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Abstract

:

Biogas slurry with rich nutrients could be applied as fertilizer to improve nitrogen absorption and soil structure. Arbuscular mycorrhizal fungi (AMF) are beneficial soil microorganisms that establish mutualistic relationships with the plant roots. The purpose of this study was to study the effects of AMF and biogas slurry treatment on hybrid Pennisetum growth, soil chemical properties, and soil microorganisms. The results revealed that the biomass yield of hybrid Pennisetum was significantly increased after the application of biogas slurry, and it reached the peak values when the biogas slurry dosage was 900 t/hm2, which were 13,216.67 kg/hm2 and 13,733.33 kg/hm2 in AMF− and AMF+ treatment groups, respectively. Moreover, biogas slurry treatment has a significant promoting effect on other agronomic traits related to biomass yield. As for soil chemical indicators, the contents of total nitrogen, nitrate nitrogen, ammonia nitrogen, and available phosphorus in the soil increased with the increase in biogas slurry application, while the soil organic matter was decreased. The addition of arbuscular mycorrhizal fungi significantly increased the species diversity of soil fungi with no biogas slurry application. Furthermore, when biogas slurry was applied, it had no significant effect on soil microbial diversity and composition, no matter the AMF+ or AMF− treatment. The research results can provide a reference for the long-term utilization of biogas slurry and it also can be used in the actual production of hybrid Pennisetum.
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1. Introduction


Biogas slurry, the primary by-product of the anaerobic fermentation of livestock and poultry manure, is rich in nutrients and can be utilized as a fertilizer in agricultural fields. Its application can enhance nitrogen uptake, improve soil structure, and reduce the overall cost of fertilizers required [1]. Nevertheless, improper treatment of biogas slurry can result in significant environmental pollution due to the high concentrations of nitrogen (N) and phosphorus (P). This can lead to eutrophication, air pollution, and soil degradation [2]. Additionally, biogas slurry application can increase plant height [3] and leaf area and leaf number [4], improve crop photosynthesis, promote plant tissue and organ development, accelerate the nutrient cycle [5], and change soil microbial community structure and microbial activity [6]. Meanwhile, although biogas slurry plays a positive role in improving the soil environment and promoting plant growth and development, excessive use of biogas slurry will still cause damage to the soil environment and eventually affect plant growth, increasing the risk of accumulation of harmful substances such as heavy metals [7] and antibiotics [8] in soil. Therefore, for sustainable development, it is necessary to figure out a cost-effective way to dispose of these wastes and realize the safe utilization of biogas slurry.



Hybrid Pennisetum (Pennisetum americanum × P. purpureum Schumach L.) is a kind of fast-growing perennial C4 warm-season forage crop for ruminant cattle and sheep, which has the characteristics of high biomass production, strong adaptability to environmental stress, strong regeneration ability, and the ability to sequester carbon [9,10]. Studies have shown that hybrid Pennisetum can adapt well to irrigation by biogas slurry, which is used for wastewater treatment and can grow well by producing adventitious roots with internal air space [11]. Biogas slurry, as a better organic fertilizer, has a positive effect on plant biomass and quality. Compared with the control, the application of biogas slurry can significantly increase the biomass yield of Pennisetum equisetum, up to 119.0% and 174,754 kg/ha in the whole year [12]. The combination of biogas slurry and chemical synthetic fertilizer could significantly improve the growth, development, and yield of Italian ryegrass [13]. In addition, compared with the application of chemical fertilizer only, the application of biogas slurry increased the dry matter of Italian ryegrass by more than 9.00%, while the stem–leaf ratio decreased by more than 12%. However, the long-term application of biogas slurry may adversely affect the soil environment and soil microbial community [14,15,16].



Arbuscular mycorrhizal fungi (AMF) are common soil microorganisms, which establish mutually beneficial symbiosis with the roots of most plants, promoting the absorption of mineral nutrients in soil [17]. AMF could improve soil properties and the plant–water relationship through the AMF filamentous network, so that plants can find water and nutrients deeper and wider in soil profiles, thus reducing the need for chemical fertilizer and irrigation [18]. Studies have shown that the combined use of biogas slurry and AMF has a positive impact on most plants and the soil environment, especially plant growth, soil organic carbon, and nutrient content [18]. Compared with the corresponding separate applications, the combined application of biogas slurry and AMF was more obvious in promoting plant growth. The addition of biogas slurry improves the physical and chemical environment of the soil, increases mycorrhizal root colonization, and enhances symbiotic benefits to plant growth. Even in contaminated soil, AMF can significantly promote plant uptake of nutrients (especially P) [19,20,21], thereby helping plants grow and adapt to stress.



