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Abstract

:

The use of traditional Chinese medicine (TCM) residue as a crop culture substrate has unique advantages in alleviating the obstacles associated with continuous monocropping, such as increasing production, improving quality and alleviating pests and diseases. However, the effect of TCM residue application on substrates in continuous monocropping practices has not been determined. In this study, the cucumber variety “Jinyou No. 10” was used as the material, and fermented TCM residue, vermiculite and perlite were used as organic substrates (3:1:1). The cucumbers were cultivated on substrates for different durations of continuous monocropping, which were the first cropping cycle (A1), second cropping cycle (A2), third cropping cycle (A3) and fourth cropping cycle (A4). The control (A0) was the substrate sample without any crop planted in it. After the cucumbers were harvested, substrate samples (areas around the cucumber roots) were collected. The physiochemical properties of the cultivated substrates were determined, and the microbial community structures were analyzed through 16S rRNA and ITS sequencing. The physiochemical indices of the substrates with different durations of continuous monocropping (A1–A4) were significantly different than those of the control (A0) substrate. Moreover, the continuous cropping of cucumber had greater effects on fungal communities than on bacterial communities. Bacterial community structure analysis revealed a greater proportion of important bacterial taxa (Proteobacteria, Chloroflexi, and Nitrospirae) in the continuous monocropping substrates than in the A0 substrate. For the fungal community, Ascomycota accounted for the largest percentage of the fungal community in all the samples. The diversity of the microbial community was found to be influenced primarily by electrical conductivity, organic matter content, pH and total potassium content according to the correlation analysis of physicochemical properties and relative abundance of the microbial community. Our study would provide a basis for addressing persistent challenges in continuous cropping and for obtaining the utmost benefit from using TCM organic residue waste.
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1. Introduction


Soilless plant cultures, such as those of Plagiomnium acutum [1], cucumber [2], slippery mushroom [3], cherry tomato [4], and lettuce [5], are widely applied in vegetable production. The advantages of soilless plant culture include not only increasing yield but also satisfying specific nutrient requirements [6,7]. In organic substrate culture systems, crops can grow normally for weeks or even years [3]. Organic substrates can be affected by the mineralization of the substrate itself, the metabolism of microorganisms in the substrate, the mechanical interaction between the roots of cultivated crops and the substrate, and the activity of animals in the substrate during cultivation, resulting in constant changes in their physicochemical properties [8,9]. These changes are highly important for the regulation of water and nutrients in the substrate. Therefore, the substrate stability of physicochemical properties during crop cultivation has important impacts on crop productivity and quality [10,11]. The screening of new microorganisms from the root microbiome of substrate-cultivated crops can provide us with strain resources for the development of fertilizer or mycorrhizal products adapted to new cultivation techniques [12].



Cucumber is an important vegetable crop that is widely cultivated and has great economic value [13]. With the improvement of living standards, the demand for off-season vegetables has increased substantially [14]. However, continuous monocropping can cause soil degradation, yield reduction and increased disease occurrence [15,16]. Hence, an increasing number of farmers are opting to cultivate in soilless substrates. This method can effectively reduce the occurrence of root diseases, while simultaneously stimulating the growth of cucumber roots, and improving fertilizer efficiency, which ultimately results in increased cucumber yields [9].



Accordingly, Zhou et al. [9] studied the root microbiome of cucumber plants using three different cultivation substrates, namely, greenhouse soil and two artificial plant cultivation substrates. The authors found that the root bacterial communities of these three samples were significantly different in abundance, and the beneficial bacteria that promote growth were significantly enriched in the two artificial plant cultivation substrates. Moreover, Chen et al. [17] discussed the diversity of the rhizosphere microbial community of cucumber plants after continuous cropping in an agricultural greenhouse. The authors revealed that the available nutrients decreased with continuous cropping, and the abundance of bacterial genera associated with nutrient cycling decreased as well. Chen et al. [18] discovered that crop residue mixed into soil can mitigate soil deterioration resulting from cucumber continuous cropping. The presence of beneficial bacteria in the soil increased, while the population of harmful pathogens decreased with the incorporation of crop residues. Additionally, garlic/cucumber crop rotation reportedly alleviates this obstacle caused by continuous cropping to a certain extent [19].



