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Abstract

:

Vegetable waste causes resource waste and environmental pollution, giving rise to the spread of harmful organisms and causing disease in normal vegetable cultivation. Random distribution of vegetable waste can increase the risk of non-point agricultural pollution and explore the feasibility of its resource utilization. This study was designed to evaluate the effects of different doses of exogenous microbial agents on soil microbial communities after in situ composting of cucumber straw on plots with biodegradable mulch films. The cucumber straw and chicken manure were used as the base materials, and the next generation sequencing was used to analyze changes in the microbiome following composting. The results demonstrate that the addition of exogenous microbial agents had prolonged the high-temperature duration, reduced the total organic carbon (TOC) content, and accelerated the decline in the C/N ratio, ensuring compost maturity and effectively shortening the composting time. The predominant bacterial phyla of the four treatment groups were Proteobacteria and Firmicutes; while among fungal phyla, these treatments decreased the relative abundance of Ascomycota. The treatment of 300 t/ha microbial agents significantly increased the richness and diversity of both the bacterial and fungal communities. Redundancy analysis suggested that soil total nitrogen (TN) content had a significant effect on the bacterial community, while TN content, pH, and temperature influenced the fungal community in these samples. Collectively, the treatment of 300 t/ha exogenous microbial agents improved the quality of composting and promoted microbiome diversity.
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1. Introduction


Crop straw contains many nutrients, including carbon, nitrogen, phosphorus, and potassium, which can be used to carry matter, energy, and nutrients, serving as a valuable biomass resource [1]. Thus, crop straw plays a critical role in improving soil structure and regulating its water, fertility, gas, heat, and microbial content [2,3]. The annual production of crop straw in China is in excess of 900 million tons, with vegetable straw making up approximately 25.6% of the total. Vegetable straw is strongly characterized by high moisture content, short storage time, and being difficult to transport. Moreover, if large amounts of vegetable waste are piled at random, it will begin to rot and stink, breeding mosquitoes and flies [4] and spreading germs [5]. Eventually, this mismanagement leads to resource wastage and increased environmental pollution [6]. Effective reapplication of this straw not only accelerates its own decomposition and increases the supply of appropriate nutrients to the soil but also promotes crop growth, regulates soil temperature, preserves moisture content, and inhibits the growth of weeds [7]. Straw return can help to maintain farmland fertility, reduce the use of chemical fertilizers, improve soil carbon sequestration, promote the soil nitrogen cycle [8], decrease or avoid environmental pollution caused by straw burning, and promote a virtuous cycle of agricultural production [9].



Recently, plastic film mulching has become a critical agronomic measure used to protect vegetable production by facilitating the transformation of agricultural production modes and deepening agricultural structural adjustments. These films play an important role in regulating soil temperature, preserving water and fertilizer content, inhibiting the growth of weeds, and reducing humidity. However, the increasing use of plastic films has led to many environmental problems [10,11,12]. These materials are not naturally degraded and can remain in the environment for hundreds of years. Many of these films may never degrade, as they are produced from extremely stable compounds, such as polyethylene or polyvinyl chloride, in China [13]. This is particularly problematic for the ultra-thin plastic film products, as they are easily broken during crop production; consequently, there is limited secondary utilization of these films and reduced recovery of the plastic scraps [14]. This results in their accumulation within the soil and their long-term increase in soil consolidation, seriously hindering the transport of water and nutrients within the soil, destroying the soil ecological environment, and causing a serious reduction in crop yield [15,16]. However, these issues may be resolved by the use of biodegradable mulch films, which can be broken down into mineralized inorganic CO2, H2O, salts and their elements by soil microbes; thus, these films can participate in the natural metabolic cycle [17,18]. Cozzolino et al. [19] showed that biodegradable plastic films are a suitable alternative to polyethylene films and bare land cultivation. In addition, the use of biodegradable mulch films helps to reduce incomplete mechanical recycling and reduce the labor associated with removing the film, which is an important part of addressing the current issues around residual film pollution [14].



