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Biochar has extensively been used for multiple purposes in agriculture, including improving soil microbial biomass. The current study aimed to investigate the effect of acidic biochar on maize seedlings’ rhizosphere bacterial abundance under salinity. There were seven treatments and three replicates in a controlled greenhouse coded as B0S1, B1S1, and B2S1 and B0S2, B1S2, and B2S2. CK is control (free of biochar and salt); B0, B1, and B2 are 0, 15, and 30 g biochar (kg soil)–1; and S1 and S2 are 2.5 and 5 g salt pot–1 that were amended, respectively. After harvesting the maize seedlings, the soil samples were collected and analyzed for soil microbial biomass, bacterial abundance, and diversity. The results revealed that relative abundance of Proteobacteria, Actinobacteria, and Chloroflexi increased on phylum level, whereas Actinomarinales, Alphaproteobacteria, and Streptomyces enhanced on genus level, respectively, in B2S1 and B2S2, when compared with CK and non-biochar amended soil under saline conditions. The relative abundance of Actinomarinales was positively correlated with total potassium (TK) and Gematimonadetes negatively correlated with total phosphorus (TP). Biochar addition slightly altered the Ace1, Chao1, and alpha diversity. Principal component analysis corresponded to the changes in soil bacterial community that were closely associated with biochar when compared with CK and salt-treated soils. In conclusion, acidic biochar showed an improved soil microbial community under salinity.
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INTRODUCTION

Soil salinization has become one of the serious environmental challenges that adversely affect crop growth and soil properties. Salinity can severely affect plant health and yield by causing an imbalance in nutrient uptake, by increasing the negative osmotic water pressure on plant cells (Yaish et al., 2016) and by reducing nutrient availability in the soil (Moradi et al., 2011). Salinity affects plants in two ways, i.e., osmotic pressure and ion imbalance (excessive uptake of Na+ or Cl–). It reduces not only Ca2+ availability but also Ca2+ transport and mobility from the roots to the other growing regions of plants, which decreases the quality of both plants’ vegetative and reproductive organs. Salinity can directly affect nutrient uptake, such as Na+ reducing K+ uptake or Cl– reducing NO3– uptake. It can also cause complex interactions that affect plant metabolism, susceptibility to injury or internal nutrient requirement (Grattan and Grieve, 1998; Munns and Tester, 2008), and decreases soil organic matter, exchangeable K+, and soil microbial biomass (Zhang et al., 2019). It has been observed by different studies that soil respiration, enzyme activity, bacterial growth, and nutrient cycling have been negatively influenced by salinity (Tripathi et al., 2006; Rousk et al., 2011; Yaish et al., 2016).

The processes that occur within the soil rhizosphere are closely related to soil microorganisms. Soil microorganisms, such as bacteria and fungi, control the ecosystem functioning through decomposition and nutrient cycling and may serve as indicators of land-use change and ecosystem health (Doran and Zeiss, 2000; Waldrop et al., 2000; Yao et al., 2000). Soil organisms are the most important environmental creatures that spend all or part of their lives in the soil and help to improve soil quality. They maintain the biological activity of the soil and guarantee soil nutrient cycling and soil structure formation (Qin et al., 2019). Each handful of soil contains billions of organisms, with representatives of nearly every phylum of microorganisms (Brady and Weil, 2002). Soil microorganisms make up less than 0.5% (w/w) of the soil mass, but they play a crucial role in soil properties and processes (Yan et al., 2015). They play a pivotal role in soils through the mineralization of organic matter into plant nutrients. However, several biotic and abiotic factors affect soil microorganisms, microbial properties, community structure, and functions (Szoboszlay et al., 2019; Kumar et al., 2020; Wang et al., 2021); salinity is one of them, which negatively influences them by soluble salts via two osmotic effect and specific ions (Na+ and Cl–) effects (Yan et al., 2015). It was observed by Wang et al. (2021) in their greenhouse experiment that the increasing level of salinity (15 and 30 mS cm–1) decreased the abundance of bacteria with denitrification function. In contrast, Wu et al. (2021) revealed that the combined application of organic and mineral fertilizers increased the microbial biomass carbon under saline–alkaline soil. Another study showed that 4 years’ consecutive application of biochar significantly enhanced microbial biomass carbon (Zhang et al., 2014).

Biochar is a multifunctional substance used in agriculture obtained by a process called pyrolysis from various organic originated materials (Lehmann and Joseph, 2015; Palansooriya et al., 2019). Biochar is a carbon-rich, fine-grained, porous substance, which basically comprises nanostructured aromatic compounds systematically arranged like graphite (Islam et al., 2018). Biochar has been a novel approach and used for various purposes. It is applied to enhance soil fertility, water uptake, bulk density, soil microbial community, and soil carbon sequestration and mitigate the greenhouse effect (Zhang et al., 2014; Akhtar et al., 2015; Palansooriya et al., 2019; Ibrahim et al., 2020). Biochar has been used to improve growth and grain yield (Sial et al., 2019; Ibrahim et al., 2020) in the salt-stressed environment. However, many field and greenhouse experimental studies have reported the mitigating effect of biochar on plant growth, soil properties, and microbial biomass under salinity stress (Yao et al., 2000; Lashari et al., 2013; Akhtar et al., 2015; Tan et al., 2019; Ibrahim et al., 2020). The previous studies having low pH biochar only focused on the physical and chemical properties of the soil (Esfandbod et al., 2017; Mierzwa-Hersztek et al., 2017).

