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The application of biochar in conjunction with fertilizer in agricultural production is one of the most promising types of management to improve soil quality. However, the effects on the soil microbial community and methane (CH4) emissions from the interactive mechanisms of biochar combined with fertilizer are unclear. In this study, soil column trial was conducted to monitor the surface water nitrogen, dissolved organic carbon (DOC) and CH4 emission dynamics during the process of leaching. Additionally, bacterial and archaeal communities of the soil (0-10 cm) amended with biochar derived from different pyrolysis temperatures (300°C, 500°C, and 700°C) were also analyzed. High-throughput sequencing revealed that the soil archaeal and bacterial community diversities increased under the biochar amendments. The CH4 emission flux of all the treatments in the whole leaching period ranged from 0.0001 to 2.04 μg m-2 h-1, and the DOC ranged from 1.86 to 24.4 mg L-1. Our results showed that biochar amendments significantly increase the soil pH, total nitrogen (TN), and DOC contents, while inhibiting the loss of   N during leaching. In addition, biochar addition increased the paddy soil CH4 emissions, which ascribed to the increasing ratio of the abundances of methanogens to methanotrophs. Consequently, the higher CH4 emissions were probably caused by the stimulation of methanogenic archaea under the biochar amendments. Thus, the results obtained in this study can be applied to guide the application of biochar on greenhouse gas emissions in paddy soil.
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Introduction

Greenhouse gas (GHG) emissions from paddy fields are one of the major factors that stimulate global warming (1). Methane (CH4) emissions are the second largest factor that significantly contributes to global warming, which has s 45 times that of carbon dioxide (CO2) on a mass basis over 100-year time horizon. (2, 3). Paddy soil is deemed to be a major source of CH4 with the annual paddy CH4 emission ranging from 25 to 54 Tg, which is 4-9% of the total CH4 emissions of 598 Tg (4). Unfortunately, the CH4 contribution ranges between 5.3-19% of the total emissions in China (5). Therefore, effective strategies should be utilized to decrease the CH4 emissions from the paddy soils to relieve global warming.

Methanogenic archaea are known to play a vital role in regulating the biological processes of CH4 production in flooded paddy soils. The organic matter in paddy soils is anaerobically degraded by various bacteria to methanogenic materials (e.g., acetate, H2, CO2 and methyl compounds) during the methanogenesis process, which results in the production of CH4 by the methanogenic archaea (6). However, methanotrophic Proteobacteria consume a greater portion of the CH4 as a carbon source to regulate its net production. A previous study demonstrated that the methanotrophic Proteobacteria oxidized more than 90% of the total CH4 produced under an anaerobic soil environment (7). Therefore, to decrease the CH4 emissions in anoxic paddy soil, the ratio of methanogens to methanotrophs should be reduced rather than focusing on single types of bacteria or archaea (8).

In recent years, crop straw and its derived application has increased due to its renewability and potential value in the agricultural environment. Biochar, a carbon-rich solid, produced through the pyrolysis of the plant biomass under relative high temperature and oxygen-limited conditions, ubiquitously exists in arable soils (9). Due to its specific characteristics, such as a high pH and surface area, it has been used as a beneficial soil amendment to improve the soil fertility and grain yields by enhancing the retention of soil nutrients (10, 11). In addition, biochar amendments can affect the individual soil organic matter (SOM) through releasing carbon-containing compound, such as the dissolved organic carbon (DOC) content, microbial biomass carbon (MBC), compared with unamended soil (12). Liang etal. (13) reported that the soil MBC was 43-125% higher in soil amended with biochar than in soil that lacks biochar during a 532-day incubation experiment. In addition, previous studies revealed that the addition of biochar can alter the use efficiency of C sources and the patterns of microorganisms by regulating soil physicochemical properties, as well as those attributed to the characteristics of biochar (e.g., aeration and sorption) (14). However, the results of biochar mineralization and its influence on SOM content remained controversial viewpoints. For example, the added sugarcane C does not increase the mineralization of aged black C in Anthrosols in the Central Amazon, but the well effect exists in red soil southern China (13).