In this study, seven levels of biogas slurry amounts were applied to replace fertilizer for hybrid Pennisetum in a pot experiment, and arbuscular mycorrhizal fungi were added to soil as treatment. The agronomic characters, soil chemical properties, and soil microbial communities of hybrid Pennisetum were determined to evaluate the effects of arbuscular mycorrhizal fungi and biogas slurry on hybrid Pennisetum, providing a theoretical basis for solving the problem of environmental pollution caused by biogas slurry and promoting sustainable development. The research results can provide a reference for the long-term utilization of biogas slurry and be used in the actual production of hybrid Pennisetum. This study aims to provide a basis for the long-term use of biogas slurry in agriculture and the benign interaction between plants and microorganisms.




2. Material and Methods


2.1. Experiment Design


The experiment was conducted to explore the effect of arbuscular mycorrhizal fungi on biogas liquid absorption and utilization by hybrid Pennisetum. The experiment was carried out in a pot design. In the AMF group, a 200 g (containing 15–20 spores per 1 g) AMF (Claroideoglomus etunicatum, bought from National Microbial Resource Center) zeolite medium was added to the humus soil matrix in each pot (35 cm in diameter, 38 cm deep), and the same amount of the soil matrix was added to the CK group. The propagation of arbuscular mycorrhizal fungi propagules was carried out with maize (Zea mays L.) as material in the zeolite medium. In this study, hybrid Pennisetum (variety of Gui-Min Yin) was used as plant material, which was obtained from Sichuan Agricultural University, and propagated by stem node cuttage. After 3 months of cultivation, the plants with consistent growth were selected as test objects for transplantation, and 3 hybrid Pennisetum seedings were planted in each pot. The biogas slurry used in the experiment comes from Muyuan Food Co., Ltd. in Chengdu China, and the composition of biogas slurry was determined before the experiment (Table 1).



There were 7 different application levels of biogas slurry that were set in the AMF group and CK group (Table 2), respectively. Biogas slurry was applied three times during the treatment stage. Plant agronomic characters and soil chemical properties were determined at last.




2.2. Determination of Plant Agronomic Characters


A month after the last application of biogas slurry, the agronomic characters of hybrid Pennisetum were measured, including leaf length, leaf width, stem diameter, plant height, and total fresh biomass yield. The leaf length of the second stem node from the top of each plant was measured, and the leaf width was the width of the widest part of the leaf. The stem diameter was measured for the stem node close to the soil of hybrid Pennisetum. The plant height was the distance from the highest leaf of hybrid Pennisetum to the surface of soil, and then the fresh biomass of hybrid Pennisetum was measured.




2.3. Collection and Determination of Soil Chemicals


The 0–20 cm soil samples were taken from each pot and the samples were filtered by a 2 mm mesh sieve. After removing the plant residues, the samples were evenly divided into three parts. The first part of them were naturally air-dried for the determination of soil organic matter, soil total nitrogen, soil available phosphorus, and available potassium. The second part was stored in a refrigerator at 4 °C to determine soil moisture content, soil ammonium nitrogen, and soil nitrate nitrogen. The last part of the 0–20 cm soil samples were frozen in the refrigerator at −80 °C. The high-throughput sequencing technique was used to analyze the microbial and fungal community diversity in the soil rhizosphere.



Soil organic matter was determined by potassium dichromate volumetric method–external calorimetry, and soil total nitrogen content was determined by the method of Kjeldahl [22]. Soil nitrate nitrogen and ammonia nitrogen were determined by phenol disulfonic acid colorimetry and KCl extraction–indophenol blue colorimetry, respectively [23]. Soil available phosphorus and available potassium were determined by the 1/2H2SO4 method and ammonium acetate extraction–flame spectrophotometry, respectively [22,24].



Calculation formula of soil organic matter:


  S o i l   o r g a n i c   m a t t e r =    ( 1000 ∗ m 1 ∗ 1.724 ∗ 1.32 )   m    ∗ 100 %  



(1)







m1 = The carbon content of soil is obtained from the standard curve.



m = Soil weight.