To date, no information is available about the application of acidic pH biochar for soil microbial communities under salinity stress. Hence, the present experiment has been conducted in a phytotron to determine the impact of acidic biochar on salt-affected soil microbial community and bacterial abundance.



MATERIALS AND METHODS


Soil and Salt Samplings

The surface soil was collected from an Apple Orchard of Alar City, Xinjiang, China. The soil was processed for physicochemical properties before the commencement of the experiment. The soil was analyzed for pH and electrical conductivity (EC) in 1:5 w/v extract by using pH and EC meter (Fisher Scientific, United States); soil texture was determined by hydrometer method (Bouyoucos, 1962), cation exchange capacity of the soil samples was measured by ammonium acetate method (Thomas, 1983), and total NPK was measured by an elemental analyzer. Salt was also collected from Alar City; the EC of the salt was 17 dS m–1 and analyzed for selected chemical properties, i.e., chloride, potassium, sodium, and magnesium, before using for the experiment (Table 1).


TABLE 1. Physicochemical properties of soil, wood biochar, and salt used in experiment.
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Collection of Biochar and Its Characterization

Acidic wood biochar was collected from Shangqiu SanLi Company, Henan Province of China, which was pyrolyzed at 250–300°C in an oxygen-free environment (Kiln). Biochar pH was determined in water extract (1:10 w/v) with a pH meter by the method proposed by Dai et al. (2013). Cation exchange capacity was measured by the ammonium acetate method (Thomas, 1983), and total NPK and Na+ were determined by the acid digestion method (Hongyan et al., 2015); an extract of the samples was run on Continuous Flow-Analyzer AA3. The characteristics of biochar are given in Table 1.



Experimental Site and Treatments

The experiment was conducted in a controlled greenhouse during 2019–2020 at the Experimental Station of Farmland Irrigation Research Institute, Chinese Academy of Agricultural Sciences, Qiliying, Xinxiang, China. The greenhouse was maintained at 25/20°C for day/night temperature with a photoperiod of 14 h. The PVC pots of 15-cm width and 25-cm height were filled with a 5-kg mixture of soil and biochar. The experimental treatments comprising two biochars and two salt levels were arranged in a completely randomized design with a 2 × 2-factorial scheme. In this study, seven treatments were arranged with three replications, including control (CK without biochar and salt), and biochar was added 0, 15, and 30 g kg–1 soil followed by the application of salt solution prepared with 2.5 and 5 g pot–1 in 1 L of water; the overall treatments were termed as CK, B0S1, B1S1, B2S1, B0S2, B1S2, and B2S2. The pots were irrigated before sowing and left for field capacity. Three seeds of maize variety (cv. Denghai605) were sown in each pot. After successful germination, one plant was maintained per pot. Fertilization was done with Hoagland solution on the 7th and 15th day after germination.



Soil Sampling and Microbial Measurement After Harvest

Thirty (30) days after sowing, agronomical, physiological, and chemical parameters were collected, and the plant was harvested. For the microbial community, soil samples were collected at a depth of 10 cm using a stainless soil auger (3.5 cm) around the rhizosphere from each pot in tight plastic tubes and were kept in liquid nitrogen to minimize the risk of decaying activity of bacterial species. Such a scheme of sampling and preservation for microbial analysis has also been adopted previously (Yin et al., 2021; Zhang et al., 2021; Zhao et al., 2021). The collected samples were immediately transported to the laboratory and stored at −80°C for soil DNA extraction. In brief, microbial community genomic DNA was extracted from 0.5-g soil using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA concentration and purity were determined with NanoDrop 2000 ultraviolet–visible spectrophotometer (Thermo Scientific, Wilmington, NC, United States). The hypervariable region V3-V4 of the bacterial 16S ribosomal RNA (rRNA) gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 polymerase chain reaction (PCR) thermocycler (ABI, CA, United States). The PCR amplification of the 16S rRNA gene was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μl, 2.5-mM deoxynucleoside triphosphates 2 μl, forward primer (5 μM) 0.8 μl, reverse primer (5 μM) 0.8 μl, TransStart FastPfu DNA Polymerase 0.4 μl, template DNA 10 ng, and finally double-distilled water up to 20 μl. PCR reactions were performed in triplicate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, United States).



Illumina Miseq Sequencing

Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, CA, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd., (Shanghai, China).