Many studies have shown that composting using high-temperature aerobic composting techniques is an effective means for improving resource utilization and reducing agricultural and animal husbandry waste [20,21]. Agricultural wastes are mineralized and humized, killing pathogenic bacteria during the high-temperature fermentation process and promoting the maturation of organic wastes via the metabolic activities of the associated microbiome [22,23,24]. However, the number of indigenous microorganisms is often insufficient to facilitate natural compost fermentation, resulting in reduced decomposition, longer fermentation cycles, and reduced nutrient content in composting products. Therefore, the use of microorganism-promoting additives is a safe and effective method to hasten the process of high-temperature composting and improve the ripening quality of the products. These additives include natural adsorbents, such as peat and zeolite [25,26,27,28], and exogenous microbial agents [29]. In fact, exogenous microbial agents can accelerate the degradation of agricultural wastes while reducing costs, simplifying operations, and causing no secondary pollution. There are complex changes in the microbial community during composting that affect the quality of the composting processes. Accordingly, the evaluation of microbial community structures has received widespread attention in recent years [30]. Huang et al. [31] showed that the composition of successive microbial communities is directly affected by the physical and chemical indices of the composting process, with temperature being one of the most significant environmental factors affecting the composition of these microbial communities.



Previously, little was known about the effect of research on biodegradable mulch combined with vegetable straw in situ compost. Our hypothesis was based on the degradability of the biodegradable mulch film; cucumber straw and chicken manure were used as the base materials. We evaluated the combination of cucumber straw and biodegradable mulch film that was crushed and returned directly to the field using a straw grinder, following which, it was plowed and treated with exogenous microbial agents designed to encourage high-temperature composting. The effects of the addition of exogenous microbial agents on the nutrients of the pile, the changes of the microbial community, and the metabolic function were investigated with the biodegradable mulch film and vegetable straw during greenhouse composting. The major aim of our work was to investigate the effects of exogenous microbial agents on physicochemical properties (including temperature, total organic carbon, total nitrogen, pH, etc.) in the composting process; (2) to investigate the effects of exogenous microbial agents on the diversity of the microbial community structure and the functional diversity during composting; (3) to explore the relationship between predominant soil microflora and environmental factors.




2. Materials and Methods


2.1. Site Description


These experiments were carried out in a greenhouse (36°51′ N, 118°50′ E) in Shouguang City, Shandong Province, China. The area began to return straw to the field in 2017 and completed these procedures twice a year (cucumber–tomato rotation). This area has a warm temperate monsoon climate, with an annual average of 2549 sunshine hours, an average temperature of 12.7 °C, and precipitation of 600–700 mm. The annual evaporation is 1834 mm, with 45–50% of this evaporation occurring between June and September. The soil pH was 7.05, and the total organic carbon (TOC) content was 21.03 g/kg, with 1.76 g/kg of total nitrogen (TN).




2.2. Materials


Cucumber residue and dried chicken manure were purchased locally, and the cucumber residue was harvested from previous stubble. The whole volume of cucumber residue was crushed to a size ranging between 3 and 5 cm into the field using a straw grinder. The basic physicochemical properties of these materials are listed in Table 1. The microbial agent was powdered, and the effective number of living bacteria was 1 billion per gram. These agents predominantly comprised Bacillus subtilis and Bacillus licheniformis.




