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Abstract

:

Changes in soil physicochemical properties and bacterial community composition were investigated six years after biochar amendment at 0%, 4%, 8% and 12% (w/w), which were coded as C0, C1, C2 and C3, respectively. Results showed that some soil characteristics were sustainable, as they were still affected by biochar addition after six years. Compared to the control, biochar-treated soils had higher pH, total carbon (TC), C/N, total nitrogen (TN), available phosphorus (AP) and available potassium (AK). Soil pH, C/N and the content of TC, TN and AK all increased along with the increase of biochar dosage. The results of Illumina MiSeq sequencing demonstrated that biochar enhanced soil bacteria diversity and modified the community composition over time. The relative abundance of Nitrospirae and Verrucomicrobia phylum increased but that of Acidobacteria phylum decreased significantly in biochar amended soils. The addition of biochar also enriched some bacterial genera, such as uncultured Nitrosomonadace, uncultured Gemmatimonadac, uncultured Nitrospiraceae and Magnetovibrio. In particular, the relative abundance of uncultured Nitrospiraceae was enhanced by 16.9%, 42.8% and 73.6% in C1, C2 and C3, respectively, compared to C0. Biochar has a potential role in enhancing the abundance of bacteria involved in N cycling. Soil pH, TC, TN, TK and AK, were closely related to alterations in the composition of the soil bacterial community. Meanwhile, these soil properties were significantly influenced by biochar amendment, which indicates that biochar affected the soil microbial community indirectly by altering the soil characteristics in the long term.
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1. Introduction


Biochar is a stable, highly aromatic and carbon-rich substance derived from pyrolysis of different biological residues under limited oxygen conditions [1]. As biochar helps to improve soil quality and crop productivity, increases carbon storage, decreases greenhouse gas emissions and environmental remediation, more and more research on biochar has been carried out in the past decade [2,3,4,5,6,7]. Biochar is rich in stable carbon compounds, it has a large specific surface area, high pH and C/N ratio and strong adsorption capacity, which can improve soil structure [8,9], increase soil organic carbon [10,11], improve soil water and aeration conditions [12,13,14] and reduce nutrient losses [5,15,16] after it is added to soil. However, although the application of biochar has brought many benefits, some studies have also reported the negative or non-impact of biochar. For example, biochar reduced wheat and radish biomass [17], and decreased mineral nitrogen availability in soils [5]. The effectiveness of biochar application varies with soil type, crop species, the biomass feedstock and pyrolysis conditions, which highlights the need for further investigation on biochar’s effect when applied to soil.



Biochar amendment directly changes the soil’s physical and chemical characteristics and consequently leads to changes in soil microorganisms [18,19]. Among soil microorganisms, bacteria are the most abundant and significantly influence the soil carbon and nitrogen cycling [20]. Their communities are considerably affected by environmental changes, and are considered as an indicator of soil environmental changes [21]. Hence, studying the response of soil bacteria to biochar addition is important, as they could benefit from biochar application. Variations in soil properties such as pH, nutrient maintenance and water conservation caused by biochar addition could potentially alter microbial abundance and modify their composition, and then modify the circulation and function of soil elements [2,22]. Chen et al. [23] found that bacterial abundance and diversity were increased and the community composition was modified by wheat straw biochar amendment in paddy soil, in particular, the bacteria related to nitrogen cycling were also found to be changed in three different sites in South China.



However, most of the results are from short-term experiments. The physical and chemical characteristics of biochar are changed in nature after being added into the soil, which is known as biochar ageing [24]. Because biogeochemical processes exist in the soil, the biochar ageing process leads to changes in the soil’s chemical and physical parameters over time [25,26]. The study by Zhang et al. [9] suggested that long-term (six years) amendment with wheat straw biochar could improve soil carbon stocks and nutrient pools. An increase in soil pH, available P, total N, organic C, ammonium-N, nitrate-N was also observed during five years of biochar addition in upland red soil [27]. Changes in soil physicochemical characteristics induced by long-term biochar amendment will affect microbial community structure. In the short term, the labile fraction of fresh biochar may increase or decrease the abundance and activity of soil organisms in some cases [2], but, as only a small proportion of biochar can be used by soil microbes it will be completely exhausted in the short term [28,29]. Therefore, long-term changes in microbial communities might be indirectly caused by biochar through changing the physicochemical properties of soil [30].