Currently, agricultural waste, such as corn stalks and sawdust [3], spent mushroom substrates [20,21], chitin [22], and biochar and earthworm casts [23], can be added to cultivation substrates, which can result in low-cost and high-yield alternative culture substrates for production. The consumption of traditional Chinese medicine (TCM) in China is high, and the amount of TCM residue produced can reach tens of millions of tons after its manufacture and usage. On the one hand, the waste treatment cost of TCM residue is high, and TCM residue easily causes environmental pollution [24]. On the other hand, TCM residue contains abundant nutrients such as nitrogen, phosphorus, and potassium, as well as organic substances such as cellulose, hemicellulose, lignin, protein, and nucleic acid. The use of TCM as a crop culture substrate has unique advantages, such as improving quality and reducing pests and diseases [25]. Accordingly, treatment with Sophora flavescens Radix residue showed superior results restoring soil health and promoting the yield and quality of Salvia miltiorrhiza than chemical fertilizers [26]. TCM residues can enhance soil physicochemical properties, recruit beneficial bacteria, reduce the relative abundance of the pathogen Fusarium, and restore the microbial community balance to improve the health of deteriorated soil.



Compound kushen injection (CKI, also known as Yanshu injection) has been used to treat cancer for many years in China. The two main medicinal herbs used in CKI are Sophora flavescens and Rhizoma Smilacis glabrae [27]. The main active compounds include alkaloids and flavonoids [28,29,30]. In this study, we used TCM residues from CKI production to explore the changes in TCM residue-amended substrates after continuous monocropping of cucumber plants. We conducted a comprehensive analysis of the changes in organic substrates (consisting of fermented TCM residue, vermiculite and perlite) after continuous monocropping of cucumber plants. The physicochemical indices and microbial 16S rRNA and ITS sequencing results from the substrates after four cycles of cucumber planting were also evaluated. Subsequently, a range of bioinformatics analyses were performed to explore these changes. This study provides theoretical support for overcoming obstacles in continuous cropping and is important for the sustainable development of the environment, energy, and comprehensive utilization of the herb residues generated in the TCM industry.




2. Materials and Methods


2.1. Sample Collection


The cucumber variety “Jinyou No. 10” was obtained from the Cucumber Research Institute of Tianjin Kerun Agricultural Technology Co., Ltd (Tianjin, China). TCM residues, specifically residue from compound kushen injection production, were obtained from Shanxi Zhendong Pharmaceutical Company (Changzhi, Shanxi, China). The experiments were conducted in the experimental greenhouse of Changzhi University (Changzhi, Shanxi, China) from March 2020 to December 2021. First, TCM residues that had been fermented and fully rotted were piled as organic substrates, and the cucumber plants were cultivated four times by continuous monocropping in cultivation tanks. The organic substrate was mixed with fermented TCM residue, vermiculite and perlite (the volume ratio was 3:1:1). The cultivation tanks were 10 m long, 0.6 m wide and 0.4 m high inside and customized into two rows. Cucumbers were planted in cultivation tanks with row spacing of 40 cm and plant spacing of 30 cm, and 50 cucumber plants were planted in each cropping cycle. The substrate was mixed well after each cropping cycle and kept at a depth of 30 cm. There was no fertilizer application; only water irrigation was applied throughout the whole experiment. The whole experimental period was 30 months. The four cycles of continuous cropping were conducted as follows: the first cropping cycle of cucumber plants (A1) was planted from September 2020 to January 2021; the second cropping cycle (A2) was planted from March 2021 to July 2021; the third cropping cycle (A3) was planted from September 2021 to December 2021; and the fourth cropping cycle (A4) was planted from March 2022 to July 2022. The control (A0) consisted of a substrate sample that was proportionate with the TCM substrate without any crops planted in it.



The substrate samples (areas around the cucumber roots) of A1, A2, A3 and A4 were collected after cucumber harvest. Each sample was collected randomly from 5 individuals. A five-point sampling method was used, and the substrates were collected from within the range of 0–15 cm around the root system. After sampling, plant and animal residues were removed. For each treatment, there were 3 biological replicates. These substrate samples were subdivided into two portions, one used for characterizing physicochemical indices and the other for conducting 16S rRNA and ITS sequencing. The samples were promptly frozen using liquid nitrogen and stored at a temperature of −80 °C to facilitate future utilization.




