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Abstract

:

The composition of microbial communities and the functioning of ecosystems are greatly influenced by the nutrient inputs. Despite this fact, our knowledge regarding the impact of phosphorus (P) inputs on soil P availability and microbial community structures in subtropical acidic soils remains limited. We hypothesized that diverse P inputs, incubation temperatures, and soil types could significantly alter soil P availability and microbial communities. To address this gap, we conducted a laboratory incubation experiment, investigating the effects of biochar and inorganic P amendments on soil available P, soil pH, acid phosphatase enzymes, and bacterial abundance. We employed two different incubation temperatures (15 °C and 25 °C) using acidic paddy soil and red soil from the subtropical Southern China region. Our results indicate a notable increase in soil pH, reaching 37% and 39% at 15 °C and 40% and 40.6% at 25 °C, respectively, following the application of biochar and inorganic P amendments in paddy soil. In the case of red soil, we observed pH increases of 41% and 43% at 15 °C and 44% and 45% at 25 °C after the application of biochar and inorganic P amendment, respectively. The addition of inorganic P amendment resulted in the highest available P contents in paddy soil, reaching 111.47 mg/kg at 15 °C and 100.17 mg/kg at 25 °C, respectively. However, Proteobacteria decreased after inorganic P addition, which showed that P might not be the only limiting nutrient for various bacterial communities. Bacterial diversity and richness indices were found to be higher after biochar application in both soils. Gemmatimonadetes, Acidobacteria, and Actinobacteria were found to be strongly influenced by incubation temperatures, whereas most of the top abundant bacterial phyla, such as Gemmatimonadetes, Actinobacteria, Chloroflexi, Acidobacteria, Planctomycetes, Firmicutes, Patescibacteria, and Bacteroidetes, were highly dependent on soil type. At the genus level, various important P solubilizing genera (Pseudomonas, Bradyrhizobium, Streptomyces jietaisiensis, Massilia) significantly increased after biochar and inorganic P addition in both soils. The correlation analysis proved that P-solubilizing genera were significantly associated with changes in soil pH, as well as soil available P after biochar and inorganic P addition. Conclusively, in a short-term incubation experiment, inorganic P amendment greatly increased the soil pH and available phosphorus contents compared to biochar and control treatments; however, the microbial community was observed to be strongly associated with biochar application, soil type, and incubation temperature.
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1. Introduction


Soil microbes significantly contribute to improving soil structure, soil aggregates, the recycling of soil nutrients, and soil water characteristics [1]. In soil, bacteria have one of the largest populations and biomasses among soil organisms, ranging from 100 to 300 million per gram of soil [2]. Soil bacteria are described as a pocket full of enzymes and fertilizers, as they can multiply rapidly with optimal water and nutrient availability and even with starvation conditions or water scarcity [3]. Soil bacteria play a crucial role in driving soil processes and are highly sensitive to ongoing climatic changes [4].



Several environmental factors like soil pH, temperature, soil type, and nutrient availability have been reported to significantly affect the soil microbial communities [5,6]. The temperature directly impacts soil microbial activity, and variations in the availability of soil nutrients, such as phosphorus (P), have been documented. Nevertheless, diverse opinions exist regarding the influence of soil temperature on the structure of microbial communities. While some studies suggest an increase in soil microbial biomass with rising temperatures, others have reported a decrease in microbial biomass [7,8] or noted that certain communities remain relatively unaffected by temperature variations [9]. Changes in temperature and nutrient status are linked to shifts in soil microbial community compositions [10]. Notably, it has been reported that a temperature increase of approximately 2 °C does not significantly impact soil bacterial communities under controlled conditions [11]. Consequently, the effects of temperature changes on soil microbial communities are still not fully understood, emphasizing the need for further research to gain a comprehensive understanding of the influence of temperature on these communities.



Phosphorus (P) inputs are essential for plant growth and soil fertility [3]. Due to high temperatures and precipitation, soils in the subtropical areas of Southern China have lost much of the available P [12,13]. Therefore, continuous anthropogenic P additions are crucial to increase primary production and improve the soil’s nutritional status [14]. Several studies have reported the effect of P sources as organic amendments (biochar, manure, compost) and inorganic fertilizer (urea, DAP, SSP) and their integrated application into soil to increase soil nutrition. Notably, there is a dearth of studies examining the response of soil bacterial communities to inorganic amendments, such as DAP (di-ammonium phosphate), at different incubation temperatures and soil types.



To the best of our knowledge, there are no studies investigating the response of soil bacterial communities to inorganic amendments such as DAP (di-ammonium phosphate) at different incubation temperatures and soil types. Only a few studies have compared the effects of biochar and inorganic P fertilizer on soil microbes and soil P availability at various temperatures in P-limited conditions. Therefore, it becomes vital to explore the factors regulating soil microbial communities involved in P transformation processes in P-limiting soils using different temperatures.



Moreover, we hypothesize that the response of soil bacterial communities to phosphorus amendments will exhibit significant variability across different soil types. The distinct characteristics of each soil type, such as soil pH, P contents and microbial ecology, are expected to influence the way in which microbial communities interact with and respond to P additions. Hence, this study addresses the current gap in the literature, providing a foundation for understanding the nuanced relationships between soil types and microbial responses to phosphorus amendments, thereby contributing valuable insights for sustainable agricultural practices.