Nevertheless, the long-term studies of the effect of biochar on soil microbial communities are limited. Due to its stable properties, high carbon content and recalcitrance nature, biochar would have a long-term impact on soil properties and bacterial community composition. The main objectives of the present study were to investigate the effect of biochar on soil physicochemical properties and bacterial community structure six years after addition and to analyzes the relationship between soil physicochemical properties and microbial parameters after biochar application. This study aims to improve our understanding of the long-term influence of biochar application on soil properties and its bacterial community.




2. Materials and Methods


2.1. Experimental Site and Design


The experiment was carried out at the experiment yard of the scientific research base of the Rice Institute Shenyang Agricultural University in Liaoning Province, China (123.34′ E, 41.49′ N). The region has a typical semi-humid temperate continental monsoon climate with a mean annual temperature of 8.5 °C and mean annual precipitation of 698 mm. The soil for the experiment is classified as Hydragric Anthrosol [31]. The properties of the soil are: pH 6.7 (1:2.5 w/v), total nitrogen 1.3 g kg−1, total phosphorus 1.2 g kg−1, total potassium 23.8 g kg−1 and soil organic matter 22.7 g kg−1. Biochar used in this study was produced from corn straw at a pyrolysis temperature of 500 °C for an hour, using combined biomass fast carbonization equipment by Jinhefu Agriculture Development Company, Liaoning, China, and the biochar was milled to pass through a 0.25 mm sieve. The properties of the biochar were as follows: pH 9.2 (1:10 w/v), total C 600 g kg−1, total N 14.5 g kg−1, total P 8.2 g kg−1 and total K 14.5 g kg−1.



The experiment was conducted in specially designed iron troughs (1 m long, 1 m wide and 40 cm high) without drainage on four wheels. Biochar addition rates were 0%, 4%, 8% and 12% (w/w), which were coded as C0, C1, C2 and C3, respectively. Each of the four treatments was established in three replicated troughs in a completely randomized design. The biochar powder was thoroughly mixed into the soil on one occasion on May 2012. No more biochar was applied in the following five years, but every year the soil was turned over manually with a shovel before rice transplanting to ensure the biochar and soil were thoroughly mixed. Fertilizers were applied consistently in each trough. N fertilizer was applied as urea at a rate of 150 kg N ha−1 three times every season, with 40% as a base fertilizer before transplantation, 40% at 7 days after transplantation and 20% at the heading stage. P and K fertilizers were applied once as a basal fertilizer before transplantation at rates of 45 kg P2O5 ha−1 (calcium superphosphate) and 67.5 kg K2O ha−1 (potassium chloride), respectively. As for water management, an approximately 5–10 cm water layer was maintained during the growth period of rice, and the water was not irrigated and it dried naturally during the mature period. Four rows and seven rice plants per row were transplanted into each trough every May for six years.




2.2. Soil Sampling and Measurement


After the rice harvest, soil samples were collected from a depth of 0 to 15 cm on 15 October 2017. Each soil sample was composited and homogenized from five soil cores in each replicated trough. After removing rice roots and stones, the soil samples were thoroughly homogenized and divided into two subsamples. One subsample was used for the determination of soil properties by natural air drying; the other subsample was weighed and stored at −80 °C in an ultralow temperature freezer for subsequent 16SrRNA sequencing.



Soil pH was measured at a soil/water ratio of 1:2.5 using a pH meter. The total carbon (TC) and total nitrogen (TN) contents of soil were determined using an elemental analyzer (Vario MACRO cube, Elementar, Germany). The soil samples were fine-ground to pass through a 0.15 mm sieve for available nitrogen (AN), total phosphorus (TP), total potassium (TK), available phosphorus (AP) and available potassium (AK) content analysis. The content of AN, TP, TK, AP and AK were determined according to the methods described by Bao [32]. The content of AN was measured by the alkali hydrolysis diffusion method, TP content was measured by sodium hydroxide fusing molybdenum blue colorimetric method, the content of TK was measured by sodium hydroxide melting flame photometer method, the content of AP was measured by sodium bicarbonate extraction molybdenum blue colorimetry method, and the content of AK was measured by ammonium acetate extraction flame photometer method [32].