2.2. Physicochemical Indices of the Substrates


The assays were conducted following the methods from Chen et al. [18] and included measuring the substrate electrical conductivity (EC), pH, organic matter (OM) content, total nitrogen (TN), total phosphorus (TP) and total potassium (TK) contents. Briefly, the EC and pH of the substrates were determined by taking a representative 1 g sample, mixing it with deionized water at a 1:2 ratio, stirring it and then leaving it standing to obtain a clarified supernatant. The EC was assessed utilizing an EC meter (HI993310, Hanna Instruments, Shanghai, China), while the pH of the substrate samples was determined using a pH meter (HI99121, Hanna Instruments, Shanghai, China). The OM content was determined by the potassium dichromate method [31]. The TN content was measured via sulfuric acid-hydrogen peroxide digestion and the so-dium salicylate method [32]. The determination of TP content was determined by sulfuric acid-hydrogen peroxide-molybdenum-antimony resistance spectrophotometry [33]. The TK content in the substrate samples was determined through flame photometry after digestion with sulfuric acid (analytical grade; Sigma-Aldrich Corporation, Shanghai, China) and hydrogen peroxide (analytical grade; Sigma-Aldrich Corporation, Shanghai, China) [18]. Three biological replicates of substrate samples were taken at each time point.




2.3. DNA Extraction, PCR Amplification and Sequencing


Total microbiota DNA was extracted from the substrate samples using an OMEGA Soil DNA Kit (M563502 Omega Bio Tek, Norcross, GA, USA) following the manufacturer’s instructions. The purity of the obtained DNA was assessed through agarose gel electrophoresis (1%) and a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



Amplification of the V3-V4 hypervariable region in the bacterial 16S rRNA gene was performed using the primers listed in Table S1 [17,34]. For each substrate sample, sample-specific 7-bp barcodes were incorporated into the primers (provided by Shanghai Personal Biotechnology Company, Shanghai, China) for multiplex sequencing. Thermal cycling consisted of initial denaturation at 98 °C for 5 min; 25 cycles of denaturation at 98 °C for 30 s, annealing at 53 °C for 30 s, and extension at 72 °C for 45 s; and a final extension of 5 min at 72 °C.



The V1 region of fungal ITS gene was amplified using the primers specified in Table S1 [17,34]. The 5′ ends of both primers were tagged and provided by Shanghai Personal Biotechnology Company, China. The PCR procedure was carried out as described for bacteria.



The PCR mixture contained 5 μL of buffer (5×), 0.25 μL of Fast Pfu DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 μM) of each forward and reverse primer, 2 μL of DNA template (20 ng/μL), and 8.75 μL of ddH2O.



PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification steps, amplicons were pooled in equal amounts, and paired-end 2 × 250 bp sequencing was performed using the Illumina NovaSeq platform with a NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).




2.4. Bioinformatics and Statistical Analysis


Relevant microbiome bioinformatics analysis was conducted using QIIME2 [35], following minor adjustments based on official tutorials (https://docs.qiime2.org/2019.4/tutorials/, accessed on 24 April 2022). Quality control was conducted using the cutadapt plugin and DADA2 plugin. Based on the QIIME microbiota analysis, the soil microbiota composition was assessed via 16S rRNA and ITS sequencing. Taxonomy was assigned to ASVs using the classify-sklearn naive Bayes taxonomy classifier in the feature-classifier plugin [36]. For the annotation of bacterial 16S rRNA and ITS regions, we used the Greengenes (13.8) [37] and UNITE (8.0) [38] databases, respectively, to assign taxonomic information. We used the QIIME feature-table rarefy function for normalizing the data to determine differences in sequencing depth, and the leveling depth was set to 95% of the minimum sample sequence size. We conducted a comparative analysis of the bacterial and fungal proportions and percentages across various taxonomic levels (domain, kingdom, phylum, class, order, family and genus) within each sample to further investigate variations in the composition of the substrate microbiota.




2.5. Species Diversity Analysis


The α diversity indices, including the Chao1 [39], Shannon [40], observed species, Simpson [41], Pielou’s evenness [42], and Goods’ coverage [43] indices, were calculated using QIIME2 (2019.4) and visualized as box plots to compare the species richness and evenness of bacteria and fungi. Using R (version 3.6) and QIIME2 (2019.4) software, β diversity analysis was performed using the Bray-Curtis metric to investigate changes in microbial community structure between samples, which can be visualized by principal coordinate analysis (PCoA). The unweighted pair-group method with arithmetic means (UPGMA) was used for hierarchical clustering of samples according to Euclidean distance based on species composition profiles at the genus level. To compare the memberships and structures of communities among different samples, heatmaps were generated with the top 20 ASVs using Mothur (v.1.35.1) software.




2.6. Correlation Analysis between Physicochemical Properties and Microbial Communities


Based on the physicochemical parameters and the relative abundances of the bacterial and fungal communities, redundancy analysis (RDA) was conducted using Canoco 4.5 software.