Keeping in mind the above discussion, this study was conducted to examine the effects of biochar and DAP on soil bacterial communities, diversity, and community compositions at different incubation temperatures, i.e., 15 °C and 25 °C. The objectives of this study were as follows; (i) to examine the effects of biochar and inorganic P amendment on soil pH; (ii) to determine the effect of biochar and inorganic P amendment on soil available P and enzyme activity; (iii) to evaluate the responses of bacterial communities to biochar and inorganic P amendment; (iv) to clarify the influence of temperature changes on soil bacterial communities; and (v) to investigate the influence of soil type on the soil bacterial communities. We assumed that temperature changes and soil type would significantly influence the bacterial community, soil pH, and P availability.




2. Materials and Methods


2.1. Site Descriptions and Soil Sampling


Two kinds of acidic soils, i.e., red soil and paddy soil, were used in this experiment. The soils were taken from Minhou County (26.2039° N, 119.0771° E) in Fujian Province, China. The average annual minimum and maximum temperatures in this county are 10.9 and 28.9 °C, while the average annual precipitation is 1600 millimetres. Red soil was collected from the surface (0–20 cm) of a mountain site, and the collection altitude was 271 m above sea level. Paddy soil was collected from the tillage layer (0–20 cm) of a farmland. After collection, the soil samples were air-dried, crushed with mortar and pestle, and passed through a square-mesh sieve of 2 mm. The basic properties of both soils are given below (Table 1):




2.2. Biochar Production and Characterization


Tremella fuciformis spent mushroom substrate for biochar generation was collected from firms located in Gutian County (Fujian). After collection, the feedstock was air-dried and placed in a stainless container under limited oxygen conditions and pyrolyzed in a sealed furnace at 700 °C for three hours. Once the process of pyrolysis was finished, we left the biochar samples to cool down to room temperature inside the pyrolysis unit. Biochar was then examined for various basic physicochemical properties, including pH, nitrogen (N), carbon (C), potassium (K), and total P. The pH of biochar (1:20; biochar:water) was determined using the standard method proposed by McLean (1982) [15] through a portable pH meter using a portable pH meter (INESA Scientific Instrument Co., Ltd., Shanghai, China) [14]. Total N and C percentage were measured using an elemental analyzer (LECO Corporation, St. Joseph, MI, USA). Total P (TP) was determined using the molybdenum blue method against the absorbance wavelength of 880 nm via a spectrophotometer (BioTek, Epoch2, Winooski, VT, USA) and total K was determined using a flame photometer (FP640; AOPU Analytical Instruments, Shanghai, China). The various biochar properties measured were as follows: pH = 9.61, total K = 2.11%, total N = 2.3%, total C = 68.7%, and total P = 2.46%.




2.3. Incubation Experiment


In an incubation experiment, the impacts of biochar and inorganic phosphorus (P) on two types of soils, namely paddy soil and red soil, were investigated. The application involved incorporating 2% (w/w) biochar and applying diammonium phosphate (DAP) at a rate of 62 kg per hectare to 200-g soil samples, resulting in the addition of 4 g of biochar and 1.24 g of DAP to the respective soil types. Each treatment involved mixing the specified soil type with the assigned treatment, and the resulting mixture was placed into glass cups. To maintain a constant sample weight, approximately 40% moisture was retained in glass beakers containing the soil samples, and the moisture levels were periodically monitored. Three replicates of various treatments were taken and incubated in the laboratory at different incubation temperatures (15 °C and 25 °C) for 60 days. Sampling was conducted every ten days throughout the incubation period. During each sampling event, soil replicates were removed from the incubator, air-dried, and assessed for soil pH, available P, and phosphatase enzyme activity. Samples used for enzyme activity determination were preserved at 4 °C. Microbial community analysis was conducted once at 60 days after the completion of the incubation experiment. Samples used for microbial community determination were stored at −80 °C for subsequent DNA extraction.



Treatments


The nomenclature for the treatments was established according to the soil type, incubation temperature, and specific amendments applied during the experiment. High-phosphorus paddy soil was represented by ‘H’, low-phosphorus red soil was represented by ‘L’, a 15 °C incubation temperature was denoted as ‘15’, a 25 °C incubation temperature was denoted as ‘25’, biochar was denoted as ‘B’, and diammonium phosphate (DAP) was denoted as ‘P’. Control treatments in both soil types were labeled as ‘C’. Consequently, based on the soil type, temperatures, and amendments applied, the treatments were named as follows: HC15, HB15, HP15, HC25, HB25, and HP25 for paddy soil and LC15, LB15, LP15, LC25, LB25, and LP25 for red soil.





2.4. Determination of Soil pH, Available P, and Phosphatase Enzyme Activity


A common portable laboratory pH meter was used to measure the soil pH according to the recommended protocol (soil: water: 1:2.5). An aliquot of each soil sample solution was used to calculate the amount of P present in the soil. The supernatant was then extracted and filtered through Whatman filter paper, before being appropriately diluted and subjected to P analysis using the molybdenum blue-ascorbic acid reagent and 2,4-dinitrophenol indicator solution against various standards. Using a spectrophotometer with a 420 nm wavelength, the P concentration was determined. The modified Tabatabai and Bremner (1969) [16] method was used to evaluate the soil phosphatase enzyme activity [17]. Next, 0.1 g of fresh soil was weighed into a 50 mL conical flask, which was then filled with a solution of toluene, modified universal buffer (pH 6.5), and p-nitrophenyl phosphate (PNP). The flask was briefly shaken, before being incubated for an hour at 37 °C. Sodium hydroxide and calcium chloride were added to the mixture after incubation. Whatman filter paper no. I was then used to filter the soil suspension. Using a spectrophotometer, the optical density of the soil filtrates was measured against a wavelength of 400 nm. The phosphatase enzyme activity, in terms of the concentration of each soil sample, was assessed using a standard curve of PNP in water, expressed as µg pNitrophenol.g−1 dry soil·hour−1.