2.3. Experimental Design


Given that these fields had been treated using straw return for the three preceding years of cultivation, it was not necessary to prepare the field for the current analysis. The fresh cucumber residue was crushed and returned directly to the field at approximately 120 t/ha after removing the cucumber seedlings in June 2020. Dried chicken manure was sprinkled as a base fertility at a rate of 12 t/ha, and was plowed with soil and straw to accelerate fermentation. Dried chicken manure was added to the soil as a swelling agent, and various doses of the microbial agents were then added to promote the degradation of the straw after it was crushed. Our experiments used a randomized block design with a total of four treatments, including a control treatment (no microbial agent) (CT), a treatment with 150 t/ha microbial agents (CR1), a treatment with 300 t/ha microbial agents (CR2), and a treatment with 450 t/ha microbial agents (CR3). Each treatment was repeated three times. To ensure that the samples were representative of the composting system, multi-point samples were collected from different points at 3, 7, 10, 17, 24, and 31 days. Then these samples were evenly mixed and divided into two subsamples of equal parts, one for testing the physical and chemical parameters, and the other for DNA extraction. All samples were stored in a low-temperature environment of −80 °C prior to analysis.




2.4. Analyses


2.4.1. Chemical and Physical Analyses


An IEDA-T3 environmental temperature detector was applied, using a soil temperature probe buried at a depth of 10 cm from the surface to measure the soil temperature during the composting period, with the temperature data being recorded automatically every 30 min during this time.



The basic physicochemical properties of the soil were analyzed and evaluated using the method described by Bao [32]. The total organic carbon (TOC) content was determined using the potassium dichromate method, and the total nitrogen (TN) content was determined using the Kjeldahl method. The C/N ratio describes the ratio between the TOC and the TN content. The pH and electrical conductance (EC) values of the composts (composting material: distilled water = 1:10, w/v) were obtained using a pH meter and a conductivity meter, respectively, while the soil water content was measured by the drying method. About 50 g of the soil sample was taken and put in an aluminum box, and then heated at 105 °C to constant weight.




2.4.2. Soil DNA Extraction and PCR Amplification


The soil microbiome DNA was extracted using the Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). The quality and concentration of the DNA was determined using 1% agarose gel electrophoresis and spectrophotometry. Then, the extracted genomic DNA was used as a template to amplify the hypervariable V3–V4 region of the 16S rDNA genes of the fine bacteria using primer sequences 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACNNGGGTATCTAAT), and the fungal ITS1 region was amplified using ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2R (TGCGTTCTTCATCGATGC). The reaction conditions for PCR amplification were as follows: 5 min of pre-denaturation at 95 °C, followed by 28 cycles of 45 s of denaturation at 95 °C, 50 s of annealing at 55 °C, and 45 s of extension at 72 °C; a final extension of 10 min at 72 °C was also applied. Products were then preserved at 4 °C before sequencing.




2.4.3. Next Generation Sequencing


The PCR products were detected using 2% agarose gel electrophoresis. These products were then used to construct the microbial diversity sequencing library and subjected to paired-end sequencing using an Illumina MiseqPE300 high-throughput sequencing platform.





2.5. Statistical Analysis


The off-machine data were evaluated using QIIME1 software, and Vsearch was applied to remove sequences with lengths of less than 50 bp after splicing. The Uchime method was used to compare de-chimera sequences according to the Gold Database, and forward operational taxonomic unit (OTU) clustering was performed based on 97% similarity [33].



The alpha diversity values for both the bacterial and fungal communities within each soil sample were calculated using QIIME software and evaluated using the community diversity indices Chao1, Shannon, and PD whole tree. Beta diversity analysis was used to evaluate differences in species complexity between the samples and was completed using the distance matrix in QIIME1 [34]. The data were then subjected to heat map clustering and principal coordinates analysis (PCoA), using a weighted UniFrac distance in R Software.



SPSS19.0 software was used to analyze the significant differences in the physicochemical properties of the soil in response to different treatments, while one-way ANOVA and multiple comparative analysis (Duncan) were used to set the significance level of the soil physicochemical properties. Canoco 4.5 was used to analyze the relationship between the soil physicochemistry and microbial communities using redundancy analysis (RDA).