2.3. DNA Extraction and Sequencing


Total soil DNA was extracted from 0.5 g frozen soil samples of each treatment using the Power Soil DNA Isolation Kit (Mo Bio Laboratories, Inc., USA). The V3-V4 hypervariable region of the 16s rRNA gene was amplified using the universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Purified amplification products were used for high-throughput sequencing on the Illumina MiSeq platform (Biomarker Technologies Co., Ltd., Beijing, China). Pair-end reads sequencing by Illumina HiSeq 2500 were merged using FLASH (v1.2.7, http://ccb.jhu.edu/software/FLASH/) [33]. After comparing the combined tags with primers, more than six mismatched tags were discarded by FASTX-Toolkit [34], then Trimmomatic v 0.33 (http://www.usadellab.org/cms/?page=trimmomatic) [35] was used to filter out low-quality tags. The sequence was identified and removed by UCHIME v4.2 [36], and obtained the final effective tags.




2.4. Statistical Analysis


Differences in soil properties and the relative abundance of dominant bacteria were analyzed by one-way ANOVA and the least significant difference (LSD) post hoc comparison tests with SPSS 17.0. Pearson correlation analysis was used to assess the relationships between biochar addition rate and soil physicochemical properties of soils. The operational taxonomic unit (OTU) was clustered with a 97% similarity level with UCLUST [37]. RDP Classifier was used to classify the representative sequences of each OTU [38] and the Silva database (release 119, http://www.arb-silva.de) was used to analyze the species annotation. Alpha-diversity (including Ace, Chao, Shannon and Simpson) were calculated using Mothur software. Beta diversity analysis NMDS was obtained using QIIME run on a biocloud platform. The correlation between the bacterial community structure and the environmental variables was analyzed by redundancy analysis (RDA), which was performed on a biocloud platform.





3. Results


3.1. Soil Properties


The changes in soil properties are shown in Table 1. The addition of biochar changed most of the soil parameters (p < 0.05) significantly, except for TP. As shown in Table 1, TP content was almost the same among the different biochar treatments. The pH of soil samples amended with biochar increased approximately 0.44 units on average compared with non-biochar amended soils. However, there was no significant difference among C1, C2 and C3. Biochar application also significantly (p < 0.05) enhanced the soil C/N ratio and TC from 9.5 to 39.0 and from 11.3 to 76.9 g kg−1, respectively at different biochar addition rates. Besides, the TN of soils significantly (p < 0.05) increased along with the increase in biochar addition rates. The TN of C1, C2 and C3 increased 14.3%, 18.3% and 21.6%, respectively, compared to C0. In terms of TK, only C2 decreased significantly and the other treatments changed slightly with the increase in the biochar addition. As for the available nutrients in the soil, AP and AK content increased with biochar addition. In particular, AK content increased linearly in proportion to the biochar application rate. On the contrary, biochar addition decreased AN significantly, but no significant difference was observed among C1, C2 and C3. The pairwise correlation coefficient was calculated to show the relationship between soil parameters and biochar dosage (Table 2). Significant positive correlations between the biochar addition rate and the soil pH (r = 0.844, p < 0.01), TC (r = 0.961, p < 0.01), TN (r = 0.936, p < 0.01), AK (r = 0.958, p < 0.01), and C/N ratio (r = 0.968, p < 0.01) were found. In contrast, biochar addition was significant negatively correlated with AN (r = −0.650, p < 0.05) (Table 2).