Processing of Sequencing Data

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fast version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.7 (Magoč and Salzberg, 2011) with the following criteria: (i) the 300-bp reads were truncated at any site receiving an average quality score of < 20 over a 50-bp sliding window, and the truncated reads shorter than 50 bp were discarded; reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of the overlap region is 0.2. Reads that could not be assembled were discarded; (iii) samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, two nucleotide mismatches in primer matching.

Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff (Stackebrandt and Goebel, 1994; Edgar, 2013) using UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were identified. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA database (e.g., Silva v138) using a confidence threshold of 0.7.



Statistical Analysis

The data were subjected to one-way analysis of variance to SPSS version 23.0 (IBM Corporation, NY, United States) and presented as the mean values of three replicates and standard error using Tukey’s test. There were significant differences in soil properties, alpha diversity, and bacterial relative abundances among treatments. Pearson’s correlation was used to determine the relationships between nutrients and bacterial phylum. OTUs were analyzed for alpha and beta diversity for bacteria. Principal component analysis (PCA) on the relative abundances of biochar and salt stress was used to assess differences in the microbial community structure among all the treatments.




RESULTS


Effect of Biochar on Microbial Community on Phylum Level

The relative abundance was Proteobacteria (34.6%), Actinobacteria (24.7%), Chloroflexi (14.4%), Firmicutes (6.0%), Gemmatimonadetes (4.9%), Bacteroidetes (4.9%), and Acidobacteria (4.0%), which represented approximately 94% of the total relative abundance (Figure 1). The Proteobacteria, Actinobacteria, and Chloroflexi emerged as having the highest number of bacterial communities among all the bacterial phyla, which accounted for 73.6% of the total bacterial relative abundance. The highest number of Proteobacteria (39.0%) was recorded in the soil amended with biochar (B2S1). The application of biochar increased the relative abundance of Proteobacteria and Actinobacteria when compared with CK. Biochar amendment at a low salt level (0.5%) also enhanced the relative abundance of Proteobacteria. In contrast, the same biochar treatments (15 and 30 g kg–1 biochar) decreased the relative abundance of Proteobacteria at high salt levels (1%). However, Actinobacteria showed an increasing trend at both biochar levels when compared with non-biochar-treated soil samples. However, the rest of the bacterial community in all phyla decreased as compared with CK and biochar-treated soils, whereas it improved in the saline environment. Both biochar levels with both salt levels (2.5 and 5) decreased biomass of the Firmicutes, Gemmatimonadetes, Bacteroidetes, Acidobacteria, Deinococcus-Thermus, and Patescibacteria.
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FIGURE 1. Relative abundance of soil bacterial communities at phylum level. Data are presented mean; CK = control, B0S1, B1S1, B2S1, B0S2, B10S2, and B2S2 = 0, 15, and 30 g biochar + 0.5 and 1 g salt g kg–1, respectively.




Effect of Biochar on Microbial Community on Genus Level

Seventeen dominant genera were found in all treatments (Figure 2). The relative abundance of Actinomarinales, Gemmatimonadetes, Alphaproteobacteria, Sphingomonas, and JG30-KF-CM45 remained dominant, but only Actinomarinales, Alphaproteobacteria, and Streptomyces were higher in biochar-treated soils compared with non-biochar-treated soils and CK, respectively. The relative abundance of Actinomarinales, Alphaproteobacteria, and Streptomyces under B0S1, B1S1, and B2S1 and B0S2, B1S2, and B2S2 showed 2.97, 4.74, and 5.37%; 3.98, 4.44, and 5.74%; 0.86, 2.48, and 2.43%; and 1.80, 170, and 1.86%, respectively. In contrast, most of the relative abundance of genera significantly declined in biochar-treated soils when compared with salt-treated soils and CK.
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FIGURE 2. Relative abundance of soil bacterial communities at genus level. Data are presented mean; CK = control, B0S1, B1S1, B2S1, B0S2, B10S2, and B2S2 = 0, 15, and 30 g biochar + 0.5 and 1 g salt g kg–1 respectively.


After sequencing quality control, a total of 2,839 OTUs were identified from all soil samples. Unique OTUs were found in salt-treated soils (Figure 3). The figure showed that biochar application improved the OTUs in soil samples when compared with CK. In contrast, high OTUs were recorded in B0S1 (262) and B0S2 (174), where the soil was amended with salt levels. The soil amended with biochar (B1S2) showed the lowest number of OTUs.
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FIGURE 3. Venn diagram analysis of abundant and showing shared operational taxonomic units. Data are presented mean; CK = control, B0S1, B1S1, B2S1, B0S2, B10S2, and B2S2 = 0, 15, and 30 g biochar + 0.5 and 1 g salt g kg–1 respectively.