2.7. Analysis of Key Microbiota


To identify key bacteria and fungi within different groups, we analyzed characteristic strains using the default parameters through linear discriminant analysis (LDA) effect size (LEfSe) [44]. The Kruskal-Wallis test was applied with a significance threshold of 0.05 for variance analysis. Similarly, the Wilcoxon rank sum test was conducted with a significance threshold of 0.05. Moreover, discriminating features were determined based on a logarithmic LDA score threshold of 3.0.





3. Results


3.1. The Physicochemical Properties Changed Due to Continuous Monocropping


The physicochemical properties of the substrate samples after cucumber harvest (as described in the Section 2) were measured, including EC, pH, OM, TC, TN, TP and TK contents. As shown in Table 1, with the exception of the pH for A3, the pH increased with cultivation duration and reached 8.12 in the substrate after the fourth cropping cycle (A4). The results show that the substrates were weakly alkaline. The EC first increased and then decreased with increasing cropping cycles, and the maximum and minimum values were 2.64 and 1.03, respectively, in the substrate after both the first (A1) and fourth (A4) cropping cycles. The OM and TN contents in the control substrate (A0) were the highest and decreased with the number of cropping cycles. However, the TP content increased in the substrate after the first cropping cycle (A1) but decreased in the other three substrates (A2, A3 and A4). The TK content in the substrates did not change among the different cultivation times. Moreover, the coefficients of variation (CVs) of pH, and OM, TN, TP and TK contents ranged from 3.75% to 15.15% (Table S2), which indicated that these indices had low sensitivity. The CV value of the EC was 32.23%, so it was considered a moderately sensitive index.




3.2. Assessment of the Sequencing Quality


To further understand the difference in the microbial community among substrates with TCM residues after different durations of continuous cucumber monocropping, we obtained 1,863,307 and 971,678 high-quality bacterial and fungal sequences, respectively, from the 15 substrate samples through high-throughput sequencing (Table S3). The sequence length of the bacterial library ranged from 50 to 442, while that of the fungal library ranged from 60 to 426. The rarefaction curve reflects the diversity of the samples to some extent. When the number of read lengths in the sequencing exceeded 30,000, a plateau was observed in the curves. This finding indicated that the sequencing results effectively captured the diversity present in the current substrate samples (Figure 1).




3.3. The Microbial α-Diversity Increased with Cucumber Continuous Cropping


The α- and β-diversity are indicators of the variation in microbial populations within and among treatments [45,46]. For the α diversity index, the Chao1 and observed species values represent the richness of the microbial communities, the Shannon and Simpson indices reflect their diversity, Pielou’s evenness index was used to characterize evenness, and Good’s coverage indices indicate community coverage. Here, we compared the α diversity of bacteria and fungi among the different treatments and found that the bacterial α diversity of the continuous cropping substrate samples (A1, A2, A3 and A4) exhibited greater community diversity and richness indices than that of the control (A0) (Figure 2A–F). The findings indicate an increase in bacterial community richness alone with cucumber continuous cropping, with the highest richness observed in A4. The trend of bacterial diversity aligned with that of richness.



Additionally, notable disparities were observed in fungal diversity, with the continuous cropping substrate samples exhibiting greater community diversity and richness indices than the control group (Figure 2G–L). A4 had significantly greater Chao1, Shannon, and observed species values than A0. Furthermore, notable variations in the Shannon coefficient were observed between A0 and A3. The highest indices were achieved during the fourth cropping cycle, aligning with the bacterial results.



Additionally, we computed the CV for the α diversity indices of bacteria and fungi (Table S2). The CVs of the Shannon, Chao1, observed species and Goods coverage indices of the bacterial community ranged from 0.3% to 17.42%, and these indices were low sensitivity indices. For the fungal community, the CV of the Shannon index was 15.12%, and that of the Good’s coverage was 0.013%. Although the percentages for Chao1 and observed species were 33.92% and 33.91%, respectively, it can be concluded that these indices exhibited a moderate level of sensitivity in assessing the fungal community.