3.2. Bacterial Community Diversity


In total, 659,700 quality sequences from all samples with average read lengths of 419 bp were obtained after the raw reads were quality filtered. An average of 1743 bacterial operational taxonomic units (OTUs) per sample was found using 16S rRNA amplicon sequencing (Table 3). As Figure 1 displays, the rarefaction curves of all samples tended to be flat, suggesting that each sample was equally and reasonably sampled. The coverage was over 99% in all samples, revealing that the sequencing depth is enough to capture almost all the diversity of the bacterial community in this study (Table 3). Compared with the non-biochar amended soils, the number of OTUs detected for the bacterial 16S rRNA gene sequences increased significantly (p < 0.05) in biochar amended soils. Among the three biochar treatments, the number of OTUs in the C2 treatment was the highest, and increased by 8.8% compared with C0. Alpha diversity indices, including Ace, Chao, Shannon and Simpson index, were calculated to evaluate the difference in soil bacterial community diversity among different samples (Table 3). The results indicated that biochar addition was most conducive for improving the richness indices of soil bacterial community, such as the Ace and Chao index. Diversity indicators such as Shannon index increased and Simpson index (the smaller the Simpson index, the higher the diversity) decreased with the rate of biochar addition. However, the difference in the diversity index among different biochar treatments was not significant (Table 3). Biochar addition increased the richness of the bacterial communities significantly but only slightly influenced the diversity of the bacterial community.




3.3. Relative Abundance of Soil Bacteria


Biochar altered the relative abundance of the soil bacterial phyla. Of the top 10 bacterial phyla, Proteobacteria, Chloroflexi, Acidobacteria, Bacteroidetes, Actinobacteria, Gemmatimonadetes, Nitrospirae, Ignavibacteriae were the predominant phyla (relative abundance > 2%) in four biochar treatments (Figure 2a). The dominant phyla accounted for >89% of the bacterial sequences in all samples. Proteobacteria was the most abundant phyla accounting for 39.0%–40.4% of the total composition, followed by Chloroflexi (13.8%–15.4%), Acidobacteria (10.5%–13.1%), Bacteroidetes (8.6%–9.5%), Actinobacteria (4.1%–6.2%), Gemmatimonadetes (3.7%–4.0%), Nitrospirae (2.2%–3.8%), and Ignavibacteriae (2.6%–3.4%) (Supplementary Materials, Table S1). The relative abundance of Bacteroidetes and Nitrospirae increased whereas that of Acidobacteria and Ignavibacteriae decreased with the increase in the biochar amendment. The relative abundance of other bacterial phyla changed slightly with different biochar treatments. Furthermore, the relative abundance of Nitrospirae and Verrucomicrobia increased significantly (p < 0.05) with the increase in biochar application rates.



In the present study, of the nearly 400 bacterial genera that were classified, the relative abundances of 51 genera showed significant (p < 0.05) differences with different biochar addition rates (Supplementary Materials, Table S2). Fifteen dominant genera (relative abundance > 1%) were found in all treatments (Figure 2b). The relative abundance of dominant genera were 28.7%–29.8% in four treatments. The relative abundance of uncultured Nitrosomonadaceae, uncultured Gemmatimonadaceae, uncultured Nitrospiraceae and Magnetovibrio increased in biochar amended soils. Conversely, the relative abundance of Thiobacillus and uncultured Gallionellaceae decreased with biochar amendments. Of all the bacteria, the relative abundances of uncultured Nitrospiraceae changed most significantly, which increased with increasing biochar application rates (p < 0.05). The relative abundance of uncultured Nitrospiraceae in C1, C2 and C3 were 16.9%, 42.8% and 73.6% higher, respectively, than that of C0. In contrast, the relative abundance of Bryobacter and uncultured KD4-96 declined significantly (p < 0.05) as the biochar dose increased.




3.4. Bacterial Community Structure and Its Correlation with Soil Properties


Non-metric multidimensional scaling analysis (NMDS) was used to evaluate the effect of biochar application on the microbial community structure of soil (Figure 3). The bacterial communities sampled at C0 treatment were separated from those sampled at C1, C2 and C3.A higher similarity of soil bacterial community composition was found with the increase in biochar application. The result demonstrated that biochar application changed the bacterial community structure significantly.