3. Results


3.1. Composting Properties


3.1.1. Changes in Soil Temperature and Water Content


Temperature is one of the most significant factors affecting the composting process, often reflecting the activity of soil microbes and their utilization of the organic matter in the environment. It can also be used as an index for the innocuity and stabilization of composting products. The results show that the overall pattern in the temperature change associated with the compositing process remained consistent across the various treatments, with all groups demonstrating a rapid increase in temperature between Days 0 and 3. However, the groups treated with exogenous microbial agents experienced rapid fermentation. The composting temperature after the application of microbial agents was higher than that of the CT group across the entire high-temperature period of composting fermentation. The composting temperature in the tillage layer began to decrease and gradually approached the ambient temperature after 20 days of composting. This suggests that the addition of exogenous microbial agents induces increases in the fermentation temperature and contributes to the rapid ripening of compost. The water content in all treatments gradually decreased with prolonged composting. Compared with the CT, the water content of CR1, CR2, and CR3 decreased faster, which may be related to the temperature (Figure 1).




3.1.2. Changes in pH and EC


It is generally believed that the most suitable pH for composting is neutral or weakly alkaline. Figure 2a shows that the pH values in the CR1 and CR3 treatments first decreased and then increased in the initial stages but gradually decreased as the composting process continued. The pH values in the CR2 treatment group gradually decreased and then moved into the neutral range toward the end of the process. The pH values in the CT group increased at first and then decreased rapidly during the initial phase of fermentation, increasing slightly and then decreasing gradually as the composting process progressed. The pH in all treatments ranged from 7.0 to 7.5, suggesting an environment that was suitable for biological growth and compost maturation The EC values from all the treatment groups suggest that the addition of exogenous microbial agents does not affect the soluble salt content in these reactions. The CR1, CR2, and CR3 groups reached their maximal concentration slightly earlier than the control, at Day 24, which may be the result of the addition of the microbial agents and increased mineralization of the organic matter in these systems. These values all declined after this point, and the final EC value of each treatment stabilized between 1.5 and 2.5 (Figure 2b).




3.1.3. Changes in TOC and TN Content


The TOC content gradually decreased in all treatment groups with CR1, CR2, and CR3 treatments demonstrating the most significant decrease in organic carbon content. This was likely because these groups had a larger number of active thermophilic microorganisms, which facilitated the rapid degradation of large amounts of easily decomposed organic carbon (Figure 3). The organic carbon content in the CT, CR1, CR2, and CR3 groups decreased by 43.6%, 53.1%, 58.4%, and 53.7% across the entire composting process, respectively. The organic carbon content in CR2 was shown to experience the largest decrease, followed by CR3, CR2, and CT. The change in the TN content during composting is shown in Figure 3b. At the initial stage of composting, the TN content in CR1, CR2, and CR3 decreased slightly. After 10 days of composting, the TN content in the soil gradually increased with composting, compared with the initial stage of composting, with the TN content increasing by 18.6%, 13.1%, 31.6%, and 21.3% in the CT, CR1, CR2, and CR3 groups, respectively. An appropriate C/N ratio is beneficial for microorganism growth within the reactors (Figure 3c), and this value was the highest in the CR2 treatment group. However, none of the other groups demonstrated any significantly different values by Day 3. This indicates that the amount of microbial agent added to CR2 increased the C/N ratio within the reactor, which may explain its improved performance in other tests. The C/N ratio decreased markedly rapidly in the CT group between Days 17 and 31.