2.5. Illumina MiSeq Sequencing


The DNA extraction of 500 mg of soil samples was conducted using a MoBio Power Soil DNA Isolation Kit following the standard guidelines provided by the manufacturers (Mo Bio Labs, Carlsbad, CA, USA). Using forward primer 520F (GCACCTAAYTGGGYDTAAAGNG) and backward primer 802R (TACNVGGGTATCTAATCC) to target the V4 region, the bacterial 16S rRNA genes were amplified. PCR was carried out by utilizing high-fidelity Trash Start Fastpfu DNA Polymerase and distinctive primers with barcodes (Trans Gen Biotech, Beijing, China). For the bacterial 16S rRNA gene, the PCR thermal cycle profile was as follows: 2 min at 98 °C; repeating 25 cycles of 15 s at 98 °C, 30 s at 55 °C, and 30s at 72 °C; and then extended for 5 min. at 72 °C, after which the samples were stored at 10 °C. Shanghai Personal Biotechnology Co., Ltd. prepared the next-generation sequencing libraries and the Illumina MiSeq sequencing (Shanghai, China).




2.6. High-Throughput Sequencing Data Processing


Using the paired-end Illumina Miseq technique and an index read of six cycles, the amplicons were sequenced. The pipelines of Mothur (v.1.31.2) and QIIME were used to process and analyze the raw data produced using the high-throughput sequencing run (V1.7.0). The sequence reads were reduced such that each read had an average Phred quality score of greater than 20. These reads were then assembled using Flash software (v.1.2.7) after trimming, and any reads that failed to assemble were eliminated. Using UCHIME, chimaera sequences were located and eliminated (V.4.2). The samples’ distinctive 7 bp barcodes were then used to assign high-quality sequences to each one of them. The samples were clustered into operational taxonomic groups using the UCLUST algorithm after clustering the sequences with a similarity criterion of 97%, after which point the samples were clustered into operational taxonomic units (OTUs). The Ribosomal Database Project (RDP) classifier and the SILVA databases were used to determine the taxonomic identities of the representative sequences of the bacterial OTUs. By comparing the number of sequences allocated to a certain taxon with the total number of sequences acquired for that sample, the relative abundance (%) of each taxon within each community was calculated. The summary single command of the MOTHUR program was used to analyze the alpha diversity using the Simpson, Chao1, and Shannon indices. The species abundance matrix and sample grouping data were used as the foundation for PLS-DA.




2.7. Statistical Analysis


The results were submitted as the means ± standard errors (SE) of three replicates. One-way variance comparison (ANOVA) and Duncan’s multiple comparisons were employed to determine the differences between the various treatments at different incubation intervals. Overall, significant treatments were sorted out using MANOVA for soil pH, available P, and acid phosphatase enzyme at different incubation temperatures and time intervals. Statistical analyses were carried out using the SPSS software version 20.0. A difference at the p < 0.05 level was considered to be statistically significant. The final values of the different treatments were used to investigate the correlation between the different treatments and the microbial communities in the soil. Group analyses of microbial properties on a temperature basis were carried out using STAMP (version 2.1.3).





3. Results


3.1. Variations in the Soil pH, Available P Concentration, and Acid Phosphatase Activity


The incubation temperatures of 15 °C and 25 °C resulted in significant enhancements in soil pH in both biochar and inorganic P-amended paddy and red soil in comparison to the control (no amendment) for all incubation days. The soil pH values observed at a 25 °C incubation temperature surpassed the values under 15 °C for both biochar and inorganic P-amended paddy and red soils, with the highest soil pH value for inorganic P amendment after 60DOI (days of incubation) (Table S1). After 60DOI, the soil pH increased by 36% and 34.5% in the inorganic P-amended and biochar-amended paddy soil, respectively, compared to the control at 15 °C. Similarly, increases of 37.6% and 37% in pH were observed in the P-amended and biochar-amended red soil at 25 °C (Table S1).



Similarly, the soil available P concentration was significantly increased in biochar and inorganic P-amended applications compared to paddy and red soils with respect to the control after 60DOI. The highest soil available P concentration was observed in treatment HP15 (111.47 mgkg−1), followed by HP25 (100.17 mgkg−1), after 60DOI in paddy soil. A similar trend was observed in red soil, where LP15 (103.47 mgkg−1) produced the highest soil available P concentration, followed by LP25 (92.17 mgkg−1), at 25 °C after 60DOI (Table S2). Acid phosphatase activity was significantly enhanced in HC25 treatment with respect to all other treatments except the control for all incubation times except 10DOI in both soils (Table S3). The results of MANOVA showed the significant (p < 0.05) individual effects of treatments (biochar and inorganic P amendments) and days of incubation (DOI) on soil pH and available P concentration, whereas acid phosphatase activity was only significantly affected by the treatments (Table 2). The interaction effects of the days of incubation and time (DOI×T) on soil pH and available P, both in red and paddy soil, were significant, whereas the interaction between the days of incubation and treatments (DOI × Trt), as well as the days of incubation, treatments, and time (DOI×Trt×T), showed significance for available P in both soils and for phosphatase activity in paddy soil only (Table 2).