Redundancy analysis (RDA) was performed to further analyze the effects of soil physicochemical properties on the bacterial community composition. As shown in Figure 4, except for AP and TP, the other soil properties had longer projections, which indicated that the pH, TN, C/N, TC, AK, TK and AN significantly impact soil microbial community composition on the first axis, positively or negatively. As shown in Figure 4, correlations between the main bacterial phyla and environmental factors were also observed. Nitrospirae, Parcubacteria and Verrucomicrobia were positively correlated with pH, TN, C/N, TC, AK and AP, while they were negatively correlated with TK and AN. Among them, pH and TN were the most influential factors on the dominant bacteria Nitrospirae. RDA results revealed that biochar amendment could indirectly modify bacterial community structure by altering soil characteristics.





4. Discussion


4.1. Changes in Soil Properties with Biochar Application


Numerous studies have reported that the addition of biochar alters the physicochemical properties of soils, and the effects were determined by the characteristics and the additive amount of biochar [39,40]. Nevertheless, most of these reports were obtained from short-term experiments. In this study, the significant differences in the pH, C/N, total C, total N, total K, available N, available P and available K between biochar amended soils and non-biochar amended soils were found six years after biochar application (Table 1). The results demonstrate that biochar had a long-term influence on soil properties.



The pH of soil is an essential index of the soil properties changed by biochar application. Normally, biochar increases the pH of soil, as many long-term (3–6 years) studies have reflected [12,16,27,41]. Our results were similar to those of Wang et al. [16], who found that soil pH significantly increased over four years when the soil was amended with wheat straw biochar. Biochar addition significantly increased soil pH in this study, but there was no difference among C1, C2 and C3. The results may be due to biochar containing exchangeable cations that would exchange with aluminum and hydrogen in the soil, which consequently improves the pH value of soil mixed with biochar [17,42]. TC, TN and C/N were enhanced significantly along with biochar addition rates (p < 0.05) (Table 1). Additionally, they had a significant linear relationship with the amount of biochar added (Table 2). In this study, TC in the biochar addition treatments (C1, C2 and C3) was 2.6 to 6.8-fold greater than that of C0, which corresponds with the long-term study results of Carvalho et al. [43] and Nan et al. [44]. Biochar application promoted the carbon content of soil due to its inherent carbon content and the difficulty of it being degraded by soil microorganisms [45]. Less than 1% of carbon from the biochar initially applied was detected in microorganisms after nearly four years [46]. In our study, 18.2, 32.8 and 65.6 g kg−1 C of the added carbon still remained in soils of C1, C2 and C3 after six years compared to C0, which amounted to 75.8%, 68.3% and 91.6% of the initial carbon input, respectively. Similar to TC, biochar application also increased the TN content of soil, which has been confirmed by many studies [11,12,16]. Increases in TN retention in soils may be due to less N leaching or enhanced N immobilization by soil microorganisms [47]. As for the soil C/N, the results regarding the effect of biochar were inconsistent. Oladele [12] reported that the C/N ratio decreased after adding rice husk biochar to Alfisol for three years. In contrast, Yao et al. [26] reported that, in northeast China, the soil C/N ratio increased after 3-year biochar application, which is consistent with our study. The increase in the soil C/N ratio may promote immobilization of soil mineral N, thus reducing nitrification or denitrification in soil amended with biochar [48]. Biochar had little effect on soil TP. The content of TP was almost equal among different biochar treatments. Tan et al. [18] also found that there was almost no change in total P after biochar application. Biochar amendment negatively affected the TK content, which decreased slightly. As for available nutrients, the content of AN decreased but that of AP and AK increased significantly with the increase in biochar addition. The AN content of C1, C2 and C3 was 5.3%–8.1% lower than that in non-biochar addition soil (C0). The results were consistent with those obtained by Huang et al. [49], who found that the content of available nitrogen in Phragmites rhizosphere soil decreased. In contrast, biochar addition significantly increased the content of available P and K contents in soil, implying that biochar might be a source of P and K [50]. Similarly, aside from the direct addition of nutrients by biochar, another possible reason might be that biochar decreased runoff and leaching from the soil due to its greater surface area and higher CEC [15,47,51].