In addition, with its superior properties, biochar could serve as an appealing habitat to protect soil microorganisms from predators (15), as well as indirectly affecting CH4 emissions (16). However, the effect of the application of biochar amendments on CH4 emissions has varied in previous studies. Although several researchers indicated no impacts (17), others showed that biochar amendments to the soil could increase the CH4 emissions (9, 18) or decrease the CH4 flux (8, 19). Thus, the lack of clarity on the CH4 emissions from paddy soils amended with biochar should be addressed to better understand its underlying mechanism.

In this study, we conducted a soil column experiment supplied with biochars produced at different pyrolysis temperatures (300°C, 500°C, and 700°C) of 0-10 cm soils amended with wheat straw-derived biochar and treated with chemical fertilizer (Urea, Calcium superphosphate, Potassium sulfate) to simulate and explore the paddy soil nutrient leaching factors and CH4 emission dynamics, as well as the variation in the soil microbial community. We hypothesis biochar amendment can regulate soil microbial structures and community, and then promote or restrain CH4 emission flux. The objectives of this study were to (1) evaluate whether wheat straw-derived biochar amendment would decrease CH4 emissions, (2) understand the influence of pyrolysis temperature (300°C, 500°C, and 700°C) in the production of biochar on CH4 emissions and soil and surface water qualities, and (3) assess the difference of the soil microbial community among the various treatments.



Materials and Methods


Soil Sampling and Biochar Preparation

Soil was collected on September 25, 2017 from a test site located in Xinji County, Hanzhong City (33°0′16’’N, 108°48′44’’E) after the rice harvest. Wheat straw was used to produce the biochar. After air-drying and crushing, the crushed wheat straw was placed in crucibles sealed with lids to prevent the oxygen from entering and pyrolyzed in a muffle furnace heating at a rate of 10°C/min and holding at 300, 500, and 700°C for 2 h, respectively. The biochars produced with low (300°C), medium (500°C), and high (700°C) temperatures were designated BC300, BC500, and BC700, respectively. The process ended when no external smoke was released from the reactor at the target temperature. The biochar obtained was ground using a mortar and pestle before passing through a 1 mm mesh for further use. The biochar characteristics were examined. The concentrations of elemental C and N were determined using an elemental analyzer (Vario EL, Elementar, Germany). The biochar pH was measured using a pH probe with a 1:5 (w/w) suspension of biochar in deionized water. The basic properties of the soil test were as follows: pH: 7.38, soil organic carbon: 32.22 g kg-1, available potassium: 134.4 mg kg-1, available phosphorus: 20.12 mg kg-1, cation exchange capacity: 18.62 cmol kg-1, and total nitrogen: 1.21 g kg-1. The characteristics of different pyrolysis temperature biochars are presented in Table 1.


Table 1 | Basic characteristics of biochar produced through pyrolysis of wheat straw at 300°C (BC300), 500°C (BC500), and 700°C (BC700).





Soil Column Leaching Experimental Design

To simulate wheat straw biochar amendment in flooded paddy soil, a series of soil column experiments were conducted in the Yangling District, Shaanxi Province, China (34°15′N, 108°34′E). The soil used in this column study was collected from four different soil layers (0-10, 10-20, 20-30, and 30-40 cm) of the local farmland dominated by a system of wheat and rice. Measurements of the basic physicochemical properties of the soil tested were conducted using standard analytical methods, and the details are described in Table 2.


Table 2 | Basical characteristics of the profile (0-40cm) soils filled in column in the present study.