3.2. Distribution of the Soil Microbiome


3.2.1. Predominant Bacterial and Fungal Taxa at the Phylum Level


The predominant soil microbes after composting, with a relative abundance of more than 1% at the phylum level, were Proteobacteria, Chloroflexi, Actinobacteria, Firmicutes, Acidobacteria, Gemmatimonadetes, Bacteroidetes, Planctomycetes, and Deinococcus–Thermus. The relative abundance of Proteobacteria was the highest in the treatment groups (25.7–37.9%), followed by Chloroflexi and Actinobacteria, with relative abundances of 14.1–21.8% and 8.9–13.9%, respectively. The CR1, CR2, and CR3 treatments significantly increased the relative abundance of Firmicutes, which increased by 86.0%, 33.1%, and 84.9%, respectively. The relative performance of the four treatments was as follows: CR2 > CR3 > CT > CR1 (Figure 4a), when evaluating the relative abundance of Proteobacteria. There were only three fungal phyla whose relative abundance was more than 0.9%. The relative abundances of Ascomycota, Mortierellomycota, and Basidiomycota were 81.5–96.0%, 1.0–16.4%, and 0.9–1.4%, respectively, while unnamed phyla accounted for 1.2–2.3% of the total. The relative abundance of Ascomycota differed between the groups, with the relative abundances being in the following order: CR1 > CR3 > CT > CR2. The relative abundance of Mortierellomycota was the highest in the CR2 treatment group (16.4%) and lowest in the CR3 treatment group (1.0%), while the relative abundance of Basidiomycota was the highest in the CR3 group (2.3%) (Figure 4b).




3.2.2. Taxonomic Composition of Bacterial and Fungal Communities at the Genus Level


The clustered tree for these data, produced using the unweighted pair group method with the arithmetic mean, was used to evaluate the differences between the treatment groups. The fungi and bacteria were markedly separate at the genus level with the predominant bacterial communities in the different stacks being Bacillus, Steroidobacter, Candidatus Chloroploca, Streptomyces, Pseudomonas, and Roseiflexus (Figure 5a). The relative abundance of the genera Bacillus and Steroidobacter increased notably in the treatment groups compared with the CT, ranging from 21.4% to −87.1%, and 23.4% to −130.6%, respectively, after composting. In addition, the predominant fungal genera were Mycothermus, Myceliophthora, Aspergillus, and Mortierella (Figure 5b). The relative abundance of Mycothermus decreased significantly by 35.6%, 42.4%, and 42.4% after the CR1, CR2, and CR3 treatments, respectively, compared with the CT group. The relative abundance of Aspergillus was significantly increased by 674.7% in the CR2 group, and the relative abundance of Myceliophthora increased by 47.6% and 43.9% after the CR2 and CR3 treatments, respectively.





3.3. Richness and Diversity of Bacterial and Fungal Communities in Soil Samples Following Composting


OTU clustering was carried out using a 97% sequence similarity cut-off; the bacterial and fungal α diversity after the different treatments is shown in Table 2. The V3–V4 region of the 16S rRNA gene from soil bacteria and the ITS1 region in fungi were sequenced using next generation sequencing. A total of 345,801 effective sequences for the bacterial samples and 552,758 sequences for the fungal samples were obtained. The number of bacterial OTUs was significantly higher in the CR3 treatment group than in the CT group (p < 0.05). However, there were no significant differences in the number of OTUs among the CR1, CR2, and CT groups. The Chao1 index increased significantly in the CR2 group, but it decreased significantly in the CR1 and CR3 groups compared with the control. The PD whole tree index of the CR2 treatment was significantly higher than that of the other treatments, indicating that the CR2 treatment significantly increased bacterial abundance and community diversity. Fungal species richness (Chao1) and community diversity (PD whole tree and Shannon) significantly increased in the samples treated with increasing microbial agent concentrations compared to the CT samples.




3.4. Treatment Effect on Bacterial and Fungal Beta Diversity


Beta diversity analysis was used to evaluate the differences between the microbial communities. PCoA was used to compare and determine the factors influencing the microbial differences among the samples. The more similar the sample composition, the closer the distance in the PCoA chart. Principal Component 1 (PC1) and Principal Component 2 (PC2) explained 31.3% and 20.8% of the total bacterial variation (Figure 6a) as well as 50.5% and 20.4% of the total fungal variation (Figure 6b), respectively. The CR1, CR2, and CR3 treatments were significantly different from the CT in the bacterial analyses, indicating that the addition of microbial agents can result in changes in the soil bacterial community composition, especially after adding significant quantities of these microbial agents. There was a state of free separation between the CR1 treatment and other treatments in the fungal analyses, which suggest that the addition of a small quantity of a microbial agent could significantly affect the composition of the fungal community.