3.2. Dynamics of Soil Bacterial Community after Biochar Fertilizer Amendment


The application of biochar at 25 °C resulted in a notable increase in the diversity indices of Simpson and Shannon in paddy and red soil. A similar pattern was observed in terms of species richness, with an elevation in Chao1 and ACE metrics upon biochar application at 25 °C (Table S4). The results emphasize the influence of biochar amendment and temperature on bacterial community dynamics.



Partial least square-discriminant analysis (PLS-DA) also showed significant differences in the diversity and richness of bacterial communities in paddy and red soils at incubation temperatures of 15 °C, as well as 25 °C (Figure 1). Considerably separated clusters were observed in the diversity and richness of bacterial communities in biochar and inorganic P-amended paddy and red soil at 15 °C and 25 °C (Figure 1). Specifically, the inorganic P treatment, when used at 15 °C, was clearly separated from that of 25 °C, as well as any of the biochar treatment and control used in both soils. In red soil, the biochar addition at 15 °C and inorganic P application at 25 °C did not show any significance with respect to the control; however, the biochar addition at 25 °C and inorganic P application at 15 °C were separated not only from each other but also from the control (Figure 1). Both the inorganic P and biochar treatments at 15 °C lied separately with different application treatments at 25 °C but also from the control at both incubation temperatures in paddy soil. Bacterial communities with biochar and inorganic P addition, when treated at 25 °C, clustered together, yet they were far away from the control in paddy soil (Figure 1).



At the phylum level, Proteobacteria, Firmicutes, Actinobacteria, Gemmatimonadetes, Bacteroidetes, Planctomycetes, Deinococcus-Thermus, Chloroflexi, Cyanobacteria, Patescibacteria, Acidobacteria, and Armatimonadetes were the 12 bacterial phyla observed in red soil (Figure 2b). In addition to the aforementioned 12 bacterial phyla, 8 bacterial phyla (20 in total), namely WPS-2, Verrucomicrobia, Nitrospirae, Rokubacteria, WS-4, Fibrobacteria, Latesibacteria and Zixibacteria were observed in the paddy soil (Figure 2a). Proteobacteria was the most dominant phyla in the paddy soil (p < 0.05) and comprised 35.6% of the total sequences, followed by Gemmatimonadetes (25.2%), Actinobacteria (13.1%), and Acidobacteria (Figure 2a). The highest-abundance phylum of Proteobacteria (41%) was observed with biochar addition at 25 °C, whereas Gemmatimonadetes and Actinobacteria dominated with inorganic P application. The abundance of Gemmatimonadetes and Planctomycetes decreased with the use of biochar treatment. At 15 °C, the abundance of Firmicutes was significantly increased in the inorganic P treatment, while the abundance of Proteobacteria was significantly decreased in the inorganic P treatment (Figure 2a).



In red soil, Proteobacteria (41%), Firmicutes (39.7%), Actinobacteria (10.1%), Gemmatimonadetes, Bacteriodetes, and Chloroflexi remained the dominant bacterial phyla (Figure 2b). Among these most abundant phyla, Acidobacteria, Gemmatimonadetes, Chloroflexi, and Firmicutes were significantly affected by biochar and inorganic P amendment. The inorganic P amendment increased the abundance of Proteobacteria at 15 °C and 25 °C; however, the abundance of Firmicutes was only enhanced at 15 °C (Figure 2b).



Amongst the abundant bacterial phyla, Gemmatimonadetes was strongly associated with incubation temperatures and by far dominated at 25 °C (p < 0.05) in paddy and red soil. Cyanobacteria demonstrated significantly higher expression at 25 °C in paddy soil. Chloroflexi showed significantly (p < 0.05) higher expression at 15 °C and 25 °C in paddy and red soil, respectively. Acidobacteria, Actinobacteria, Nitrospirae, Armatimonadetes, Rokubacteria, Firmicutes, Bacteriodetes, and Patescibacteria dominated at 15 °C in paddy soil. Proteobacteria did not show any significant association with the incubation temperatures (Figure 3a,b).



A total of 123 and 105 genera were recognized in paddy soil and red soil at the genus level, respectively, regardless of the applied treatments. Out of these, the 20 most abundant genera, having relative abundances ≤ 1%, revealed the dominance of various P solubilizing species, namely Pseudomonas, Paenibacillus, Bradyrhizobium, Micromonospora, Massilia, Streptomyces, Bacillus, Streptomyces, Pseudomonas, Bryobacter, Mesorhizobium, Sphingomonas, and Micromonospora, in paddy and red soil. The relative abundances of Sporosarcina, Bacillus, Paenibacillus, and Streptomyces increased under inorganic P application, both at 15 °C and 25 °C, in red soil (Figure 4b). In paddy soil, Bradyrhizobium, Isosphaera, Micromonospora, and Vulgatibacter were highly abundant under biochar application at 25 °C (Figure 4a).



The relative abundances of Candidatus-Solibacter, Paenibacillus, MIcromonospora, Microvirga, Sporocarcina, and Massilia were significantly higher at 15 °C, irrespective of treatments, whereas Methylibium, Bryobacter, Jatrophihabitans, Anaeromyxobacter, and Isosphaera were significantly abundant at 25 °C in paddy soil (Figure 5a). In red soil, Caulobacter and Aquabacterium were significantly abundant at 15 °C, whereas only Frateuria showed significant abundance at 25 °C, regardless of the applied treatments (Figure 5b).