3.4. Analysis of Dissimilarities in the Composition of Microbial Communities


β diversity pertains to the variation in species composition among distinct communities. PCoA is a widely used technique for classical multidimensional scaling (cMD) [47]. The PCoA plots for the microbial communities are presented in Figure 3. Cluster analysis revealed that at the bacterial and fungal levels, each group was clustered individually. The first and second principal components of the bacterial communities accounted for 38.9% and 24%, respectively, of the overall contribution (Figure 3A). For the bacterial communities, compared with A0, the community composition in the substrates changed greatly after continuous cucumber cropping, and the community compositions in A3 and A4 were the closest. The fungal communities were influenced by the 1st and 2nd principal components of the PCoA, accounting for 54.1% and 20.3%, respectively (Figure 3B). The fungal communities of A1 and A2 were similar to that of A0, and the fungal communities of A3 and A4 were similar to each other. Figure 3C,D show that the three biological replicates from each treatment clustered into one class at the genus level (the same was true at other levels), indicating that the continuous cropping of cucumber changed the structural distribution of bacteria and fungi in the substrates. Moreover, there was a significant difference between the bacteria and fungi communities in A0 and those in continuous cropping substrates, and those in A3 and A4 were more similar to each other. Above all, it can be concluded that both plant cultivation and continuous cropping may alter the microbial community of the substrates.




3.5. Composition Analysis of the Bacterial and Fungal Communities


Figure 4A shows the classification tree of the bacterial communities in the cucumber culture substrates; these communities were distributed in four main phyla, among which Proteobacteria and Actinobacteria included the most abundant species. Alphaproteobacteria, Gammaproteobacteria and Actinobacteria belong to these two phyla. Figure 4B shows the classification tree of the fungal community in the cucumber culture substrates, which included mainly one phylum, Ascomycota, within which both Sordariomycetes and Eurotiomycetes had the highest abundance. Furthermore, the composition of the bacterial community at the phylum level in the five samples is shown in Figure 4C. There were significant differences between the composition and relative abundance of the bacterial community following continuous monocropping and those of the bacterial community in A0. Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Acidobacteria, Patescibacteria, Planctomycetes, Gemmatimonadetes and Nitrospirae were identified as the top ten bacteria phyla among the substrates. These phyla collectively accounted for 74.97–88.75% of all the identified phyla. The dominant bacteria included Proteobacteria, Actinobacteria, Bacteroidetes and Chloroflexi. Compared with those in A0, the abundances of Proteobacteria, Chloroflexi, Acidobacteria, Planctomycetes, Gemmatimonadetes and Nitrospirae increased with continuous cropping. Conversely, there was a decrease in the abundance of Actinobacteria and Bacteroidetes. Compared with those in A0, the percentages of Proteobacteria in A1, A2, A3 and A4 increased by 26.09%, 12.65%, 18.85% and 15.97%, respectively. Prior to planting, the abundances of Chloroflexi, Acidobacteria, Planctomycetes, Gemmatimonadetes and Nitrospirae were relatively low; however, their proportions significantly increased after continuous cropping. Compared to that in A0, the relative abundance of Chloroflexi increased 2.59–8.84 times. Conversely, the percentage of Actinobacteri decreased by 34.02%, 60.62%, 55.37% and 61.30%, respectively. The percentage of Bacteroidetes decreased by 35.56%, 15.80%, 54.13% and 54.16%, respectively.



Furthermore, we analyzed the alterations in the fungal communities among the five samples (Figure 4D). Eight main phyla were identified from the substrate samples, and they accounted for more than 75.57% of the total identified phyla. In A0, Ascomycota accounted for the largest proportion (90%) of the fungi, which gradually decreased in A1, A2, and A3. The percentage of Ascomycota in A4 slightly increased. The percentage of Ascomycota decreased by 0%, 6.54%, 19.73 and 17%, respectively. In addition, the proportions of Basidiomycota, Mortierellomycota and Mucoromycota notably increased in A1, A2, A3, and A4 compared with those in A0, indicating that significant changes in the composition of these fungi occurred during continuous monocropping. Similarly, compared with those in A0, the relative abundances of Basidiomycota, Mortierellomycota and Mucoromycota in A0 were 2.31–11.89, 5.68–97.16 and 4.19–25.73 times greater, respectively. Rozellomycota, Chytridiomycota, Olpidiomycota and Aphelidiomycota were not detected in A0 samples; however, Rozellomycota was identified in A2, A3 and A4, and its percentage was highest in A3 (0.89%). Chytridiomycota and Olpidiomycota were identified in all the samples, but their abundances were relatively low. Moreover, Aphelidiomycota was detected in only A1 and A2, with low abundances of 0.0023% and 0.018%, respectively.