2.4. Determination of Soil Microbial Community


The community structure of soil fungi and bacteria was determined by high-throughput sequencing in the ITS region and 16 s region. The sample gDNA was purified by Zymo Kit (Cat# D4301) (Beijing, China). The concentration and integrity of gDNA were detected by Tecan F200 (Infinite ® 200 PRO, Mennedorf, Switzerland)(PicoGreen dye method) and 0.8% agarose electrophoresis [25]. The V4 region of bacterial DNA was amplified using gene primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and the PCR reactions were performed as follows: a 50 μL reaction mixture including 5 μL 10× PCR Buffer for KOD-Plus-Neo, 5 μL 2 mM dNTPS, 3 μL of 25 mM MgSO4, 1.5 μL of U515F, 1.5 μM of U806R, 1 μL of KOD-Plus-Neo (1 U/μL), and 40 ng template DNA. The fungal DNA was amplified with primers ITS3 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), and the PCR programme was as follows: pre-denaturation at 94 °C for 1 min, denaturation at 94 °C for 20 s, annealing at 54 °C for 30 s and extension at 72 °C for 30 s for 25–30 cycles, 72 °C for 5 min for 1 cycle, and heat preservation at 4 °C. Each sample was repeated by PCR technology for 3 times, and the linear phase PCR products were mixed in the same amount and used for the subsequent construction of the database. The PCR product was mixed with a 6-fold sample buffer, and then the target fragment was detected by 2% agarose gel electrophoresis. The samples that passed the test were collected and recycled using ZymocleanGelRecoveryKit (D4008) (Biomarker Technologies, Beijing, China)and we used Qubit@ 2.0 Fluorometer (Biomarker Technologies, Beijing, China) (Thermo Scientific, Waltham, MA, USA) quantitatively, finally followed by equimolar mixing. The NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB#E7645L) (NEW ENGLAND BioLabs, Beijing, China)was used to prepare the kit. Using the PE250 sequencing method, the sequencing kit uses Illmina NovaSeq 6000 SP Reagent Kit V1.5 (Illmina, Shanghai, China).




2.5. Statistical Analysis


The experiment was conducted with three biological replications. The data in the chart are represented as a mean value. IBM SPSS Statistics 25 (64-bit) software was used for a one-way analysis of variance (ANOVA), and the Duncan test was used. A principal component analysis (PCA) was performed through the OriginPro 2021 (64-bit) software; PCA is used to reduce the number of interrelated variables to smaller sets, which explains the overall variability.



In addition, the grey correlation degree analysis of the measured index was carried out, and the specific formula is as follows:


  G r e y   c o r r e l a t i v e =      min   i        min    k       X   0 ( k )   −   X   i ( k )     + 0.5   max   i        max    k       X   0 ( k )   −   X   i ( k )           X   0 ( k )   −   X   i ( k )     + 0.5   max   i        max    k       X   0 ( k )   −   X   i ( k )         



(2)







Note: i stands for processing, and k for indicators.





3. Result


3.1. Effects of AMF and Biogas Slurry on Agronomic Characters


The changes in agronomic characters related to biomass yield of hybrid Pennisetum under arbuscular mycorrhizal fungi and different biogas slurry treatments are shown in Figure 1. The leaf width of hybrid Pennisetum increased with the increase in biogas slurry application. Specially, in the T3 treatment group, the leaf width of the arbuscular mycorrhizal fungi (AMF+) group was significantly higher than that of the treatment group without arbuscular mycorrhizal fungi (AMF−). The change in leaf length was similar to that of leaf width, and reached the maximum value at T5 treatment (100.72 cm), indicating that excess biogas slurry will inhibit the growth of the plant. There was no significant difference between AMF− and AMF+ treatment groups for leaf length.



The maximum values of stem diameter under AMF− and AMF+ treatments appeared at T3 treatment with 14.45 and 14.71 mm. The maximum plant height appeared in T3 and T4 treatments under AMF− and AMF+ treatments, which were 258.44 cm and 246.50 cm, respectively. In total, plant growth had a positive correlation with the increase in biogas slurry application, while the difference between AMF− and AMF+ was not significant, indicating that the effect of arbuscular mycorrhizal fungi was mainly on soil properties and microbial diversity.