Effect of Biochar on Soil Bacterial Community Richness and Diversity

The one-way analysis of variance showed no significant difference between Ace1 and Chao1 richness and Good’s coverage percentage among all the treatments. A slight change was observed for Shannon and Simpson diversity among all the treatments (Table 2). The highest value for Ace1 was recorded in the biochar-treated soil under B2S2 (3,860.19), and the lowest was noticed in CK (3,171.44). Similar results can be seen under the same treatments for Chao1 (Table 2). Statistically, a significant change was observed in B0S1 (6.31) and CK (0.008) for Shannon and Simpson diversity, respectively, when compared with other biochar- and non-biochar-treated soils. The Good’s coverage percentage was the same in all treatments, including CK. The Shannon index in biochar-treated pots was significantly higher than in the CK, whereas the Shannon index was greater in B0S2, B1S2, and B2S2 with increasing biochar levels. Acidic biochar addition decreased Shannon index.


TABLE 2. Effect of acidic biochar on Ace and Chao1 richness and Shannon and Simpson diversity and Good’s coverage (%).
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Relationship Between Soil Microbial Structure and Acidic Biochar

Principal component analysis was used to elucidate the relationship between soil microbial structure and biochar. The PCA showed distinct differences among treatments (Figure 4). The PCA1 (23.96%) and PCA2 (20.28%) jointly explained 44.24% of the total community variability. Figure 4 showed a good variation for microbial community structure among all the treatments. B2S1 and B2S2 had more separation when compared with CK, whereas B2S1 had also shown a similar trend compared with B0S1 and B0S2, respectively.
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FIGURE 4. Principal component analysis for microbial communities of soil amended with biochar and non-biochar. Data are presented mean; CK = control, B0S1, B1S1, B2S1, B0S2, B10S2, and B2S2 = 0, 15, and 30 g biochar + 0.5 and 1 g salt g kg–1 respectively.




Relationship Between Acidic Biochar and Bacterial Genera

The Pearson test was conducted to study the connection between environmental factors and dominant genera (Figure 5). It is observed that Actinomarnales was the primary genera and had a significant positive correlation with plant height, and Alphaproteobacteria was found to have a positive and negative correlation with Na+ and total potassium (TK), respectively, whereas Gemmatimonadetes also had a positive correlation with total phosphorus (TP); however, a negative correlation was observed in case of plant height. Bacillus showed a negative correlation with total nitrogen (TN).
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FIGURE 5. Pearson correlation coefficients among nutrients and bacteria abundance.





DISCUSSION


Effect of Biochar on Microbial Community on Phylum and Genus Levels

Soil microbial biomass is considered a labile soil organic fraction and an important source and sink for plant-available nutrients (Ajwa et al., 1999). The survival of microorganisms is important for plant growth, yield, and soil properties, and most of the microbes spend their life cycle in the rhizosphere because it is the hot spot for microbial activity; carbon is available from plant roots exudates as well (Bais et al., 2006; Kuzyakov and Xu, 2013; Brtnicky et al., 2019). Not many studies on the effects of acidic biochar application on the soil microbial community have been reported. The experiment was conducted to evaluate the effect of acidic biochar on the rhizosphere microbial community under salinity stress. The present study revealed that acidic biochar has positively affected the soil microbial community in the rhizosphere. Proteobacteria and Actinobacteria on phylum level and Actinomarinales on genus level, respectively, were high with acidic pH of biochar (Figures 1, 2). The results are in accordance with Cho et al. (2016), who reported that Proteobacteria, Firmicutes, Acidobacteria, and Bacteroidetes were found to be the most abundant under acidic pH (4.1 and 5.3). In contrast, salinity had a stronger influence on the microbial community than biochar. This is because a high abundance of Firmicutes, Bacteroidetes, Gemmatimonadetes, Acidobacteria, Deinocococcus-Thermus, and Patescibacteria were found at high salinity. Some bacterial species may be salt dependent and/or salt tolerant (Yang et al., 2021). Therefore, some of the abundances of some bacterial species increased at high salt levels. The high salinity, low biochar rate, and application of biochar for a short duration (30 days only) to soil might be the reason for the low abundance of bacterial species. Some species of bacteria may take time to break down the organic C for the survival of microbiota. Different bacterial species show a different level of tolerance to salt even under the same phylum (Yang et al., 2021). The response of the microbial community to biochar application is dependent on its type, duration, soil conditions, and properties, such as biochar pH and pyrolysis temperature (Cho et al., 2016; Fan et al., 2020; Xu et al., 2021). Zhang et al. (2021) has reported that increasing some phylum (Bacteroidetes, Gemmatimondetes, and Firmicutes) and bacterial communities showed tolerance and strongly structured with increasing salinity stress. In contrast, Yang et al. (2021) revealed that extreme salinity levels (34.41 dS m–1) significantly decreased the abundance of Proteobacteria, Actinobacteria, and Acidobacteria. The pH has a great impact on the relative abundance of bacteria on phylum and genus levels (Wang et al., 2019). The pH was the main driving force for the structural diversity and abundance of soil microbial communities (Wang et al., 2019). Biochar application makes a favorable environment in the rhizosphere for microorganisms and the community structure of soil bacteria because of its porous nature (Warnock et al., 2010; Gao et al., 2017).



