medicinal plant continuous cropping scenarios to support the control of soil-borne pathogens.
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Figure 1. Alpha diversity indices of the bacterial community in soil with different years of continuous cropping (a). Venn diagram reveals the number of common and unique OTUs in soil of different continuous cropping years (b). Different lowercase letters indicate a significant difference between different years of cultivation of honeysuckle. 
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Figure 2. Principal coordinate analysis (PCoA) of community structure based on Bray‒Curtis distance of bacteria with continuous cropping years (a). The distance similarity between microbial communities in soils of different continuous cropping years is based on Bray‒Curtis distance (b). C-C C-1, C-2, C-3, C-4, C-5 and C-6 denote CK-CK, CK-HS1, CK-HS2, CK-HS3, CK-HS4, CK-HS5 and CK-HS6, respectively. Different lowercase letters indicate a significant difference between different years of cultivation of honeysuckle. 
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Figure 3. The dynamics of the bacterial community composition during the continuous cropping time series at the phylum (a), class (b), family (c) and genus level (d). 
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Figure 4. Changes in the relative abundance of potential beneficial bacteria in soil during different continuous cropping years (a). Linear correlation analysis between the relative abundance of some bacteria with honeysuckle yield (b). Different lowercase letters indicate a significant difference between different years of cultivation of honeysuckle. 
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Figure 5. Redundancy analysis (RDA) of bacterial community at phylum level and soil physicochemical properties (a). Spearman’s correlation analysis of soil properties and the abundance of bacteria at genus level (b). TN: total nitrogen; TP: total phosphorus; TK: total potassium. *, p < 0.05; **, p < 0.01. 
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Figure 6. Bacterial co-occurrence network at different years of continuous cropping: 1–3 years (a); 4–6 years (b). Various network topological parameters include nodes, links, average degree and average clustering (c). 
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Figure 7. Colony morphology of 2M311 (Bacillus tequilensis), R38 (Bacillus velezensis) and LB6-1 (Bacillus paralicheniformis), and 2M311, R38 and LB6-1 against Fusarium oxysporum on PDA plates (a). Pot experiment for functional validation of the strains (b). The effect of three antagonistic bacteria on the plant growth parameters of honeysuckle under greenhouse conditions over one month (c). Experimental results are presented as mean ± SD. Different lowercase letters indicate a significant difference in the treatments (p < 0.05). 
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Table 1. The physicochemical properties of honeysuckle soil.
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	Samples
	Yield (kg/acre)
	pH
	TN (g/kg)
	TP (g/kg)
	TK (g/kg)





	CK
	-
	6.75 ± 0.23 a
	0.69 ± 0.03 a
	0.80 ± 0.04 a
	17.56 ± 3.21 a



	HS1
	102.69 ± 2.34 c
	6.71 ± 0.15 a
	0.65 ± 0.10 a
	0.71 ± 0.06 a
	19.76 ± 2.37 a



	HS2
	105.13 ± 2.46 c
	6.51 ± 0.25 ab
	0.64 ± 0.09 a
	0.83 ± 0.10 a
	17.32 ± 2.07 a



	HS3
	228.98 ± 10.46 a
	6.21 ± 0.02 b
	0.68 ± 0.05 a
	0.75 ± 0.09 a
	19.20 ± 3.33 a



	HS4
	181.85 ± 3.04 b
	5.78 ± 0.14 c
	0.66 ± 0.06 a
	0.58 ± 0.12 a
	16.06 ± 2.21 a



	HS5
	169.45 ± 16.33 b
	5.71 ± 0.65 c
	0.57 ± 0.03 a
	0.59 ± 0.12 a
	17.56 ± 0.69 a



	HS6
	110.82 ± 12.57 c
	5.32 ± 0.21 d
	0.48 ± 0.04 a
	0.55 ± 0.10 a
	16.67 ± 2.49 a







CK indicates that no vacant land has ever been planted with honeysuckle; HS1–HS6 indicate that honeysuckle has been planted continuously for 1, 2 and 6 years. The Values represent means and standard errors. Different lowercase letters indicate a significant difference between different years of cultivation of honeysuckle. The same as below.













 





Table 2. Evaluation of the bacteria to antagonize Fusarium oxysporum.
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	Bacteria Name
	Similar Species
	GenBank Accession Number
	Inhibition Rate for

Fusarium oxysporum (%)





	2M311
	Bacillus tequilensis
	OR334900
	48.66 ± 3.05



	R38
	Bacillus velezensis
	OR334901
	69.66 ± 4.16



	LB6-1
	Bacillus paralicheniformis
	OR334899
	74.66 ± 1.06
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