The change in forage yield of hybrid Pennisetum under arbuscular mycorrhizal fungi and biogas slurry treatment is shown in Figure 2. After the application of biogas slurry, the yield of hybrid Pennisetum was significantly higher than that of the control group, and the yield of hybrid Pennisetum in AMF− and AMF+ treatment was the highest under T6 treatment, which was 13,216.67 kg/hm2 and 13,733.33 kg/hm2, respectively. However, the effect of arbuscular mycorrhizal fungi on the yield of hybrid Pennisetum was not obvious, and there was no significant difference between AMF− and AMF+.




3.2. Effects of AMF and Biogas Slurry on Soil Chemical Properties


Soil total nitrogen is mainly determined by soil humus, including organic nitrogen and inorganic nitrogen, which is closely related to crop yield and used to guide fertilization in production. In this study, with the increase in biogas slurry application, the total of nitrogen in soil was also increased and reached the peak value at T6 treatment (5.76 g/kg and 4.05 g/kg, respectively), no matter at the AMF− or AMF+ level (Figure 3A). Additionally, the total nitrogen content of the AMF− treatment group was higher than that of the AMF+ treatment group, which may be due to the higher utilization efficiency of soil organic nitrogen by hybrid Pennisetum with the participation of arbuscular mycorrhizal fungi under biogas slurry treatment.



Soil inorganic nitrogen is the product of microbial activities mainly including nitrate nitrogen and ammonia nitrogen, which is easy to be absorbed by plants. In this study, the soil nitrate nitrogen content increased with the application amount of biogas slurry in AMF+ groups (Figure 3B), and reached the maximum value in the T6 treatment (153.49 mg/kg), and the content was higher than the AMF− group. The soil ammonia nitrogen content in each biogas slurry treatment group was significantly higher than that in the T0 group (Figure 3C), and the soil ammonia nitrogen content increased with the increase in the biogas slurry application amount.



Soil organic matter is an important substance, which is the basis of maintaining soil life and promoting plant growth. In this study, soil organic matter increased at first and then decreased with the increase in biogas slurry application, and the soil organic matter content reached the maximum under T2 treatment (Figure 4). The soil organic matter content of AMF− and AMF+ treatment under T2 treatment was 196.56 g/kg and 169.50 g/kg, respectively. The content of soil organic matter in AMF− treatment was higher than that in AMF+ treatment, which may be related to the participation of arbuscular mycorrhizal fungi in the utilization of soil organic matter by hybrid Pennisetum.



Available phosphorus and available potassium are easily absorbed and utilized by plants in soil. The content of available phosphorus in soil increased with the increasing in biogas slurry application, and the maximum values in AMF− and AMF+ treatment groups were 253.06 mg/kg and 250.59 mg/kg, respectively (Figure 5). Under AMF− treatment, there was no significant difference in the application amount of high biogas slurry (T4~T6) among the treatment groups, while in the AMF+ treatment group, the application amount of high biogas slurry was significantly higher than that of low biogas slurry. In terms of soil available potassium, there was no obvious pattern among the amount of biogas slurry application.




3.3. Clustering, Correlation, and PCA Analysis of Plant Growth and Soil Chemical Properties


In order to further determine the key index parameters for evaluating the agronomic and soil chemical properties of hybrid Pennisetum, 14 treatment indicators were selected to draw a heat map. As shown in Figure 6, 14 treatment groups were clustered into 3 groups: the type I group included T3–T6, which was a group with high biogas slurry application treatment; the type II treatment group included T1 and T2, which was a group with low biogas slurry application treatment, and type III was the T0 control group. Among the indicators, AK and SOM were negative indicators, and yield, LW, LL, SD, height, NH4+–N, NO3−–N, AP, and TN were positive indicators.



In order to determine whether there is a correlation between the agronomic characters and soil chemical indexes under 14 treatments, a correlation heat map was drawn for a total of 12 indexes. As shown in Figure 7, the correlation between available potassium (AK) and the other indicators was lower, and the correlation between soil organic matter (SOM) and most other indicators was negative.



Based on the PCA analysis, it could be seen that yield, LW, LL, SD, height, NH4+–N, NO3−–N, AP, and TN as positive indexes have an obviously promoting effect under treatment, while SOM was a negative index, which tends to decrease after treatment (Figure 8). Interestingly, available potassium (AK) seems to be not significantly affected after biogas slurry and arbuscular mycorrhizal fungi treatment.