3.3. Relationship between Soil Bacterial Communities and Chemical Properties


The results of MANOVA showed the significant effects of soil type on bacterial phyla, such as Gemmatimonadetes, Actinobacteria, Chloroflexi, Acidobacteria, Planctomycetes, Firmicutes, Patescibacteria, and Bacteriodetes (Table 3). The treatment effect remained non-significant; however, the incubation temperature significantly regulated the abundances of Gemmatimonadetes, Actinobacteria, Chloroflexi, and Patescibacteria. Nonetheless, the interaction effects of treatment and incubation temperature significantly influenced the abundances of Gemmatimonadetes, Chloroflexi, and Acidobacteria (Table 3).



The correlation between the relative abundances of different dominant bacterial genera and soil variables (Table 4) showed that in paddy soil, Mesorhizobium and Streptomyces had significantly negative correlations with soil pH. Moreover, the correlation between available P and acid phosphatase activity with Bradyrhizobium and Mesorhizobium remained significantly positive. In red soil, Sporosarcina, Bacillus, Sphingobium, and Acinetobacter had significantly positive correlations with APA, while Achromobacter showed a significantly positive correlation with both the soil pH and the available P. Massilia and Brevundimonas were only positively influenced by soil pH (Table 4). APA showed a significantly negative correlation with Archomobacter, Sinomonas, and Missilia. The correlations of available P with Bacillus and Paenibacillus remained significantly negative, while the soil pH was negatively correlated with Bacillus and Sphingobium (Table 4).





4. Discussion


Given the alterations in P availability and diversity of the microbial community, the soil pH fluctuations remain a point to emphasize. Previous studies have reported the soil pH increments as a result of biochar and inorganic P amendments [17]. However, in this study, the increments in soil pH with biochar and inorganic P amendments were, perhaps, due to the alkaline nature of the biochar or the occurrence of carboxylic functional groups, as well as its oxidation properties [18]. In a short-duration incubation study, the increase in soil pH resulting from inorganic amendment was greater than that of biochar application, which indicates the alkaline nature of inorganic P amendment, which could have generated alkaline species in acidic soil [19]. The increase in temperature raised the soil pH somehow in this study due to the denaturation of organic acid [20].



A significant increase in available P concentration in biochar and inorganic P-amended paddy and red soils was observed in this study. The biochar used in this study had a significant proportion of labile P, which may have directly caused phosphate to be released into the soil, as reported previously by [21]. It has been reported that the biochar produced at high temperatures could act as a source of bioavailable P, which directly releases phosphate into the soil solution [22,23]. Moreover, the pyrolysis of organic material in some specific temperature range can greatly increase P availability through the volatilization of carbon and cleavage of P bonds, resulting in the enrichment of residual P in the pyrolysis material [24]. Usually, biochar at a low pyrolysis temperature provides highly available P contents. On the other hand, the available P concentration, which resulted from inorganic P amendment, was higher than that of biochar amendment (Table S1). It could be reasoned that the chemical fertilizers are readily soluble and release more P than organic sources, which cause short-term increases in available P reserves in soil; however, long-term and excessive use of inorganic fertilizers increases soil acidity and decreases P availability [25]. Moreover, the inorganic P application instantly stimulates microbial biomass and the growth in phosphate-solubilizing microorganisms, which promote organic P mineralization and release oxide-chelated non-active P in soil minerals [26]; in contrast, biochar is recalcitrant in nature and can persist and slowly release nutrients in soil for years [18,27].



Additionally, the P released from applied biochar and inorganic P was prevented from undergoing adsorption and complex formation, thereby mobilizing the native soil P and increasing it beyond the critical limits in this study. Moreover, the modifications in soil properties, such as pH, porosity, and microbial activities, also contributed to available P increments [21,25]. Interestingly, the available P concentration was relatively higher at 15 °C (although non-significant) than that at 25 °C. These findings were different from those of some of the previous studies, which reported more P availability at high temperatures [28] and, hence, called for long-term investigations to understand temperature-dependent P availability in different soils.



Significant decreases in acid phosphatase activity were observed after inorganic P additions compared to the control in this study. It is possible that the large quantity of inorganic P applied in the form of biochar has decreased phosphatase activities [29,30] (Tables S2 and S3). Inorganic P application in soil negatively influences acid phosphatase activity [31,32]. The response of the phosphatase activity in soil is reciprocal to the soil P contents [21,33] Moreover, soil pH increase up to 35% with the addition of DAP application could have caused the inhibition of the acid phosphatase activity [34].



The complexity of bacterial communities in terms of their variable abundance in soils has profound effects on soil function. Organic matter, such as biochar application in soil, influences the complexity of the bacterial consortium in soils [35,36,37], as is obvious from this study, where biochar application increased microbial diversity and altered the bacterial communities. Inconsistent with the biochar application, the inorganic P application did not significantly enhance the microbial community abundance in this study [38,39]. We speculated that, in a short-term study, inorganic P and biochar applications altered the soil acidity and released adequate P, which favored the growth of microbial communities [18]. However, the results of alpha diversity revealed that the bacterial communities and species richness levels were significantly enhanced by biochar compared to inorganic P and control. It can be observed that through higher nanoporosity and a larger specific surface area, the biochar may have improved soil bacterial growth by improving the soil microenvironment [21]. In addition, biochar is a rich source of carbon for microbes; thus, the greater variability in bacterial communities may have also been attributed to the improved nutrient (C, N) provision. Apart from this fact, biochar is highly resistant to microbial degradation and provides long-term benefit to soil microbes [40].