Overall, biochar enhanced soil pH, C/N, total C, total N, available P and available K significantly six years after amendment. The results suggest that biochar had long-term positive effects on soil properties, which will undoubtedly alter the microbial community composition of soil.




4.2. Changes in Soil Bacterial Diversity with Biochar Application


The Alpha diversity index of soil microorganism reflects the species richness and the community’s distribution, and higher indices indicate that the microbial diversity of soil is more abundant and the function of the soil micro-ecosystem is more complex and stable [52]. The Chao and ACE indexes reflect the actual number of species in the community. Generally, a larger Chao or ACE index indicates higher community richness. The results showed that the Ace index and Chao index increased by 7.6% and 6.4% on average compared with non-biochar treatment, and biochar significantly increased the species richness in the soil bacterial community [53]. This is due to the pore structure of biochar and its adsorption of water and nutrients, which can provide a suitable habitat for microorganisms [2]. At the same time, an appropriate amount of biochar can stimulate microbial metabolism and increase the species richness of microbial community. The Shannon index and Simpson index show the community species richness and evenness. Compared with non-biochar treatment, the Shannon index increased 5.5% while the Simpson index decreased 25.2% on average. Doan et al. [54] found that biochar enhanced the Shannon index significantly. In this study, the Shannon index increased and Simpson index decreased with biochar treatments, but there was an insignificant difference among the four different rates of biochar application (Table 3). Our findings are consistent with those of Cole et al. [55], who found that biochar influenced alpha-diversity indices (Shannon and Simpson) insignificantly after three years of biochar amendment. Overall, our results demonstrate that long-term biochar addition increases soil bacterial diversity, which is essential to maintain the stability and functionality of soil.




4.3. Changes in Bacterial Abundance with Biochar Application


Biochar changes the soil microbial community distribution because the inhibition or enhancement of specific bacterial communities is induced by adsorption or nutrients supplied by biochar [56]. In the present study, Proteobacteria, Chloroflexi, Acidobacteria, Bacteroidetes, Actinobacteria, Gemmatimonadetes, Nitrospirae as well as Ignavibacteriae were the predominant (>2%) phyla in all four treatments (Figure 2a). Proteobacteria occupied the highest proportions (39.1%–40.4%) of the bacterial sequences under four treatments, which supported the findings of other researchers [19,57,58]. Furthermore, the relative abundance of Chloroflexi, Bacteroidetes and Nitrospirae increased in the soil amended with biochar. In contrast, Acidobacteria, Actinobacteria and Ignavibacteriae decreased with biochar amendments. Among them, it was observed that Acidobacteria and Nitrospirae were the most sensitive phyla (Figure 1). Meanwhile, the relative abundance of Acidobacteria declined (from 13.1% to 10.5%) significantly with the increase in biochar dosage, probably because biochar increased soil pH, as observed by Xu et al. [59]. Acidobacteria are generally the dominant bacteria in oligotrophic and low pH soils [57,60], and their decline in abundance might result from an enhancement of soil pH after biochar amendment. However, the relative abundance of Nitrospirae increased (from 2.2% to 3.8%) significantly along with the increase in biochar dosage. Nitrospirae are important N cycling bacteria that participate in nitrification in agricultural soils [59], which could be related to significantly higher total N content in biochar amended soil (Table 1).