To conduct community analysis and examine the core and unique species across various samples, core ASVs were identified for all the samples (Figure 5). A bacterial community consisted of 171 core ASVs (Figure 5A), whereas the fungal community contained 76 core ASVs (Figure 5B). Samples A1, A2, A3, and A4 contained a total of 8871 unique bacterial ASVs, with 9009 in sample A2, 7790 in sample A3, and 7890 in sample A4. Similarly, sample A1 had 216 unique fungal ASVs, while samples A2, A3, and A4 had 318, 338, and 479, respectively. Figure 5C shows that there were significant differences in the abundance distribution of the main bacterial genera among the samples. For example, in sample A0, the genera with high abundance mainly included Bacillus, Streptomyces, Olivibacter, Planifilum, Pseudonocardia, Geobacillus, Flavobacterium and Pseudomonas. Amaricoccus and Mycobacterium were mainly included in A1. Flavobacterium, Pseudomonas, Saccharimonadales, D05-2 and 67-14 were mainly included in A2. In A3, Bacillus, PLTA13, Chryseolinea, Subgroup_6CCD24 and Nitrospira were dominantly distributed. In A4, these dominant genera were PLTA13, Chryseolinea, Subgroup_6CCD24, Nitrospira, 67-14, A4b, and SWB02. Differences were also detected in the abundance distributions of the main fungi at the genus level among the different samples (Figure 5D). For example, the genera with high abundance in sample A0 were Trichothecium, Chlamydomyces, Myceliophthora, and Pithoascus. Arthrographis, Botryotrichum, Aspergillus, Thermomyces and Talaromyces were mainly included in A1. Aspergillus, Thermomyces and Talaromyces were mainly included in A2. In A3, Fusarium, Trichoderma, Mycothermus, Cephalotrichum, Arthrobotrys, Pseudallescheria, Microascus and Trichothecium were dominantly distributed. In A4, the dominant genera were Scedosporium, Amesia, Stachybotrys, Fusarium, Trichoderma and Mycothermus.




3.6. Correlation Analysis of Physicochemical Properties with Microbial Diversity


The microbial communities were significantly influenced by the physicochemical characteristics of the substrates, such as pH, CE, and OM, TP, TN and TK contents. The clustering and separation of bacterial and fungal communities in the samples induced by environmental factors were investigated using RDA (Figure 6). The bacterial community in A1 substrate was correlated to EC, and those in A2, A3 and A4 substrate were related to pH and TK content. The TN and OM contents determined the bacterial community of A0 substrate (Figure 6A). Similarly, these physicochemical indices of the substrates also affected the fungal community (Figure 6B). The fungal community in A0 substrate was correlated to TN and TP contents, and the fungal community in A1 substrate was associated with OM content. In addition, the fungal community in A2 was correlated with the EC and TN content, and the fungal community in A3 and A4 substrates were correlated with pH and TK content. Overall, TK content had a greater influence on the bacterial community than on the fungal community.




3.7. Analysis of Biomarkers in Substrate Samples


LEfSe (LDA Effect Size) analysis was used to find biomarkers among different treatments [44]. For the bacterial community, 46, 44, 33, 36 and 41 biomarkers were identified for the A0, A1, A2, A3 and A4 substrates, respectively (Figure 7A and Figure S1). The fungal community contained 7, 20, 17, 23 and 18 biomarkers for the A0, A1, A2, A3 and A4 substrates, respectively (Figure 7B and Figure S2). All of these findings indicate that the bacterial and fungal communities in the substrates underwent important alterations due to continuous monocropping. Actinobacteria and Gammaproteobacteria were found to be the most prevalent bacterial biomarkers in A0 substrate. The A1 sample had a great abundance of the Alphaproteobacteria and Gammaproteobacteria bacterial communities. A2 substrate exhibited a significant abundance of Proteobacteria, whereas A3 substrate showed a great abundance of Chloroflexi and Proteobacteria. The abundant bacteria in A4 were Proteobacteria, Chloroflexi, Planctomycetes and Acidobacteria.



The most abundant fungal biomarkers in the A0 substrate were mainly Sordariomycetes. In addition to Sordariomycetes, other biomarkers (Dothideomycetes, Pezizomycetes, Eurotiomycetes and Tremellomycetes) were identified in the A1 substrate. The biomarkers identified in the A2 substrate were Eurotiomycetes, Sordariomycetes, Mortierellomycetes and Orbiliomycetes. Sordariomycetes was abundant in the A3 substrate, while the most abundant fungi in A4 were Sordariomycetes, Rozellomycota and Dothideomycetes.