High-throughput sequencing analysis revealed that biochar inputs enhanced the relative abundances of Proteobacteria, but that of Acidobacteria was decreased. These outcomes were reinforced by a copiotrophic hypothesis [12], which states that copiotrophic groups (e.g., Proteobacteria and Gemmatimonadetes) with rapid growth rates were likely to increase in nutrient-rich soils, while oligotrophic groups (e.g., Acidobacteria and Chloroflexi) with slow growth rates were likely to decline [41]. Proteobacteria and Gemmatimonadetes have been reported to grow better in nutrient-rich environments with improved soil conditions [42]. The low abundance of Protobacteria under inorganic P application showed that the P availability might not be the only limiting factor influencing its growth [43]. The correlation between bacterial communities and soil properties indicates that soil pH and available P are strongly correlated with microbial communities [41].



In the current experiment, the abundance of some P-solubilizing bacteria significantly changed in soils amended with biochar and inorganic fertilizer. At the genus level, a large number of P-solubilizing genera were observed in soil, which may be due to the improvements in P availability and soil pH by biochar and inorganic P applications. This statement is supported by the findings of this study, where significant correlations were shown between soil pH and available P with Bradyrhizobium and Mesorhizobium in paddy soil and Massilia, Bacillus, Streptomyces, and Sphingomonas in red soil. The enhanced P availability under biochar application, in this study, could be due to the phosphate-solubilizing roles of genera Pseudomonas and Paenibacillus [44,45]. Moreover, the strains belonging to the genera Bradyrhizobium, Streptomyces, Massilia, and jietaisiensis may have contributed to increasing soil P in this study [21,45].



PLS-DA results predicted that bacterial communities in our soils at different temperature and treatments clustered separately, especially for inorganic P amendment. Moreover, bacterial communities were observed to be associated with incubation temperature (Figure 3). This highlights the significant role of a high incubation temperature in boosting microbial activities [20].



Gemmatimonadetes, Acidobacteria, and Actinobacteria were also found to be strongly influenced by incubation temperatures (Figure 3). Overall, the comparison of soil microbial abundance with the soil type showed that microbial communities were strongly influenced by soil type (Table 2). Most of the top abundant bacterial phyla, such as Gemmatimonadetes, Actinobacteria, Chloroflexi, Acidobacteria, Planctomycetes, Firmicutes, Patescibacteria, and Bacteroidetes were highly dependent on soil type. This influence of soil type on microbial communities depicted the role of soil native resources and already existing communities for controlling the microbial consortium resulting from biochar and inorganic P amendments [46].




5. Conclusions


In conclusion, the present study highlights the significant impact of biochar and inorganic phosphorus (P) amendments on soil properties, microbial communities, and P availability. The observed fluctuations in soil pH, attributed to the alkaline nature of biochar and the potential presence of carboxylic functional groups, indicate the complex interactions within the soil system. The increased available P concentration resulting from biochar application, especially with its labile P content, suggests its potential role as a bioavailable P source. However, inorganic P amendments exhibited higher immediate availability, simultaneously decreasing the acid phosphatase activity. The study also noted that both biochar and inorganic P applications mobilized native soil P beyond critical limits, impacting soil properties, such as pH, porosity, and microbial activities. Furthermore, the alterations in bacterial communities underscore the role of biochar in enhancing microbial diversity, while inorganic P application showed less pronounced effects. The findings emphasize the need for long-term investigations to understand temperature-dependent P availability in diverse soils. Despite revealing valuable insights, this study has limitations, such as its short-term nature, and opens up avenues for future studies to explore the sustainability and long-term effects of biochar and inorganic P amendments on soil health and nutrient cycling. Additionally, the observed changes in bacterial communities highlight the importance of considering soil type to be a crucial factor influencing microbial consortia post-amendments. Overall, this study contributes to our understanding of the complex interactions between soil, amendments, and microbial communities, providing a foundation for future research into sustainable management practices.
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Figure 1. Partial least square-discriminant analysis (PLS-DA) of soil bacterial communities (a). PLS-DA of soil bacterial communities in paddy soil (b). PLS-DA of soil bacterial communities in red soil. (H) Paddy soil; (L) red soil; (15) 15 °C incubation temperature; (25) 25 °C incubation temperature; (C) Control; (B) addition of biochar; (P) inorganic P amendment. 
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Figure 2. Relative abundance of the soil bacterial phyla (a). Relative abundance of the soil bacterial phyla in paddy soil. (b). Relative abundance of the soil bacterial phyla in red soil. (H) Paddy soil; (L) red soil; (15) 15 °C incubation temperature; (25) 25 °C incubation temperature; (C) control; (B) addition of biochar; (P) inorganic P amendment. 
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Figure 3. Extended bar graph of bacterial phyla for different incubation temperatures (a). Extended bar graph of bacterial phyla in paddy soil for different incubation temperatures; (b). Extended bar graph of bacterial phyla in red soil for various incubation temperatures. (H) Paddy soil; (L) red soil; (15) 15 °C incubation temperature; (25) 25 °C incubation temperature. 
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Figure 4. Relative abundance of the bacterial genus (a). Relative abundances of the soil bacterial communities at the genus level in paddy soil. (b). Relative abundances of soil bacterial communities at the genus level in red soil. (H) Paddy soil; (L) red soil; (15) 15 °C incubation temperature; (25) 25 °C incubation temperature; (C) control; (B) addition of biochar; (P) inorganic P amendment. 
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Figure 5. Extended bar graph of bacterial communities at the genus level for different incubation temperatures (a). Extended bar graph of soil bacterial communities at the genus level in paddy soil for different incubation temperatures (b). Extended bar graphs of soil bacterial communities at the genus level in red soil for different incubation temperatures. (H) Paddy soil; (L) red soil; (15) 15 °C incubation temperature; (25) 25 °C incubation temperature. 
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Table 1. The basic properties of the experimental soils.
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	Parameters
	Paddy Soil (H)
	Red Soil (L)





	pH
	5.29
	5.12



	Total P (g kg−1)
	2.54
	0.56



	available P (mg kg−1)
	11.2
	3.48










 