Effect of Biochar on Bacterial Diversity and Richness Index

A number of factors affect the bacterial structure, such as a change in soil pH and salinity (Shi et al., 2019; Szoboszlay et al., 2019). The present experiment demonstrated that salinity negatively affected the bacterial community structure (Chao1, Ace1, and Shannon) (Table 1). However, biochar amendment increased the bacterial richness and diversity under salinity stress. The results of our study are in accordance with the findings of Yang et al. (2021), who reported that extreme salinity (34.41 dS m–1) lowered significantly Shannon, Ace, and Chao 1. However, Han et al. (2017) investigated that biochar application had shown a positive effect on the bacterial structure under saline conditions. The increase in bacterial diversity and richness might be due to labile C input, biochar surface properties, and change in pH reported by Nguyen et al. (2018) and Szoboszlay et al. (2019). Nguyen et al. (2018) indicated in their field study that bacterial diversity was increased with biochar amendment. The results of the current study are further supported by the results of Fan et al. (2021), who applied biochar and observed that biochar applied at 8% w/w enhanced Ace and Chao richness. When compared with CK and without biochar soil, it showed that Shannon and Simpson’s diversity was negatively affected by biochar. Rutigliano et al. (2014) showed that wood-derived biochar had no detrimental effect on microbial biomass, activity, and diversity because the addition of biochar for a short period could not affect soil microbial diversity.



Relationship Between Biochar and Soil Microbial Community Structure

The relationship between soil microbial community and biochar has been reported in many studies (Han et al., 2017; Yu et al., 2018; Li et al., 2019; Fan et al., 2020; Wang et al., 2021). The present study shows that the relationship between biochar and microbial community structure was distinct under saline conditions. The reason for the distinct separation of community structures between treatments and control (biochar- and non-biochar-amended soil) might be due to high salinity. Liao et al. (2016) revealed that biochar treatments were different and separated when compared with control due to a higher rate of biochar (4.5 t ha–1). The results agree with the results of Luo et al. (2020), who revealed that biochar affected microbial community structure. Similarly, Luo et al. (2017) showed that higher biochar treatment increased phospholipid fatty acid profile score. In contrast, Elzobair et al. (2016) reported that hardwood biochar, rate, and fast pyrolysis to Aridisol did not affect microbial community, structure, and activities; it may vary soil type and application rate.




CONCLUSION

In this research, the amendment of acidic biochar to the soil under salinity showed that biochar slightly improved the microbial community at phylum and genus levels. Acidic biochar enhanced the relative abundance of Proteobacteria, Actinobacteria, and Chloroflexi at the phylum level; Actinomarinales, Alphaproteobacteria, and Streptomyces increased at genus level under salt stress. Acidic biochar had not had a significant effect on bacterial community structure and diversity. The variations in bacterial communities were closely related to the amendment of biochar to soil TK and TP. Overall, the short-term biochar application has shown some positive effects and altered the soil bacterial community composition. Furthermore, the long-term impact of acidic biochar on soil microbial community and structure should be studied.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in NCBI SRP343350.



AUTHOR CONTRIBUTIONS

MuS: writing—original draft preparation and investigation. MuS and AH: methodology, investigation, formal analysis, software, validation, visualization, data curation, and writing—review and editing. YG and JS: conceptualization and design. AH, MFS, MaS, YF, RR, JKS, SB, SA, YG, and JS: writing—review and editing, conceptualization, and software. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the National Natural Science Foundation of China (no. 51790534), the China Agricultural Research System of MOF and MARA (CARS-15-13), and the Agricultural Science and Technology Innovation Program (ASTIP).



ACKNOWLEDGMENTS

We would like to thank my laboratory colleagues, especially Yang Jing. We would also like to thank Yingying Zhang, the manager of the Key Laboratory of Crop Water Use and Regulation, the Ministry of Agriculture and Rural Affairs, Xinxiang, Henan, and the China Scholarship Council.



REFERENCES

Ajwa, H., Dell, C., and Rice, C. (1999). Changes in enzyme activities and microbial biomass of tallgrass prairie soil as related to burning and nitrogen fertilization. Soil Biol. Biochem. 31, 769–777. doi: 10.1016/S0038-0717(98)00177-1

Akhtar, S. S., Andersen, M. N., and Liu, F. (2015). Biochar mitigates salinity stress in potato. J. Agron. Crop Sci. 201, 368–378. doi: 10.1111/jac.12132

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57, 233–266.

Bouyoucos, G. J. (1962). Hydrometer method improved for making particle size analyses of soils 1. Agron. J. 54, 464–465. doi: 10.2134/agronj1962.00021962005400050028x

Brady, N., and Weil, R. (2002). The Nature and Properties of Soil. Pearsoneducation. New Jeresy, NJ: Upper Saddle River, 143–192.