4. Discussion


4.1. Effect of TCM on the Physicochemical Properties of Substrates


The main obstacles posed by continuous cropping is the decrease in soil quality, which can include soil compaction, nutrient imbalance, salinization, enzyme activity reduction, and the accumulation of harmful microorganisms [48]. In our study, the physiochemical property indices of the substrates (EC, and OM, TN and TP contents) decreased with continuous cropping. The (slightly alkaline) pH increased, but the change in TK content did not significantly change when the cucumber plants were continuously cropped (Table 1). Among these physicochemical property indices, EC was identified as a moderately sensitive index, which may indicate that continuous monocropping has a greater effect on EC than on other physicochemical properties. As OM, TN and TP were indicators of the quality of substrate [49], the fertility-holding capacity of the substrates decreased to some extent. This might be caused by the lack of readdition or replacement of TCM residue substrate during the continuous planting process. In actual agricultural production, fermented TCM residue can be readded after each crop is planted to maintain soil fertility.




4.2. Effect of TCM on the Diversity of the Bacterial and Fungal Communities


During the extensive process of evolution, plants and microorganisms have established a mutually beneficial association [50]. Certain microorganisms in the rhizosphere have a significant impact on the absorption of nutrients and the ability to withstand stress [51]. In practice, continuous monocropping can exert a significant influence on the microbial community of soil, thereby impacting its characteristics [52]. Such alterations may result in diminished soil fertility and even give rise to severe plant diseases and pests [53].



In this study, microbial diversity analysis revealed that continuous cropping on substrate with TCM had a greater effect on the diversity of fungi than on that of bacteria (Figure 2, Table S1). The most dominant bacteria found among all the samples were Proteobacteria, Actinobacteria, Bacteroidetes and Chloroflexi (Figure 3). The percentages of beneficial bacteria, including Proteobacteria, Chloroflexi and Nitrospirae, increased with the continuous cropping of cucumber. A positive correlation was observed between soil pH and Proteobacteria abundance, which in turn was associated with the cycling of carbon, sulfur, and nitrogen within the substrate [54]. Chloroflexi produces energy through photosynthesis and can decompose drug residues in substrates [18,55]. Actinobacteria can decompose cellulose and lignin and can fix nitrogen and resolve phosphorus [18]. Nitrospirae is related to the uptake and usage of nitrogen [56].



In terms of the fungal community, the abundance of Ascomycota was highest in all the treated substrates. Accordingly, Ascomycota are related to crop yields because they can inhibit plant pathogens and promote plant growth [57,58]. In addition, Ascomycota is related to the soil C content, and Basidiomycota is related to plant cell wall degradation [59]. In the A0 substrate, more than 90% of the fungi were Ascomycota, and the lowest proportion was 73% in the A3 substrate. The fungi Basidiomycota, Rozellomycota, Mortierellomycota and Mucoromycota were newly discovered after cucumber plants were monocropped. Among them, Basidiomycota is an important decomposing agent that can decompose cellulose, hemicelluloses and lignin [60], and its content in the A3 substrate was the highest, which was 12 times greater than that in the A0 substrate. Moreover, Mortierella fungi can decompose polysaccharides in the soil, which can benefit grape growth [61].



Among the physicochemical properties of the substrate, pH and TK were identified as the primary factors influencing the bacterial community structure of A2, A3 and A4 (Figure 6A). Previous studies have consistently reported that pH plays a crucial role in shaping soil bacterial diversity [62]. In this study, continuous planting resulted in a slight alkaline shift in substrate pH (Table 1), which is consistent with earlier findings [52,63]. The growth potential of fungi is reported to encompass a broader pH spectrum compared to bacteria [64]. For fungal community, the fertility of the substrate in the early stage (A1 and A2) exerted a stronger influence on fungal diversity within communities, whereas pH played a more prominent role during the late stage (A3 and A4) (Figure 6B).



The continuous cropping of cucumber plants has also been extensively studied [17,32,65]. Previous studies have demonstrated that as the duration of continuous monocropping increased, the presence of beneficial bacteria decreased, but the abundance of pathogenic fungi increased. To alleviate and resolve the obstacles in continuous monocropping of cucumber plants, methods such as cucumber-green garlic intercropping/crop rotation [19,66] or the application of Bacillus subtilis as a soilless substrate [67] have been extensively studied, the results of which indicate that the growth and quality of cucumber plants have improved to some extent with such methods. In the soilless cultivation system of cucumber, garlic [68] and corn straw [23] were added to produce high-quality cultivation substrates. In the present study, we produced a cultivation substrate with TCM residue, and the abundance of beneficial microbes increased with the continuous cropping of cucumber. Therefore, our study may not only provide a new way to reduce the obstacles associated with the continuous cropping of cucumber plants but also lay a theoretical basis for how to perform the scientific reuse of TCM residue waste.