3.5. Relationship between Predominant Soil Microflora and Environmental Factors


The relative abundance of both the bacterial and fungal communities and the environmental parameters associated with the predominant soil microflora were analyzed at the class level, using RDA (Figure 7a,b). This analysis was designed to identify the relationships between the various environmental factors and microflora in our soil samples. The microbial species codes are presented in Table 3 and Table 4. The cumulative explanatory variables of bacterial abundance distribution in the first and second axes represent 22.7% and 21.2% of the total variance, respectively. The cumulative explanatory variables in the fungal abundance distribution in the first and second axes represent 42.2% and 20.0% of the total variation, respectively. The relative abundance of the predominant microflora in the soil bacterial community correlated with various soil environmental factors, including the TN content, which explained 21.6% of the total variation, suggesting that the TN content was an important factor in determining the structure of the soil microbiome (Figure 7a). The TN content (F = 2.80, p = 0.036) also showed the strongest correlation with community composition in the fungal samples, but these communities were sensitive to temperature (F = 2.80, p = 0.034) and pH (F = 2.70, p = 0.038), suggesting that a combination of these three factors was critical for determining the fungal community structure in this biome (Figure 7b).





4. Discussion


4.1. Effect of Exogenous Microbial Agents on the Physicochemical Properties of Topsoil Composting


Temperature had a significant impact on the microbial community within the reactors, with high temperatures shown to be necessary to promote the innocuity and stabilization of the composting process [22]. The addition of exogenous microbial agents significantly increased the reactor temperature. Liu et al. [22] found that the addition of compound microbial agents could accelerate the degradation of organic matter during composting, resulting in the generation of more heat, and thus promoting an increase in reactor temperature. Zhang et al. [35] showed that the high temperatures produced during the composting process killed pathogens and insect eggs and affected the viability of weed seeds, helping to shape the predominant microbial community in the composted products. Water content also plays an important role in microorganism growth and reproduction during composting. In the present study, we found that the water content of the compost decreased gradually as the composting process continued. In addition, the water content in the samples treated with exogenous microbial agents decreased more rapidly than that of the control, with these decreases likely the result of the metabolic activity of the exogenous microbial agents in these treatments. The addition of these agents also increased the overall activity of the microbiome and accelerated the ripening process.



The composting process is affected by pH, which can impair or accelerate the growth of the microorganisms needed to complete this process [36,37]. According to the pH values, each sample was alkaline during the initial stages of composting. However, with the decomposition and ripening of the composting materials and concurrent production of organic acids, a gradual decrease in pH value and its stabilization was observed, reaching a plateau between the values of 7.0 and 7.5 at the end of the composting period [38]. These results were consistent with those of previous studies that described the addition of cellulose to green waste and straw composting [39,40]. The EC value can be used to determine the concentration of soluble salts in soil, and high EC can damage plants, leading to soil degradation [41]. Here, we found that the EC value first increased and then began to decrease rapidly, finally stabilizing at a value between 1.5 and 2.5 ms/cm when the composting reaction was complete, which is in agreement with the results reported by Liu et al. [42], all of which met the suitable EC value that marks compost maturity of less than 4 ms/cm [43].