Brtnicky, M., Dokulilova, T., Holatko, J., Pecina, V., Kintl, A., Latal, O., et al. (2019). Long-term effects of biochar-based organic amendments on soil microbial parameters. Agronomy 9:747. doi: 10.3390/agronomy9110747

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

Cho, S.-J., Kim, M.-H., and Lee, Y.-O. (2016). Effect of pH on soil bacterial diversity. J. Ecol. Environ. 40, 1–9. doi: 10.5141/ecoenv.2016.001

Dai, Z., Meng, J., Muhammad, N., Liu, X., Wang, H., He, Y., et al. (2013). The potential feasibility for soil improvement, based on the properties of biochars pyrolyzed from different feedstocks. J. Soils Sediments 13, 989–1000. doi: 10.1007/s11368-013-0698-y

Doran, J. W., and Zeiss, M. R. (2000). Soil health and sustainability: managing the biotic component of soil quality. Appl. Soil Ecol. 15, 3–11.

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Elzobair, K. A., Stromberger, M. E., Ippolito, J. A., and Lentz, R. D. (2016). Contrasting effects of biochar versus manure on soil microbial communities and enzyme activities in an Aridisol. Chemosphere 142, 145–152.

Esfandbod, M., Phillips, I., Miller, B., Rashti, M. R., Lan, Z., Srivastava, P., et al. (2017). Aged acidic biochar increases nitrogen retention and decreases ammonia volatilization in alkaline bauxite residue sand. Ecol. Eng. 98, 157–165. doi: 10.1016/j.ecoleng.2016.10.077

Fan, S., Zuo, J., and Dong, H. (2020). Changes in soil properties and bacterial community composition with biochar amendment after six years. Agronomy 10:746. doi: 10.3390/agronomy10050746

Gao, L., Wang, R., Shen, G., Zhang, J., Meng, G., and Zhang, J. (2017). Effects of biochar on nutrients and the microbial community structure of tobacco-planting soils. J. Soil Sci. Plant Nutr. 17, 884–896. doi: 10.4067/S0718-95162017000400004

Grattan, S., and Grieve, C. (1998). Salinity–mineral nutrient relations in horticultural crops. Sci. Horticult. 78, 127–157. doi: 10.1016/S0304-4238(98)00192-7

Han, G., Lan, J., Chen, Q., Yu, C., and Bie, S. (2017). Response of soil microbial community to application of biochar in cotton soils with different continuous cropping years. Sci. Rep. 7:10184. doi: 10.1038/s41598-017-10427-6

Hongyan, G., Hanping, M., and Zhang, X. (2015). Determination of lettuce nitrogen content using spectroscopy with efficient wavelength selection and extreme learning machine. Zemdirbyste Agric. 102, 51–58. doi: 10.13080/z-a.2015.102.006

Ibrahim, M. E. H., Ali, A. Y. A., Elsiddig, A. M. I., Zhou, G., Nimir, N. E. A., Ahmad, I., et al. (2020). Biochar improved sorghum germination and seedling growth under salinity stress. Agron. J. 112, 911–920. doi: 10.1002/agj2.20026

Islam, S. J. M., Mannan, M., Khaliq, Q., and Rahman, M. (2018). Growth and yield response of maize to rice husk biochar. Aust. J. Crop Sci. 12, 1813–1819. doi: 10.21475/ajcs.18.12.12.p944

Kumar, A., Singh, S., Gaurav, A. K., Srivastava, S., and Verma, J. P. (2020). Plant growth-promoting bacteria: biological tools for the mitigation of salinity stress in plants. Front. Microbiol. 11:1216. doi: 10.3389/fmicb.2020.01216

Kuzyakov, Y., and Xu, X. (2013). Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance. New Phytol. 198, 656–669. doi: 10.1111/nph.12235

Lashari, M. S., Liu, Y., Li, L., Pan, W., Fu, J., Pan, G., et al. (2013). Effects of amendment of biochar-manure compost in conjunction with pyroligneous solution on soil quality and wheat yield of a salt-stressed cropland from Central China Great Plain. Field Crops Res. 144, 113–118. doi: 10.1016/j.fcr.2012.11.015

Lehmann, J., and Joseph, S. (2015). Biochar for Environmental Management: An Introduction. Milton Park: Routledge. doi: 10.4324/9780203762264

Li, Y., Zhou, C., Qiu, Y., Tigabu, M., and Ma, X. (2019). Effects of biochar and litter on carbon and nitrogen mineralization and soil microbial community structure in a China fir plantation. J. Forestry Res. 30, 1913–1923. doi: 10.1007/s11676-018-0731-5

Liao, N., Li, Q., Zhang, W., Zhou, G., Ma, L., Min, W., et al. (2016). Effects of biochar on soil microbial community composition and activity in drip-irrigated desert soil. Eur. J. Soil Biol. 72, 27–34. doi: 10.1016/j.ejsobi.2015.12.008

Luo, S., He, B., Song, D., Li, T., Wu, Y., and Yang, L. (2020). Response of bacterial community structure to different biochar addition dosages in Karst Yellow soil planted with ryegrass and daylily. Sustainability 12:2124. doi: 10.3390/su12052124

Luo, S., Wang, S., Tian, L., Li, S., Li, X., Shen, Y., et al. (2017). Long-term biochar application influences soil microbial community and its potential roles in semiarid farmland. Appl. Soil Ecol. 117, 10–15. doi: 10.1016/j.apsoil.2017.04.024

Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

Mierzwa-Hersztek, M., Gondek, K., Klimkowicz-Pawlas, A., and Baran, A. (2017). Effect of wheat and Miscanthus straw biochars on soil enzymatic activity, ecotoxicity, and plant yield. Int. Agrophys. 31:367. doi: 10.1515/intag-2016-0063

Moradi, A., Tahmourespour, A., Hoodaji, M., and Khors, F. (2011). Effect of salinity on free living-diazotroph and total bacterial populations of two saline soils. Afr. J. Microbiol. Res. 5, 144–148.