Approximately 1 kg of air-dried soil was placed in a soil column at a height of every 10 cm (Figure 1), and the 0-10 cm layer was mixed with 3% (w/w) biochar obtained at different temperature (referred as to soil to biochar) at an identical fertilizer level (i.e., CK: control treatment without biochar and fertilizer; F: only fertilizer applied; FBC300: 300°C biochar combined with fertilizer; FBC500: 500°C biochar combined with fertilizer, and FBC700: 700°C biochar combined with fertilizer) (21). In field rice season, the amounts of fertilizer were 180 kg N and 90 kg P2O5, respectively. Hence, the fertilizer nitrogen and phosphorus sources were urea (0.32 g/column) and calcium superphosphate (3.92 g/column), and mixed with 0-10 cm soil before leaching. A total of 1400 mL deionized water was added to saturate the dried soil in the column. On days 2, 3, 6, 10, 20, 35 and 55, the soil leachates were sampled from the four layers, and changes in the DOC concentrations were quantified. Deionized water was added to keep the surface water volume at 300 mL during the whole experiment.




Figure 1 | (A) Diagram of soil column experimental design (Column height: 50cm, Inner diameter: 10cm). A 3% w/w different pyrolysis wheat straw biochar was mixed with 0-10cm soil layer (referred as to soil to biochar) along with an identical fertilizer level (i.e. CK, Control treatment without biochar and fertilizer; F, Only fertilizer added; FBC300, 300°C biochar combined with fertilizer; FBC500, 500°C biochar combined with fertilizer; FBC700, 700°C biochar combined with fertilizer). Silica sands were placed at the bottom to keep column aeration, and unwoven was twined at inward sampling mouth to against blocking (20). (B) Sketch drawing of static closed chamber sampling gas from soil column.





Measurement of the CH4 Flux, Soil and Surface Water

The GHG sample was collected using a column-shaped static chamber (height: 20 cm, inner diameter: 10 cm) with another frequency (2, 3, 6, 15, 30 and 55 days) as described above. Before gas sampling, the column was capped with the chamber, and the seam crossing was glued with tape to prevent air leakage. Approximately 50 mL air was repeatedly exhausted using a syringe to completely mix the collected air. This was the zero time sample, and the other two samples were sampled in the same manner every 30 min. The CH4 concentration was determined using high performance gas chromatography (GC; Agilent 7890, Agilent technologies, Santa Clara, CA, USA) equipped with a flame ionization detector (FID) at a temperature of 250 k. The CH4 fluxes were calculated from the CH4 accumulation between time zero and after incubation for 30 min. The CH4 gas standards were obtained from Beijing ZG Special Gases Science & Technology Co., Ltd.

After the leaching test, 0-10 cm mixed soil was sampled from each column. Soil water-extractable DOC and MBC were analyzed using a total organic carbon (TOC) analyzer (Shimadzu Inc., TOC-VCHP, Japan). The soil ammonium ( ), nitrate (  ) nitrogen, total nitrogen (TN) and microbial biomass nitrogen (MBN) were determined using an AA3 continuous flow analyzer (SEAl Inc., AA3, German). The DOC,  -N, and   N concentrations in the surface water were also detected using a TOC analyzer and an AA3 continuous flow analyzer, respectively.



Soil DNA Extraction and PCR Amplification

The soil DNA was extracted using a Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) following the manufacturer’s instructions. The purity and quality of the genomic DNA were examined on 0.8% agarose gels.

The V3-V4 hypervariable region of the bacterial 16S rRNA genes was amplified using the primers [338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT)] (22). The V3-V4 variable region of the archaeal 16s rRNA gene was amplified utilizing the primers [344F (ACGGGGYGCAGCAGGCGCGA) and 806R (GGACTACVSGGGTATCTAAT)]. For each soil sample, a 10-digit barcode sequence was added to the 5’ end of the forward and reverse primers (provided by Allwegene Company, Beijing). The PCR was conducted on a Mastercycler Gradient (Eppendorf, Germany) using 25 μL reaction volumes, containing 12.5 μL 2× Taq PCR Master Mix, 3 μL BSA (2 ng/μL), 2 Primers (5 µM), 2 μL template DNA, and 5.5 μL ddH2O. The cycling parameters were as follows: 95°C for 5 min, followed by 32 cycles of 95°C for 45 sec, 55°C for 50 sec and 72°C for 45 sec with a final extension at 72°C for 10 min. Three PCR products per sample were pooled to mitigate any reaction-level PCR biases. The PCR products were purified using a QIA Quick Gel Extraction Kit (QIAGEN, Germany), quantified using Real Time PCR, and sequenced at the Allwegene Company, Beijing.