The results show that the TN content in each heap increased when the compost was decomposed and that the TN content in the compost samples treated with exogenous microbial agents was lower than that of the control at the end of composting. This may be because the addition of the microbial agents increased the composting temperature, allowing more nitrogen to leach into the soil as volatile ammonia [44]. Chen et al. [45] showed that this loss of nitrogen was related to its conversion into various other forms (NO3-N, NO2-N, NO, and N2). In addition, the organic carbon content of soil treated with microbial agents (CR1, CR2, and CR3) after composting decreased significantly by 20.1%, 28.8%, and 25.9%, respectively, compared with the CT. This was consistent with the results reported by Li et al. [46]. Harshitha et al. argued that all C/N ratios between 10 and 21 indicate that the pile has reached the maturity standard [47]. In the current study, on the 17th day, CR1, CR2, and CR3 reached maturity, with a C/N ratio ranging from 15 to 18, indicating that the compost had reached the maturity standard. This suggests that the addition of exogenous microbial agents can promote composting maturity under these conditions.




4.2. Effects of Exogenous Microbial Agents on the Bacterial and Fungal Communities


The distribution characteristics of both the bacterial and fungal microbial communities described in this study suggest that there are distinct differences, at the phylum level, in samples treated with various doses of exogenous microbial agents. Our results show that changing the microbial dose resulted in changes in the prevalence of the phyla Proteobacteria, Chloroflexi, Actinobacteria, Firmicutes, and Acidobacteria, as well as Ascomycetes. The richness and diversity of these soil communities were shown to increase most significantly when treated using CR2. Sun et al. showed that a high diversity of the bacterial community during composting made the microbial community more conducive to the decomposition of straw and chicken manure. Highly diverse bacterial communities are also an ideal environment for identifying heat-tolerant strains of composting microbes [48]. Our experiments showed that the addition of B. subtilis and B. licheniformis to the exogenous microbial inoculum significantly increases the relative abundance of Bacillus. Zhao et al. found that Bacillus could metabolize nutrients using organic substances, such as cellulose and pectin, which were difficult to decompose during periods of high temperatures, indicating that these bacteria promoted the decay and stabilization of the pile. The predominant flora in the fungal community in the piles changed significantly after the cucumber straw was returned to the field enriched with microbial agents, and the relative abundance of Mortierellomycota increased significantly following the CR2 treatment. After composting, the relative abundance of Mycothermus decreased significantly when the pile was initially treated with microbial agents, which was consistent with the results reported by Zhang et al. [49]. Natvig et al. [50] found that Mycothermus was a thermophilic fungus that could produce the thermostable enzyme lignocellulase, which dominates the high-temperature period of composting and plays a role in the degradation of lignocellulose.




4.3. Correlation between Bacterial and Fungal Communities and the Physicochemical Properties of the Soil


The structure of the soil microbiome is closely linked to the environment that they reside in, and the interactions between the members within the community and between the members and environmental factors are important in shaping the community diversity [51,52,53]. In the current study, we found a correlation between the dominant microflora structures and the environmental factors associated with these samples after composting. RDA and Monte Carlo simulation demonstrated that the soil TN content had the most significant effect on both the bacterial and fungal communities, which was consistent with the results of Li et al. [23]. This is because the strains of Firmicutes that decompose the nitrogenous organic compounds in compost into nitrogen sources can be absorbed and utilized by plants. Nitrogen sources can promote the growth and development of crops. Temperature was a major factor in establishing microbial communities, as temperature can affect the heterotrophic respiration of microorganisms by changing enzyme activity, microbial respiration rate, and the availability of the substrate [54,55].





5. Conclusions


	
The addition of exogenous microbial agents to cucumber straw during the in situ processing of these samples aided the aerobic fermentation process necessary to initiate the composting reaction in the plow layer. The results demonstrated that the addition of exogenous microbial agents prolong the high-temperature duration, reduce the total organic carbon (TOC) content, and accelerated the decline in the C/N ratio, ensuring compost maturity and effectively shortening the composting time.



	
Proteobacteria, Chloroflexi, Actinobacteria, Firmicutes, and Acidobacteria were the dominant phyla in the bacterial community structure. Compared with the CT, the CR1, CR2, and CR3 treatments significantly increased the relative abundance of Firmicutes. For the fungal community, the CR2 treatment significantly increased the relative abundance of Mortierellomycota but decreased the relative abundance of Ascomycota. Moreover, the addition of exogenous microbial agents can significantly increase the richness and diversity of the fungal community.