At the genus level, the bacteria abundance was significantly distinct between biochar amended and non-amended samples (Figure 2b, Supplementary Materials, Table S2). Among them, the relative abundance of uncultured Nitrosomonadaceae, uncultured Gemmatimonadaceae, uncultured Nitrospiraceae and Magnetovibrio increased in biochar amended soils. Previous researchers have revealed that the variation in environmental factors affected bacterial community structure through both direct and indirect mechanisms [61]. Among these factors, soil pH has the most influence on microbial community structure. More than half of the total changes in soil microorganisms resulted from the change of soil pH [62]. Nielsen et al. [63] revealed that among all the chemical variables of soil, pH had the strongest correlation with the microbial community, and an increase of 0.2–0.3 units after biochar amendment can cause changes in the microbial community. Our study showed that the average pH of biochar amended soils increased by 0.44 units over non-biochar treatment soils (Table 1), which may be an essential reason for the changes in bacterial abundance in biochar-added soils. Moreover, the relative abundance of beneficial bacteria with nitrogen cycling functions was altered in biochar-added soils. Meanwhile, the relative abundance of uncultured Nitrospiraceae and uncultured Nitrosomonadaceae was increased in the biochar-amended soils, both of which are functional bacterial genera directly involved with nitrogen cycling of soil. The relative abundance of uncultured Nitrospiraceae in C1, C2 and C3 were 16.9%, 42.8% and 73.6% higher than that in C0, respectively (Figure 2b). Previous studies have proved that the growth in nitrogen cycling microorganisms was stimulated by biochar [23,62], and the higher relative abundance of the two kinds of bacteria indicate that biochar could effectively promote the nitrogen cycle in soil. Our study demonstrated that biochar has a long term effect on the alteration of the relative abundance of soil bacteria. In addition, the proportion of some functional bacteria increased, which could promote nitrogen cycling in the soil.




4.4. Relationship between Bacterial Community Structure and Soil Parameters


Many recent studies have reported that the structure of the soil microbial community could be affected by biochar application [15,26,55]. The present study demonstrated similar results to those of previous studies. NMDS indicated that six-year biochar application caused a clear and considerable difference in bacterial community structure between biochar-added and non-biochar-added soils (Figure 3). The result was consistent with that of Yao et al. [26] and Zhang et al. [64], where biochar amendment not only changed the soil parameters but also induced bacterial community separation in soil. In the long term, the change in soil characteristics caused by biochar was the main reason for the modification of the microbial community, which is different from the short-term experiments. The labile C in biochar can degrade rapidly in a short period, while it is difficult to use the remaining stable carbon of biochar as substrate for microorganisms [2]. The study of Kuzyakov et al. [28] also showed that the ratio of 14C, labeled black carbon incorporated into microorganism was below 3% after incubating for 624 days. However, the physicochemical changes in soil properties induced by biochar addition were still observed in biochar amended soils in the long term. Therefore, long-term addition of biochar might indirectly change soil microbial community composition through the change in soil properties [30].



The variations in the composition of the bacterial community are closely correlated with soil parameters, including soil pH [3,65], TC [44], SOC [66] as well as C/N [59], which significantly affects bacterial community composition. Our study showed that biochar significantly changed the soil properties, while the RDA results revealed that soil pH, TN, C/N, TC, TK, AN, AK was closely related to the variations in bacterial communities (Figure 4). Furthermore, soil pH, TN, C/N, TC, TK, AN and AK were closely correlated to biochar application (Table 2), indicating that biochar amendment varied bacterial community composition indirectly via changes in the soil properties. Moreover, the dominant bacterial phyla were correlated with environmental factors. Nitrospirae, Parcubacteria and Verrucomicrobia were positively correlated with PH, TN, C/N, TC, AK and AP, but negatively correlated with TK and AN. Among them, the relative abundance of Nitrospirae increased significantly with the biochar addition rate. The results indicated that long-term biochar addition was conducive to improving the nitrification of soil, thus reducing nitrogen loss.