High-Throughput Sequencing and Bioinformatic Analyses

Deep sequencing was performed on a MiSeq platform at the Allwegene Company (Beijing). After the run, image analysis, base calling and error estimation were performed using Illumina Analysis Pipeline Version 2.6. The raw data were first screened, and sequences were removed from consideration if they were shorter than 200 bp, had a low-quality score (≤ 20), contained ambiguous bases or did not exactly match the primer sequences and barcode tags. Qualified reads were separated using the sample-specific barcode sequences and trimmed using Illumina Analysis Pipeline Version 2.6. The dataset was analyzed using QIIME. The sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% (23), to generate rarefaction curves and calculate the richness and diversity indices. The Ribosomal Database Project (RDP) Classifier tool was used to classify all the sequences into different taxonomic groups (24, 25).



Statistical Analysis

The raw data were processed in Microsoft Excel (Microsoft Excel 2010, O’Reilly, Microsoft USA). The data were tested for the homogeneity of the group variances using the Pearson test. An ANOVA and a Duncan’s test (both set to P < 0.05) were used to evaluate the difference among the treatments using SPSS 20.0 (SPSS Inc., Chicago, USA). All the figures in this study were drawn using Origin 9.0 (Origin 2015, USA). Statistical tests were evaluated at the 95% confidence interval. Therefore, differences were considered significant at p < 0.05.




Results


Basic Characteristics of the Paddy Soil and Biochar

Different pyrolysis temperature resulted in a greater variation in the properties of biochar (Table 1). The pH of the biochar increased with increasing pyrolysis temperatures (10.13, 10.47, and 10.86, respectively), which significantly exceeded the pH of the highest soil pH (7.38). However, the nutrient contents of the biochar decreased at BC700. The EC and TC contents and the C:N ratio of the BC500 were 422 μs cm-1, 62.63% and 65.05%, respectively, which were higher than those of the BC300 (315 μs cm-1, 59.46% and 55.41%, respectively) and BC700 (400 μs cm-1, 60.84% and 56.43%, respectively). The total nitrogen (TN) of the biochar derived from different temperatures did not differ significantly. However, the CEC of the BC300 (74.67 cmol kg-1) was significantly higher than those in the BC500 (54.37 cmol kg-1) and BC700 (35.66 cmol kg-1) (p<0.05).



Variations in the CH4 Emissions, Surface Water and Soil Properties

Dynamic changes of the CH4 emissions among the different treatments (CK: 0-10 cm soil without biochar and fertilizer; F: fertilizer; FBC300: with fertilizer and 300°C biochar; FBC500: with fertilizer and 500°C biochar, and FBC700: with fertilizer and 700°C biochar) are shown in Figure 2.




Figure 2 | Temporal changes of methane (CH4) emission flux and surface water dissolved organic carbon (DOC) during 55 days column leaching of paddy soil incorporated with or without biochar amendments and/or fertilizer (i.e. CK: Control treatment without biochar and fertilizer; F: Only fertilizer added; FBC300: 300°C biochar combined with fertilizer; FBC500: 500°C biochar combined with fertilizer; FBC700: 700°C biochar combined with fertilizer). Scatter diagram represented DOC dynamic changes. Curve chart represented CH4 emission flux. Letters represent the different statistical classes among the treatments at p<0.05.