	
Redundancy analysis (RDA) revealed that the total nitrogen (TN) content was the most predominant main factor affecting the composition of the bacterial community, while the TN content, pH, and temperature were the most important factors that determined the fungal community composition.
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Figure 1. Changes in soil (a) temperature and (b) water content during composting. 
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Figure 2. Changes in soil (a) pH and (b) EC values during composting. 
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Figure 3. Changes in the (a) total organic carbon content, (b) total nitrogen content, and (c) C/N ratio in the soil during composting. 
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Figure 4. Composition and relative abundance of the (a) bacterial and (b) fungal communities at the phylum level after composting. 
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Figure 5. Composition and relative abundance of the (a) bacterial and (b) fungal communities at the genus level after composting. 
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Figure 6. Principal component analysis of (a) bacterial and (b) fungal communities in the composting samples. 
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Figure 7. Redundancy analysis, describing the effects of various environmental factors on the community structure of both the (a) bacterial and (b) fungal populations following composting. 
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Table 1. Physicochemical characteristics of the raw materials used in the composting analysis.
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	Material
	WC (%)
	TOC (g/kg)
	TN (g/kg)
	C/N





	Chicken manure
	-
	31.53
	5.36
	5.88



	Cucumber straw
	76.02
	39.58
	2.11
	18.76







Note: WC: water content; TOC: total organic carbon; TN: total nitrogen; C/N: C/N ratio.
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Table 2. Effects of composting on the richness and diversity of the bacterial and fungal communities in the soil.
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Processing

	
Clean Tags

	
OTUs

	
Chao1

	
PD Whole Tree

	
Shannon






	
Bacteria

	
CT

	
70841 b

	
2201 b

	
2856 b

	
184.45 b

	
8.84 a




	
CR1

	
75231 b

	
2299 ab

	
2725 c

	
183.08 b

	
8.87 a




	
CR2

	
104396 a

	
2249 ab

	
2968 a

	
197.54 a

	
8.92 a




	
CR3

	
95333 a

	
2404 a

	
2743 c

	
177.95 b

	
8.68 a




	
Fungi

	
CT

	
110437 c

	
327 b

	
342 d

	
59.6 d

	
3.49 b




	
CR1

	
141453 b

	
260 c

	
418 b

	
68.38 b

	
3.52 b




	
CR2

	
142419 b

	
316 b

	
589 a

	
77.32 a

	
3.79 a




	
CR3

	
158449 a

	
392 a

	
395 c

	
63.76 c

	
3.41 b








Different letters indicate significant differences among the samples by one-way ANOVA (Duncan, p < 0.05).
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Table 3. Bacterial species codes used in the redundancy analysis.
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	Number
	Species





	
	Proteobacteria



	A1
	Alphaproteobacteria



	A2
	Gammaproteobacteria



	A3
	Betaproteobacteria



	A4
	Deltaproteobacteria



	
	Firmicutes



	B1
	Bacilli



	B2
	Clostridia



	
	Actinobacteria



	C1
	Actinobacteria



	C2
	Acidimicrobiia



	C3
	Thermomicrobia



	
	Chloroflexi



	D1
	Anaerolineae



	D2
	Chloroflexia



	D3
	Gitt-GS-136
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Table 4. Fungal species codes used in the redundancy analysis.
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	Number
	Species





	
	Ascomycota



	E1
	Sordariomycetes



	E2
	Eurotiomycetes



	E3
	Dothideomycetes



	E4
	Saccharomycetes



	E5
	Leotiomycetes



	
	Mortierellomycota



	F1
	Mortierellomycetes



	
	Basidiomycota



	G1
	Tremellomycetes



	G2
	Agaricomycetes
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