Munns, R., and Tester, M. (2008). Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 59, 651–681. doi: 10.1146/annurev.arplant.59.032607.092911

Nguyen, T. T. N., Wallace, H. M., Xu, C.-Y., Zwieten, L. V., Weng, Z. H., Xu, Z., et al. (2018). The effects of short term, long term and reapplication of biochar on soil bacteria. Sci. Total Environ. 636, 142–151. doi: 10.1016/j.scitotenv.2018.04.278

Palansooriya, K. N., Wong, J. T. F., Hashimoto, Y., Huang, L., Rinklebe, J., Chang, S. X., et al. (2019). Response of microbial communities to biochar-amended soils: a critical review. Biochar 1, 3–22. doi: 10.1007/s42773-019-00009-2

Qin, X., Huang, Q., Liu, Y., Zhao, L., Xu, Y., and Liu, Y. (2019). Effects of sepiolite and biochar on microbial diversity in acid red soil from southern China. Chem. Ecol. 35, 846–860. doi: 10.1080/02757540.2019.1648441

Rousk, J., Elyaagubi, F. K., Jones, D. L., and Godbold, D. L. (2011). Bacterial salt tolerance is unrelated to soil salinity across an arid agroecosystem salinity gradient. Soil Biol. Biochem. 43, 1881–1887. doi: 10.1016/j.soilbio.2011.05.007

Rutigliano, F., Romano, M., Marzaioli, R., Baglivo, I., Baronti, S., Miglietta, F., et al. (2014). Effect of biochar addition on soil microbial community in a wheat crop. Eur. J. Soil Biol. 60, 9–15. doi: 10.1016/j.ejsobi.2013.10.007

Shi, S., Tian, L., Nasir, F., Bahadur, A., Batool, A., Luo, S., et al. (2019). Response of microbial communities and enzyme activities to amendments in saline-alkaline soils. Appl. Soil Ecol. 135, 16–24. doi: 10.1016/j.apsoil.2018.11.003

Sial, T. A., Lan, Z., Khan, M. N., Zhao, Y., Kumbhar, F., Liu, J., et al. (2019). Evaluation of orange peel waste and its biochar on greenhouse gas emissions and soil biochemical properties within a loess soil. Waste Manag. 87, 125–134. doi: 10.1016/j.wasman.2019.01.042

Stackebrandt, E., and Goebel, B. M. (1994). Taxonomic note: a place for DNA-DNA reassociation and 16S rRNA sequence analysis in the present species definition in bacteriology. Int. J. Syst. Evolu. Microbiol. 44, 846–849. doi: 10.1099/00207713-44-4-846

Szoboszlay, M., Näther, A., Liu, B., Carrillo, A., Castellanos, T., Smalla, K., et al. (2019). Contrasting microbial community responses to salinization and straw amendment in a semiarid bare soil and its wheat rhizosphere. Sci. Rep. 9:9795. doi: 10.1038/s41598-019-46070-6

Tan, G., Wang, H., Xu, N., Junaid, M., Liu, H., and Zhai, L. (2019). Effects of biochar application with fertilizer on soil microbial biomass and greenhouse gas emissions in a peanut cropping system. Environ. Technol. 42, 9–19. doi: 10.1080/09593330.2019.1620344

Thomas, G. W. (1983). Exchangeable cations. Methods Soil Anal. 9, 159–165. doi: 10.2134/agronmonogr9.2.2ed.c9

Tripathi, S., Kumari, S., Chakraborty, A., Gupta, A., Chakrabarti, K., and Bandyapadhyay, B. K. (2006). Microbial biomass and its activities in salt-affected coastal soils. Biol. Fertil. Soils 42, 273–277. doi: 10.1007/s00374-005-0037-6

Waldrop, M., Balser, T., and Firestone, M. (2000). Linking microbial community composition to function in a tropical soil. Soil Biol. Biochem. 32, 1837–1846. doi: 10.1016/S0038-0717(00)00157-7

Wang, C.-Y., Zhou, X., Guo, D., Zhao, J.-H., Yan, L., Feng, G.-Z., et al. (2019). Soil pH is the primary factor driving the distribution and function of microorganisms in farmland soils in northeastern China. Ann. Microbiol. 69, 1461–1473. doi: 10.1007/s13213-019-01529-9