In this study, the CH4 emissions were higher in the biochar amendment than those of the control, especially for the biochar derived at low temperatures (Figure 2). Overall, the production of the CH4 increased until the end of the experiment. CH4 emission fluxes differed significantly after day 6 and increased up to 2.04, 1.55, and 1.39 μg m-2 h-1 at the end of leaching for FBC300, FBC500, and FBC700, respectively. Compared to the BC amendments, the CH4 production in the control treatment remained stable, but the F treatment presented a peak of CH4 emission in the end. In addition, the surface water DOC changes were also determined to evaluate the characteristics of the CH4 emissions. The surface water DOC concentration increased in an almost linear manner during the whole leaching stage, and FBC300 displayed a higher DOC content than the control and other treatments. The variations of the surface water,  -N and   N concentrations were also determined during the process of leaching. As shown in Figure 3, the biochar amendments effectively inhibited the leaching loss of  -N, while increasing the leaching loss of   N, especially at 10 days of leaching.




Figure 3 | Dynamic changes of surface water ammonium nitrogen ( ) and nitrate nitrogen ( ) during 55 days column leaching of paddy soil incorporated with or without biochar amendments and/or fertilizer (i.e. CK: Control treatment without biochar and fertilizer; F: Only fertilizer added; FBC300: 300°C biochar combined with fertilizer; FBC500: 500°C biochar combined with fertilizer; FBC700: 700°C biochar combined with fertilizer). Point and bar represent mean values. Standard deviation and error bars are also presented. Scatter diagram represented   N dynamic changes. Column chart represented  -N dynamic changes. Letters represent the different statistical classes among the treatments at p<0.05.



Compared to the CK and F, the biochar amendments significantly increased the soil DOC contents, especially using biochar produced at a lower temperature (p<0.05). In contrast, the soil MBC contents showed an opposite tendency with increasing temperature (FBC300<FBC500<FBC700), and the MBC concentration of FBC700 was significantly higher than that of the other treatments (p<0.05). In addition, the biochar amendments increased the soil pH, TN, and DON contents, while decreasing the ratio of DOC/DON due to high DOC concentrations (Table 3).


Table 3 | Soil pH, total N, dissolved inorganic N, dissolved organic N, microbial biomass N, dissolved organic C, microbial biomass C, DOC/DON ratio of topsoil (0-10cm) collected after 55 days leaching .





Changes of the Soil Archaeal and Bacterial Community Composition

To understand the variations of the microbial community and structure in the soil incorporated with BC at the end of the leaching test, a high-throughput sequencing technique was employed to identify the changes of the soil archaea and bacteria. The Shannon index analysis is shown in Figure 4, which demonstrated that the biochar amendments increased the soil archaeal and bacterial community diversities.




Figure 4 | Variations of soil archaeal (A) and bacterial (B) community diversities by Shannon index analysis among treatments incorporated with or without biochar amendments and/or fertilizer (i.e. CK: Control treatment without biochar and fertilizer; F: Only fertilizer added; FBC300: 300°C biochar combined with fertilizer; FBC500: 500°C biochar combined with fertilizer; FBC700: 700°C biochar combined with fertilizer).



The major compositions of the archaeal community in the paddy soil (collected after 55 day) were SCG (Soil Crenarchaeotic Group), Methanomicrobia, Methanobacteria, and GC3 (Group C3) at the class level with a dominance of Methanomicrobia. Compared to the CK (46%) and F (44%) treatments, the distribution of Methanomicrobia in the FBC300, FBC500, and FBC700 amendments increased to 56%, 49% and 51%, respectively. The distribution of the SCG deceased to 29%, 34% and 33%, respectively, in the biochar addition treatments. Methanobacteria were closely associated with the production of CH4, accounting for 6%, 9% and 7% in soil with biochar (300°C, 500°C, and 700°C, respectively), suggesting that biochar could influence the CH4 production via regulating the activity and abundance of the soil microorganisms.