In order to determine which treatment has the greatest positive influence on hybrid Pennisetum growth and soil chemical properties among 14 treatments, grey correlation degree analyses were carried out. The specific results are shown in Table 3. Among the 14 treatments, the grey correlative coefficient of AMF− T6 was the highest, reaching 0.879, followed by AMF+ T6, AMF+ T5, AMF− T5, AMF− T4, AMF− T3, AMF+ T4, AMF+ T3, AMF− T2, AMF+ T2, AMF− T1, AMF+ T1, AMF− T0, and AMF+ T0. The order of treatment based on weighted grey correlatives was consistent with previous analyses.




3.4. Effects of AMF and Biogas Slurry on Soil Microbial Diversity and Composition


From the abundance diagram of soil microorganisms at the genus level, there was no significant difference in the species and abundance of soil bacteria among the treatment groups (Figure 9A). When biogas slurry was not applied, the addition of arbuscular mycorrhizal fungi increased the abundance of Acidea and reduced the abundance of Plectosphaerella compared with the AMF− treatment (Figure 9B). After the application of biogas slurry, there was no significant difference of the abundance levels of Acidea and Plectosphaerella between AMF+ and AMF−, regardless of whether arbuscular mycorrhizal fungi were added.



The Alpha diversity of soil microorganisms showed that the Chao1 index and Shannon–Wiener index of soil bacteria had no significant difference among treatments (Figure 10), which indicated that biogas slurry and arbuscular mycorrhizal fungi had no significant effect on the species number and community diversity of bacteria. In terms of the Chao1 index and Shannon–Wiener index of soil fungi, the addition of arbuscular mycorrhizal fungi significantly increased the number and the species diversity of soil fungi with no biogas slurry application. The addition of biogas slurry decreased the Chao1 index and Shannon–Wiener index of fungi in the AMF+ group, which indicated the biogas slurry effect on soil microbial diversity and composition.



It can be seen from the PCoA plot (Figure 11) that there was no significant difference in the soil bacterial community among the four treatments (Figure 11A), but the soil fungal community was obviously separated between different treatments (Figure 11B). In addition, there were significant differences in the fungal communities between the AMF− and AMF+ treatments when no biogas slurry was applied.





4. Discussion


Biogas slurry has great fertilizer potential and is considered to be a popular source of nutrients, especially nitrogen, which play an essential role in sustainable organic agriculture development [26]. Biogas slurry has been widely used for crop productivity [27] and previous studies showed that using biogas slurry instead of chemical fertilizer in wheat (Triticum aestivum L.) and paddy fields could increase plant tiller and yield [28,29]. Additionally, crops such as peanuts (Arachis hypogaea L.) [30], tomatoes (Solanum lycopersicum L.) [31], and pepper (Piper nigrum L.) [32] can be harvested for a long time, suggesting that slow-release components in biogas slurry, such as organic matter and humic acid, provide an economic advantage by making fertilizers last longer. In this study, the biomass yield and related traits of hybrid Pennisetum treated with biogas slurry were significantly higher than those of the CK group, which was consistent with the previous studies, and the yield of hybrid Pennisetum increased with the increase in biogas slurry use. A combination of organic and synthetic fertilizers often increases crop yields and promotes optimal soil fertility. However, the cost of synthetic fertilizers is often beyond the reach of many small-scale farmers. Therefore, using biogas slurry instead of synthetic fertilizers in agricultural production is a proven way to reduce costs and increase crop yields [33,34].



Biogas slurry is a kind of organic fertilizer, which has many advantages to improve soil quality and plant growth, including increasing the availability of plant nutrients, enhancing water retention capacity, enhancing cation exchange capacity, improving soil texture, and promoting the growth of beneficial microorganisms in soil, such as nitrifying bacteria and phosphorus-solubilizing bacteria [35]. In addition, the addition of organic modifiers improves the physical properties of the soil, such as air permeability, water retention, stability, aggregates, and resistance to soil erosion, thus helping to prevent or mitigate the erosion process. Suitable biogas slurry provides a balanced proportion of nutrients and serves as a valuable source of slow-release minerals [36]. In this study, applying biogas slurry increased the content of total nitrogen, nitrate nitrogen, ammonia nitrogen, and available phosphorus in hybrid Pennisetum soil, while reducing the content of soil organic matter. The effect on the content of available potassium in the soil was not significant. This result was different from previous studies regarding that biogas slurry can be used as a viable alternative to chemical fertilizers and can effectively increase the content of soil organic carbon, especially when applied together with biochar, which can promote soil health [37].