5. Conclusions


Biochar amendment improved a number of soil physicochemical properties, including pH, TC, TN, TK and AK six years after addition in soils. Meanwhile, biochar increased bacterial diversity and modified bacterial community structure, and the relative abundance of bacteria changed significantly at phylum and genus levels. It was also found that the relative abundance of nitrogen cycling bacteria such as uncultured Nitrospiraceae and uncultured Nitrosomonadaceae increased, indicating that biochar may be beneficial for nitrogen utilization. Furthermore, the variations in bacterial communities were closely related to the change in soil pH, TN, C/N, TC, TK, AN and AK caused by biochar addition, thus, biochar affected the soil microbial community indirectly by modifying soil properties in the long term. Overall, long-term amendment with biochar promoted some aspects of soil quality and altered the composition of the soil bacterial community. Due to the variety of sources of biochar, the long-term effect of biochar derived from different organic biomass on soil quality and microbial community composition should be further studied.
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Figure 1. Rarefaction curve of 16S rRNA genes of 97% similarity from soils amended with different biochar rate. Bars above the scatter points represent the standard error of three replicates. 
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Figure 2. Relative abundance of dominant microbial taxa at phylum (a) and genus (b) level in different biochar addition rate. 
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Figure 3. Non-metric multidimensional scaling (NMDS) ordination of bacterial community in response to biochar addition. 
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Figure 4. Redundancy analysis (RDA) of soil microbial community and physiochemical characteristics of biochar amended soils. TC, total carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus and AK, available potassium. 
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Table 1. Soil physicochemical properties at different biochar addition rates.
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	Treatment
	PH
	C/N
	TC (g kg−1)
	TN (g kg−1)
	TP (g kg−1)
	TK (g kg−1)
	AN (mg kg−1)
	AP (mg kg−1)
	AK (mg kg−1)





	C0
	6.69 ± 0.08 b
	9.5 ± 0.6 d
	11.3 ± 0.8 d
	1.20 ± 0.06 c
	0.97 ± 0.03 a
	14.6 ± 0.1 a
	80.31 ± 1.19 a
	34.4 ± 3.1 b
	69.4 ± 1.7 d



	C1
	7.08 ± 0.04 a
	21.8 ± 3.2 c
	29.5 ± 3.5 c
	1.36 ± 0.12 c
	0.96 ± 0.04 a
	14.4 ± 0.2 a,b
	73.9 ± 0.8 b
	36.0 ± 8.9 a,b
	78.8 ± 4.0 c



	C2
	7.14 ± 0.04 a
	26.5 ± 2.5 b
	44.1 ± 7.9 b
	1.66 ± 0.16 b
	0.98 ± 0.05 a
	13.9 ± 0.3 b
	76.1 ± 1.3 b
	45.5 ± 4.6 a
	97.6 ± 5.7 b



	C3
	7.17 ± 0.06 a
	39.0 ± 3.2 a
	76.9 ± 9.6 a
	1.97 ± 0.15 a
	0.98 ± 0.05 a
	14.2 ± 0.3 a,b
	74.0 ± 2.2 b
	39.6 ± 6.5 a,b
	128.4 ± 6.1 a







Note: Values (± standard error) are means of three replicates. “a–d”, different letters represent significant difference among treatments (p < 0.05).
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Table 2. The correlation (r) and significance (p) values of the pairwise regressions between biochar dosage and soil properties.
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	Property
	r
	p





	pH
	0.844
	<0.001



	C/N
	0.968
	<0.001



	TC
	0.961
	<0.001



	TN
	0.936
	<0.001



	TP
	0.228
	0.475



	TK
	−0.544
	0.067



	AN
	−0.650
	0.022



	AP
	0.427
	0.166



	AK
	0.958
	<0.001







Note: The bold values represent significant correlations.
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Table 3. Illumina MiSeq sequencing of bacterial data and bacterial community diversity indices (at 97% sequence similarity) based on 16S rRNA gene.
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	Treatment
	OTUs
	Ace
	Chao
	Shannon
	Simpson
	Coverage (%)





	C0
	1649 ± 36 b
	1714 ± 18 c
	1738 ± 25 c
	6.26 ± 0.07 a
	0.0065 ± 0.0013 a
	99.6



	C1
	1751 ± 31 a
	1803 ± 5 b
	1807 ± 8 b
	6.45 ± 0.05 a
	0.0043 ± 0.0004 a
	99.6



	C2
	1794 ± 18 a
	1837 ± 7 a
	1855 ± 10 a
	6.41 ± 0.02 a
	0.0050 ± 0.0002 a
	99.7



	C3
	1780 ± 39 a
	1827 ± 18 a
	1838 ± 14 a
	6.37 ± 0.06 a
	0.0054 ± 0.0006 a
	99.7







Note: Values (± standard error) are means of three replicates. “a–c”, different letters represent significant difference among treatments (p < 0.05).
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