Table 2. Significant levels (MANOVA) of the effects of biochar, DAP, incubation temperature, incubation intervals, and their interactions on soil properties.
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Factors

	

	
pH

	
Available P

	
Acid Phosphatase Activity




	
Soil Types

	
F Value

	
p-Value

	
F Value

	
p-Value

	
F Value

	
p-Value






	
Treatments (Trt.)

	
Red soil

	
280.93

	
<0.001 *

	
10,262.66

	
0.002 *

	
3509.14

	
0.003 *




	
Paddy soil

	
524.70

	
<0.001 *

	
10,234.78

	
<0.001 *

	
5094.32

	
<0.001 *




	
DOI

	
Red soil

	
4.51

	
<0.001 *

	
699.56

	
<0.001 *

	
1.94

	
0.10




	
Paddy soil

	
8.62

	
<0.001 *

	
694.60

	
<0.001 *

	
1.57

	
0.18




	
T

	
Red soil

	
0.03

	
0.85

	
0.67

	
0.41

	
0.05

	
0.83




	
Paddy soil

	
3.03

	
0.09

	
1.98

	
0.16

	
0.09

	
0.77




	
DOI × Trt.

	
Red soil

	
1.02

	
0.44

	
178.53

	
<0.001 *

	
1.91

	
0.06




	
Paddy soil

	
1.97

	
0.05

	
177.48

	
<0.001 *

	
2.91

	
<0.001 *




	
DOI × T

	
Red soil

	
3.98

	
<0.001 *

	
8.42

	
<0.001 *

	
0.16

	
0.97




	
Paddy soil

	
3.75

	
<0.001 *

	
10.60

	
<0.001 *

	
0.40

	
0.85




	
T × Trt.

	
Red soil

	
0.33

	
0.72

	
1.07

	
0.35

	
0.23

	
0.80




	
Paddy soil

	
0.70

	
0.50

	
0.72

	
0.49

	
0.99

	
0.38




	
DOI × T × Trt.

	
Red soil

	
1.24

	
0.28

	
4.82

	
<0.001 *

	
2.62

	
0.01 *




	
Paddy soil

	
1.45

	
0.18

	
6.47

	
<0.001 *

	
4.21

	
<0.001 *








* Significant difference at p < 0.05; DOI: days of incubation; Trt: treatments; T: incubation temperature.













 





Table 3. Significant levels (MANOVA) of the effects of organic and inorganic amendments, incubation temperature, soil types, and their interactions on soil prosperities at 60 DOI.
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Properties

	
Soil Types

	
Trt

	
T

	
Soil * Trt.

	
Trt. * T

	
Soil * T

	
Soil * Trt. * T






	

	
F

	
sig.

	
F

	
sig.

	
F

	
sig.

	
F

	
sig.

	
F

	
sig.

	
F

	
sig.

	
F

	
sig.