5. Conclusions


The continuous cropping of cucumber strongly influences the physiological indices of cultivation substrates. Moreover, the diversity and structure of the rhizosphere microbial communities also greatly changed. The abundances of beneficial bacteria (Proteobacteria, Chloroflexi and Nitrospirae) increased after continuous monocropping. Important fungi (Ascomycota) occupied large proportions (over 73%) of the fungal community in all the samples. The diversity of the microbial community was found to be primarily influenced by EC, as well as OM, pH and TK contents. Our study aims to provide a conceptual basis for tackling the difficulties linked to continuous cropping and the utilization of organic waste in the TCM industry.
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Figure 1. Rarefaction curves of different substrate samples. (A) Bacterial communities. (B) Fungal communities. The horizontal coordinate is the sequencing depth, and the vertical coordinate is the median value of the α diversity index calculated 10 times; these values are presented in a box plot. 
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Figure 2. The α diversity of the microbial community in the substrate samples. (A–F) The α diversity of bacteria. (G–L) The α diversity of the fungi, including Chao1, observed species, Shannon, Simpson, Goods coverage and Pielou’s evenness indices. * and ** indicate significant differences between the substrate samples (Dunn’s test, p < 0.05 and p < 0.01). 
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Figure 3. β diversity analysis of the microbial community structures. (A,B) PCoA plots of the bacterial and fungal communities. (C,D) The panel on the left is a hierarchical clustering diagram in which samples are clustered according to their similarity of bacterial and fungal communities. The panel on the right is a stacked bar chart of the top 10 genera in terms of abundance. 
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Figure 4. Classification tree and taxonomic composition of the microbial community structures among the different substrate samples. (A,B) The classification tree of the detected bacteria and fungi. (C,D) The taxonomic composition of the bacterial and fungal community structures at the phylum level. 
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Figure 5. ASV comparison of microbial communities and profiles of the top 20 genera in abundance among substrate samples. (A,B) ASVs of the bacterial and fungal communities. The Venn diagrams present the distributions of sample-specific ASVs (depicted in the outermost circumference) and core ASVs (displayed at the center) for all the samples. (C,D) The profile of the top 20 genera in terms of abundance among the substrate samples. UPGMA clustering of samples according to the Euclidean distance of the species composition data. 
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Figure 6. RDA plots of microbial communities with environmental variables. (A) Bacterial communities. (B) Fungal communities. TP content (mg/kg), OM content (g/kg), TN content (g/kg), and TK content (g/kg). 
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Figure 7. LEfSe analysis of the microbial sequencing. (A) Bacterial 16S rDNA sequences. (B) Fungal ITS rDNA sequences. The concentric circles depict the hierarchical classification levels ranging from phylum to genus. Each small circle at a specific level represents a taxonomic classification, the size of which is directly proportional to the relative abundance of that particular taxon. The unfilled connections symbolize species that do not exhibit significant differences, while the biomarkers for distinct species are color coded in accordance with their respective groups. The legend on the right provides the names of the species denoted by letters. 
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Table 1. Physicochemical indices of the substrate samples.
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	Sample
	EC
	pH
	OM
	TN (g/kg)
	TP (g/kg)
	TK (g/kg)





	A0
	1.75 ± 0.002 c
	6.93 ± 0.06 d
	0.38 ± 0.01 a
	17.3 ± 0.07 a
	10.02 ± 0.32 b
	9.80 ± 0.07 a



	A1
	2.64 ± 0.035 a
	7.65 ± 0.02 c
	0.35 ± 0.01 b
	16.23 ± 0.28 b
	11.14 ± 0.43 a
	9.08 ± 0.88 a



	A2
	2.23 ± 0.047 b
	8.05 ± 0.03 ab
	0.34 ± 0.003 c
	16.18 ± 0.43 b
	9.73 ± 0.51 bc
	9.48 ± 0.32 a



	A3
	1.73 ± 0.057 c
	7.97 ± 0.07 b
	0.31 ± 0.01 d
	15.93 ± 0.04 bc
	9.18 ± 0.61 bc
	10.04 ± 0.77 a



	A4
	1.03 ± 0.001 d
	8.12 ± 0.05 a
	0.25 ± 0.01 e
	15.66 ± 0.3 c
	8.88 ± 0.33 c
	9.64 ± 0.25 a







The values shown are the means ± SDs (three biological replicates). Different letters (a–e) in the same columns indicate significant differences according to ANOVA under the Tukey test at p < 0.05. EC: electrical conductivity; OM: organic matter; pH: potential of hydrogen; TN: total nitrogen; TP: total phosphorus; TK: total potassium.
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