As a habitat for plant and soil biodiversity, AMF can regulate soil composition and structure and its community plays an important role in maintaining the structure and diversity of a plant community and maintaining the stability and function of an ecosystem [38]. In this study, the exogenous addition of AMF could significantly improve the community richness and diversity of fungi in hybrid Pennisetum soil, but the effect of AMF reduced after the application of biogas slurry. AMF hyphae and GRSP outperform fine roots in controlling microbial diversity and soil multifunction [39]. AMF roots and AMF hyphae create specific habitats (that is, the rhizosphere and lower phosphorus) for a range of different microorganisms through secretions, thus forming specialized microbial communities [40]. For example, some phytate-degrading bacteria were isolated from the AMF mycelium chamber [41] and these bacteria may contribute to plant phosphorus nutrition along with AMF [42]. Research results showed that the effect of using biogas slurry instead of chemical fertilizer topdressing on the α-diversity of soil bacterial and fungal communities is not obvious, but different application ratios of biogas slurry and chemical fertilizers affect the separation of bacterial and fungal diversity indexes, among which the bacterial index value increases or decreases linearly with the increase in the ratio of biogas slurry to chemical fertilizer topdressing [43]. In the results of this study, the abundance of pathogenic fungi (Plectosphaerella) in the control group soil was higher than that in other treatment groups, while the abundance of saprophytic fungi (Acidea) was lower, indicating that the addition of biogas slurry and arbuscular mycorrhizal fungi would increase the abundance of saprophytic fungi in the soil and reduce the abundance of pathogenic fungi. Among them, saprophytic fungi play an important role in the growth of hybrid Pennisetum. In addition, there could be interaction between intracellular bacterial microbiomes and AMF to produce characterized functions, which require further proof in the future [44].




5. Conclusions


In this study, the agronomic traits, soil physicochemical properties, and rhizosphere soil microbial communities of hybrid Pennisetum were analyzed by applying biogas slurry and adding exogenous AMF; the results will provide key information for the balance between hybrid Pennisetum production and biogas slurry digestibility, and make recommendations for managing soils to promote soil health and productivity, benefiting the sustainable development of the livestock sector. The results showed that the application of biogas slurry could promote the growth of hybrid Pennisetum, and the yield and related agronomic traits of hybrid Pennisetum increased with the increase in biogas slurry application. With the increase in biogas slurry application, the contents of total nitrogen, nitrate nitrogen, ammonia nitrogen, and available phosphorus in the soil also increased, while the content of soil organic matter decreased. The effect of adding AMF on the growth of hybrid Pennisetum and soil nutrients was not obvious, but from the results of soil microorganisms, the addition of AMF could increase the richness and diversity of fungal communities in the soil when biogas slurry was not applied, and the addition of biogas slurry and AMF could reduce the abundance of Plectosphaerella. Under the condition of applying biogas slurry, it had no significant effect on soil microbial diversity and composition, no matter for AMF+ or AMF− treatment, and the reasons for this need further study.
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Figure 1. Effects of different biogas slurry treatments and AMF on different agronomic characters such as leaf width (A), leaf length (B), stem diameter (C), and plant height (D) of hybrid Pennisetum. Different capital letters in the figure indicate significant differences between different biogas slurry treatment conditions under the same fungus treatment, and different lowercase letters indicate significant differences between AMF+ and AMF− under the same biogas slurry treatment conditions (p < 0.05). 
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Figure 2. The effect of biogas slurry treatment on yield of hybrid Pennisetum. The lowercase letters above the histogram indicate the significance between different biogas slurry application rates under the same AMF, and the capital letters above the histogram indicate the significance of the difference between different AMF treatments with the same application amount (p < 0.05). 
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Figure 3. Effects of different treatments on total nitrogen (A), nitrate nitrogen (B), and ammonia nitrogen (C) in soil. The lowercase letters above the histogram indicate the significance between different biogas slurry application rates under the same AMF, and the capital letters above the histogram indicate the significance of the difference between different AMF treatments with the same application amount (p < 0.05). 
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[image: Sustainability 16 08416 g003]







[image: Sustainability 16 08416 g004] 





Figure 4. Effects of different treatments on soil organic matter in soil. The lowercase letters above the histogram indicate the significance between different biogas slurry application rates under the same AMF, and the capital letters above the histogram indicate the significance of the difference between different AMF treatments with the same application amount (p < 0.05). 
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Figure 5. Effects of different treatments on available phosphorus (A) and available potassium (B) in soil. The lowercase letters above the histogram indicate the significance between different biogas slurry application rates under the same AMF, and the capital letters above the histogram indicate the significance of the difference between different AMF treatments with the same application amount (p < 0.05). 