	
pH

	
0.00

	
0.97

	
0.00

	
1.00

	
0.02

	
0.90

	
0.01

	
1.00

	
0.00

	
0.98

	
0.00

	
1.00

	
0.00

	
1.00




	
Available P

	
0.23

	
0.64

	
0.00

	
1.00

	
0.04

	
0.84

	
0.00

	
1.00

	
0.00

	
1.00

	
0.00

	
1.00

	
0.00

	
1.00




	
Acid phosphatase

	
0.00

	
0.95

	
0.03

	
0.97

	
0.00

	
0.98

	
0.00

	
1.00

	
0.00

	
0.98

	
0.00

	
1.00

	
0.00

	
1.00




	
Proteobacteria

	
2.84

	
0.11

	
0.12

	
0.89

	
2.47

	
0.13

	
0.04

	
0.97

	
0.35

	
0.56

	
0.11

	
0.90

	
0.09

	
0.91




	
Gemmatimonadetes

	
167.87

	
<0.001 *

	
0.09

	
0.91

	
72.85

	
<0.001 *

	
0.12

	
0.89

	
10.07

	
<0.001 *

	
0.15

	
0.86

	
0.26

	
0.78




	
Actinobacteria

	
26.39

	
<0.001 *

	
0.47

	
0.63

	
7.08

	
0.01 *

	
0.08

	
0.92

	
3.27

	
0.08

	
0.99

	
0.39

	
0.94

	
0.40




	
Chloroflexi

	
946.53

	
<0.001 *

	
0.38

	
0.69

	
91.97

	
<0.001 *

	
0.42

	
0.66

	
102.09

	
<0.001 *

	
0.18

	
0.84

	
0.14

	
0.87




	
Acidobacteria

	
781.69

	
<0.001 *

	
0.90

	
0.42

	
40.03

	
<0.001

	
0.76

	
0.48

	
38.44

	
<0.001 *

	
0.03

	
0.97

	
0.03

	
0.97




	
Planctomycetes

	
58.65

	
<0.001 *

	
0.90

	
0.42

	
0.72

	
0.41

	
0.80

	
0.46

	
0.49

	
0.49

	
0.51

	
0.61

	
0.37

	
0.69




	
Firmicutes

	
110.53

	
<0.001 *

	
0.05

	
0.95

	
0.18

	
0.67

	
0.08

	
0.93

	
0.52

	
0.48

	
0.09

	
0.92

	
0.10

	
0.91




	
Patescibacteria

	
82.47

	
<0.001 *

	
1.23

	
0.31

	
5.71

	
0.03 *

	
0.67

	
0.52

	
4.07

	
0.06

	
0.28

	
0.76

	
0.14

	
0.87




	
Bacteroidetes

	
6.68

	
0.02 *

	
0.11

	
0.90

	
3.37

	
0.08

	
0.03

	
0.97

	
0.48

	
0.50

	
0.03

	
0.97

	
0.15

	
0.87








* Significant difference at p < 0.05; Days: incubation intervals; Trt: treatments; T: incubation temperature.













 





Table 4. Correlation between soil pH, available P, acid phosphatase, and the most abundant bacterial genus at 60 DOI.
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Paddy Soil

	
Red Soil




	
Phylum

	
Genus

	
pH

	
Available P

	
Acid

Phosphatase

	
Phylum

	
Genus

	
pH

	
Available P

	
Acid

Phosphatase






	
Proteobacteria

	
Bradyrhizobium

	
−0.43

	
−0.51 *

	
0.50 *

	
Firmicutes

	
Sporosarcina

	
−0.11

	
−0.27

	
0.58 *




	
Planctomycetes

	
Isosphaera

	
−0.14

	
−0.16

	
0.11

	
Firmicutes

	
Bacillus

	
−0.58 *

	
−0.58 *

	
0.59 **




	
Actinobacteria

	
Micromonospora

	
−0.12

	
−0.05

	
0.07

	
Firmicutes

	
Paenibacillus

	
−0.38

	
−0.47 *

	
0.22




	
Proteobacteria

	
Vulgatibacter

	
0.28

	
0.33

	
−0.32

	
Actinobacteria

	
Streptomyces

	
0.13

	
−0.19

	
0.25




	
Proteobacteria

	
Mesorhizobium

	
−0.53 *

	
−0.57 *

	
0.56 *

	
Proteobacteria

	
Caulobacter

	
0.50 *

	
0.38

	
−0.07




	
Proteobacteria

	
Phenylobacterium

	
0.33

	
0.25

	
−0.22

	
Proteobacteria

	
Aquabacterium

	
0.49 *

	
0.44

	
−0.08




	
Firmicutes

	
Paenibacillus

	
0.16

	
0.26

	
−0.23

	
Proteobacteria

	
Pseudomonas

	
0.08

	
0.11

	
0.34




	
Proteobacteria

	
Microvirga

	
−0.24

	
−0.27

	
0.26

	
Proteobacteria

	
Sphingomonas

	
−0.16

	
−0.21

	
0.20




	
Acidobacteria

	
Candidatus_Solibacter

	
−0.09

	
−0.04

	
0.07

	
Proteobacteria

	
Frateuria

	
0.03

	
−0.06

	
−0.21




	
Acidobacteria

	
Bryobacter

	
−0.29

	
−0.29

	
0.33

	
Proteobacteria

	
Sphingobium

	
−0.58 *

	
−0.45

	
0.73 **




	
Firmicutes

	
Sporosarcina

	
0.31

	
0.44

	
−0.40

	
Proteobacteria

	
Achromobacter

	
0.59 **

	
0.724 **

	
−0.59 **




	
Proteobacteria

	
Massilia

	
0.24

	
0.22

	
−0.21

	
Firmicutes

	
Cohnella

	
−0.22

	
−0.42

	
0.34




	
Actinobacteria

	
Jatrophihabitans

	
0.25

	
0.19

	
−0.26

	
Actinobacteria

	
Sinomonas

	
−0.03

	
0.22

	
−0.69 **




	
Actinobacteria

	
Streptomyces

	
−0.49 *

	
−0.44

	
0.43

	
Firmicutes

	
Lysinibacillus

	
0.15

	
−0.11

	
0.44




	
Bacteroidetes

	
Arcticibacter

	
−0.31

	
−0.40

	
0.43

	
Proteobacteria

	
Massilia

	
0.62 **

	
0.17

	
−0.65 **




	
Actinobacteria

	
Microbispora

	
−0.39

	
−0.3

	
0.35

	
Proteobacteria

	
Acinetobacter

	
−0.36

	
−0.34

	
0.57 *




	
Actinobacteria

	
Anaeromyxobacter

	
−0.09

	
0.00

	
0.04

	
Proteobacteria

	
Ochrobactrum

	
0.03

	
0.00

	
0.14




	
Proteobacteria

	
Methylibium

	
−0.19

	
−0.20

	
0.16

	
Actinobacteria

	
Micromonospora

	
−0.23

	
−0.09

	
0.06




	
Proteobacteria

	
Bacillus

	
0.34

	
0.26

	
−0.25

	
Proteobacteria

	
Brevundimonas

	
0.52 *

	
−0.04

	
0.16




	
Proteobacteria

	
Pseudolabrys

	
−0.44

	
−0.44

	
0.44

	
Firmicutes

	
Solibacillus

	
0.13

	
0.08

	
0.04








* p < 0.05; ** ≤ 0.001.
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