The dominant composition of the bacterial community was alpha proteobacteria, Anaerolineae and Deltaproteobacteria at the class level. In general, biochar amendments do not induce a distinct difference in the soil bacterial community. Compared with the CK (18%), alpha proteobacteria in the F, FBC300 and FBC700 treatments increased to 19%, 19% and 20%, respectively, while it decreased by 1% in the FBC500 treatment. The application of biochar increased the abundance of Anaerolineae compared to the CK treatment. Similarly, delta proteobacteria, an important type of methanotrophic proteobacteria, displayed lower growth rates of 2% and 1% in FBC300 and FBC700, respectively, but decreased by 1% in FBC300 in contrast to the CK (12%) and F (12%).



Relationship of the Bacterial and Archaeal Communities to Environmental Factors

The redundancy analysis (RDA) of the archaeal (A) and bacterial (B) community composition at the class level was also used to explain the ordination of the environmental factors (Figure 6). In the ordination plot, the soil  -N,   N, MBC, MBN, pH and DOC showed the highest correlation coefficient (longest arrow) with the soil archaeal community composition (Figure 6A). However, the soil properties soil  -N and TN were the primary driving factors that regulated the soil bacterial community composition (Figure 6B). For the soil archaeal community, the first two axes explained 3.4% and 76.2% of the total variation, while the first two axes accounted for 9.0% and 39.6% of the total variation in the soil bacterial community composition.




Discussion


Biochar Characteristics and its Effects on Soil Properties

Biochar preparation conditions, including temperature, pyrolysis time, and oxygen, determine its physicochemical properties and potential application function. Generally, a pyrolysis reaction at high temperature and low or oxygen-poor conditions produces biochar that contains a high carbon content comprised of aromatic and stable structures that is resistant to degradation by microorganisms (26). In this study, the basic properties of the soil and biochar were observed. The results of the BC pH changes were consistent with previous studies (27, 28). In addition, carbonates are regarded to be the major alkaline contributor of biochar generated from crop straws at a high temperature (29). The reason for the increase in the pH can also be explained by the release of volatile matter comprised of acid functional groups with the increasing temperature (30). The EC in BC500 was significantly higher than that in BC300 and BC700, primarily resulting from the abundant original nutrient contents (31). As reported by Zhao et al., the CEC was expected to decrease due to the loss of the acidic functional groups by the action of the pyrolysis temperature (32). With the increase in the pyrolysis temperature, the pore volume and specific surface area of the biochar generally increased, primarily resulting from the generation of micropore carbon (33).

Moreover, Biochar amendments could be expected to reserve soil nutrients and prevent N, P loss, and therefore, to supply more nutrient elements for rice growth (18, 34). The higher soil DOC and MBC content after biochar combined with fertilization compared with the CK and F treatments proved the role of biochar in contributing to a C pool in paddy soil (12). Kuzyakov revealed that only 6% of the original biochar was mineralized to CO2 after 8.5 years incubation; therefore, increasing the C stock (35). Thus, wheat straw-derived biochar was accepted as an underlying nutrient source in the rice cultivation systems.



Biochar Amendments Increase CH4 Emissions Flux Attributed to the Changes of Soil Bacterial and Archaeal Community Composition

Most studies have reported that biochar amendments decreased the CH4 emissions, which result from the increase in the soil pH (9, 36), the enhancement of the soil particles on CH4 (37), or the stimulation of methanotrophic activity (38, 39). However, the increase of CH4 emissions under biochar amendments has also been reported, and the production of increased CH4 emissions has been attributed to the reduction of the redox potential (40, 41), or the foundation of a favorable environment for CH4 emission-related microbial activity under biochar incorporation (42, 43). Similarly, in this study, biochar combined with fertilization significantly increased the CH4 emissions from the paddy soils compared with those without the biochar treatments. How to efficiently and effectively utilize biochar to conserve soil productivity and fertility is a problem to be urgently solved. In this study, the highest CH4 emission was observed for wheat straw biochar produced at low temperatures (FBC300 Figure 1), which outclasses that of the CK and F treatments. These results are consistent with the previous report of a 37% increase with biochar incorporation (41). In addition, Zhang et al. (18) reported a similar result that biochar amendments increased CH4 emissions but decreased N2O emissions from paddy soils (18). However, in contrast, Liu et al. (19) reported that approximately 91.2% of the decrease in the CH4 emissions occurred under the biochar amendments (19). As is well known, the factors influencing paddy soil CH4 emissions are attributed to the physical and chemical properties of the treated soil and biochar and are even determined by the biochar production procedure, including biomass type and pyrolysis temperature or time (44).