Figure 5. Effects of different treatments on available phosphorus (A) and available potassium (B) in soil. The lowercase letters above the histogram indicate the significance between different biogas slurry application rates under the same AMF, and the capital letters above the histogram indicate the significance of the difference between different AMF treatments with the same application amount (p < 0.05).
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Figure 6. The cluster analysis of various indexes of hybrid Pennisetum under different treatments. In the picture, red is positive correlation and blue is negative correlation. 






Figure 6. The cluster analysis of various indexes of hybrid Pennisetum under different treatments. In the picture, red is positive correlation and blue is negative correlation.



[image: Sustainability 16 08416 g006]







[image: Sustainability 16 08416 g007] 





Figure 7. Correlation analysis of various indexes of hybrid Pennisetum. Red is positive correlation and blue is negative correlation. 
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Figure 8. PCA analysis of different indexes of hybrid Pennisetum under different treatments. 
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Figure 9. Abundance of soil bacteria (top 20 species) (A) and fungi (B). Different colours represent different genera. 
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Figure 10. Test soil microbial bacteria (A) and fungi (C) Chao1 index and bacteria (B) and fungi (D) Shannon–Wiener index; different lowercase letters in figure indicate significant differences (p < 0.05). 
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Figure 11. PcoA diversity of microbial bacteria (A) and fungi (B) in experimental soil. 
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Table 1. Nutrient content of biogas slurry and nutritious soil used in the experiment.
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	Characteristics
	Soil
	Biogas Slurry





	Organic matter (%)
	18.62
	0.35



	Total nitrogen (%)
	0.35
	0.09



	Ammoniacal nitrogen (mg/kg)
	22.16
	-



	Nitrate nitrogen (mg/kg)
	39.73
	-



	Total phosphorus (mg/L)
	-
	19.41



	Available phosphorus (mg/kg)
	6.20
	-



	Total potassium (mg/L)
	-
	833.6



	Available potassium (mg/kg)
	221.7
	-










 





Table 2. Biogas slurry treatment design, a total of 7 treatments; 3 times for biogas slurry application.
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Biogas Slurry Topdressing (L)

	
Total (t/hm2)




	
Amendment

	
t1 (21 May 2022)

	
t2 (15 July 2022)

	
t3 (16 September 2022)






	
T0

	
0

	
0

	
0

	
0




	
T1

	
0.5

	
0.5

	
0.5

	
150




	
T2

	
1

	
1

	
1

	
300




	
T3

	
1.5

	
1.5

	
1.5

	
450




	
T4

	
2

	
2

	
2

	
600




	
T5

	
2.5

	
2.5

	
2.5

	
750




	
T6

	
3

	
3

	
3

	
900








Note: The density of biogas slurry is close to that of water, which is calculated according to 1 g/mL.













 





Table 3. Grey Relational degree Analysis of hybrid Pennisetum under different treatments.
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	Treatment
	Grey Correlative
	Order
	Weighted Grey Correlative
	Order





	AMF− T6
	0.879
	1
	0.823
	1



	AMF+ T6
	0.861
	2
	0.798
	2



	AMF+ T5
	0.799
	3
	0.753
	3



	AMF− T5
	0.782
	4
	0.737
	4



	AMF− T4
	0.740
	5
	0.698
	5



	AMF− T3
	0.728
	6
	0.691
	6



	AMF+ T4
	0.694
	7
	0.657
	7



	AMF+ T3
	0.674
	8
	0.641
	8



	AMF− T2
	0.659
	9
	0.628
	9



	AMF+ T2
	0.635
	10
	0.604
	10



	AMF− T1
	0.587
	11
	0.557
	11



	AMF+ T1
	0.581
	12
	0.553
	12



	AMF− T0
	0.506
	13
	0.477
	13



	AMF+ T0
	0.450
	14
	0.425
	14
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