The changes of the soil bacterial and archaeal community composition were analyzed at the class level (Figure 5). Previous studies showed that the soil microbial activity and microbial biomass could be enhanced under biochar amendments (45, 46). In this study, three temperatures of biochar amendments significantly increased the soil DOC contents, which can provide more C sources for methanogenic growth (Table 2). Methanomicrobia and Methanobacteria were the primary compositions of the methanogenic archaeal community, altering the basal metabolic activities in the paddy soils (47). Our results indicated that the dominant methanogenic archaea related at the class level were stimulated by biochar amendments, leading to the logical conclusion (Figure 5A). In the ordination plot, the soil  -N,   N, MBC, MBN, pH and DOC showed the highest correlation coefficient (longest arrow) with the soil archaeal community composition (Figure 6A). However, of the soil properties tested, soil  -N and TN were the primary driving factors in regulating the soil bacterial community composition (Figure 6B). In addition, the dominant methanotrophic proteobacteria were also examined in this study. Consequence, the abundances of alpha proteobacteria, Anaerolineae and Deltaproteobacteria decreased slightly under the biochar amendments, which lead to the increase in the ratio of methanogens to methanotrophs and increase paddy soil CH4 emissions (1, 3). It is hypothesized that CH4 is retained by the porous structure of biochar (45) but is not a major regulatory mechanism for CH4 emissions.




Figure 5 | Distributions of archaeal (A) and bacterial (B) community composition at class level in soil samples collected after 55 days column leaching of paddy topsoil (0-10cm) without fertilizer and biochar (CK), with fertilizer only (F), with fertilizer and biochar produced by wheat straw at 300°C,500°C, and 700°C (FBC300, FBC500 and FBC700). SCG represents Soil Crenarchaeotic Group; GC3 represents Group C3; MBGA represents Marine Benthic Group A; FHMTG represents FHMall terrestrial group; SAGMA-1 represents South African Gold Mine Group-1. Others of archaeal and bacterial communities include the average of low abundance but excluding the unidentified sequences.






Figure 6 | Redundancy analysis (RDA) of archaeal (A) and bacterial (B) community composition at class level in soil samples collected after 55 days column leaching of paddy soil incorporated with or without biochar amendments and/or fertilizer (i.e. CK: Control treatment without biochar and fertilizer; F: Only fertilizer added; FBC300: 300°C biochar combined with fertilizer; FBC500: 500°C biochar combined with fertilizer; FBC700: 700°C biochar combined with fertilizer).



From the perspective of microbiology, CH4 emissions from paddy soil largely depend on the methanogenic archaeal and methanotrophic proteobacterial communities. Therefore, the application of methanotroph consortium can be considered to regulate the methane emission, meanwhile, increase the grain yield (48).




Conclusion

In this study, biochar produced at different temperature expresses various agricultural properties, such as the pH, CEC, EC and C, N contents, and therefore, biochar results in disparate functions when incorporated into the soil. Through column leaching simulation and from microbiological information, we found that the biochar amendments not only improve the availability of soil nutrients but also stimulate soil microbial activities. As a result, it is possible that the methanogenic archaea were stimulated more than the methanotrophic bacteria under the biochar amendments, resulting in higher CH4 emissions from paddy soil. Thus, the use of biochar amendments combined with fertilizer should be prudently considered. However, since our study was a laboratory simulation test, and limited replicates were set, a field trial and/or long-term fertilization experiment is merited in the future to offer more explicit answers of biochar application in the paddy fields, including CH4 emissions, to determine whether it influences soil properties and rice yields.
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