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

Wang, X., Zhu, H., Yan, B., Shutes, B., Bañuelos, G., and Cheng, R. (2021). Response of the microbial community to salt stress and its stratified effect in constructed wetlands. Environ. Sci. Pollut. Res. 28, 18089–18101. doi: 10.1007/s11356-020-11937-z

Warnock, D. D., Mummey, D. L., Mcbride, B., Major, J., Lehmann, J., and Rillig, M. C. (2010). Influences of non-herbaceous biochar on arbuscular mycorrhizal fungal abundances in roots and soils: results from growth-chamber and field experiments. Appl. Soil Ecol. 46, 450–456. doi: 10.1016/j.apsoil.2010.09.002

Wu, L., Wang, Y., Zhang, S., Wei, W., Kuzyakov, Y., and Ding, X. (2021). Fertilization effects on microbial community composition and aggregate formation in saline-alkaline soil. Plant Soil 463, 523–535. doi: 10.1007/s11104-021-04909-w

Xu, W., Whitman, W. B., Gundale, M. J., Chien, C.-C., and Chiu, C.-Y. (2021). Functional response of the soil microbial community to biochar applications. GCB Bioenergy 13, 269–281. doi: 10.1111/gcbb.12773

Yaish, M. W., Al-Lawati, A., Jana, G. A., Vishwas Patankar, H., and Glick, B. R. (2016). Impact of soil salinity on the structure of the bacterial endophytic community identified from the roots of caliph medic (Medicago truncatula). PLoS One 11:e0159007. doi: 10.1371/journal.pone.0159007

Yan, N., Marschner, P., Cao, W., Zuo, C., and Qin, W. (2015). Influence of salinity and water content on soil microorganisms. Int. Soil Water Conserv. Res. 3, 316–323. doi: 10.1016/j.iswcr.2015.11.003

Yang, C., Li, K., Lv, D., Jiang, S., Sun, J., Lin, H., et al. (2021). Inconsistent response of bacterial phyla diversity and abundance to soil salinity in a Chinese delta. Sci. Rep. 11, 1–8. doi: 10.1038/s41598-021-92502-7

Yao, H., He, Z., Wilson, M., and Campbell, C. (2000). Microbial biomass and community structure in a sequence of soils with increasing fertility and changing land use. Microb. Ecol. 40, 223–237. doi: 10.1007/s002480000053

Yin, D., Li, H., Wang, H., Guo, X., Wang, Z., Lv, Y., et al. (2021). Impact of different biochars on microbial community structure in the rhizospheric soil of rice grown in albic soil. Molecules 26:4783. doi: 10.3390/molecules26164783

Yu, Z., Chen, L., Pan, S., Li, Y., Kuzyakov, Y., Xu, J., et al. (2018). Feedstock determines biochar-induced soil priming effects by stimulating the activity of specific microorganisms. Eur. J. Soil Sci. 69, 521–534. doi: 10.1111/ejss.12542

Zhang, G., Bai, J., Tebbe, C. C., Zhao, Q., Jia, J., Wang, W., et al. (2021). Salinity controls soil microbial community structure and function in coastal estuarine wetlands. Environ. Microbiol. 23, 1020–1037. doi: 10.1111/1462-2920.15281

Zhang, H., Voroney, R., and Price, G. (2014). Effects of biochar amendments on soil microbial biomass and activity. J. Environ. Qual. 43, 2104–2114. doi: 10.2134/jeq2014.03.0132

Zhang, W.-W., Chong, W., Rui, X., and Wang, L.-J. (2019). Effects of salinity on the soil microbial community and soil fertility. J. Integr. Agric. 18, 1360–1368. doi: 10.1016/S2095-3119(18)62077-5

Zhao, H., Zheng, W., Zhang, S., Gao, W., and Fan, Y. (2021). Soil microbial community variation with time and soil depth in Eurasian Steppe (Inner Mongolia, China). Annals. Microbiol. 71, 1–12. doi: 10.1186/s13213-021-01633-9


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Soothar, Hamani, Sardar, Sootahar, Fu, Rahim, Soothar, Bhatti, Abubakar, Gao and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-789235-g004.jpg
PC2(20.28%)

PCA on Phylum level

6 .
5- s
4 $ ®
3 - b :
5 @
ey 5 .
W T ———— RS ——
: -
r-
A
-2 ' v v %)
3
e o 0
+
%
6 -
T T T T T T T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5

PC1(23.96%)

@ CcK
A B0S1
Q B1S1

1 B2S1

o= BOS2

WV B1S2
@ B25S2





OPS/images/fmicb-12-789235-g005.jpg
Pearson Correlation Heatmap

1

]

norank f norank o Actinomarinales

norank f AKYG1722

norank_f __norank_o__norank_c__ Alphaproteobacteria

Sphingomonas

norank_f norank_o_ norank_c__Gemmatimonadetes

Lysobacter

norank f norank o norank ¢ Subgroup 6

Bacillus

norank f JG30-KF-CM45

Truepera






OPS/images/fmicb-12-789235-g002.jpg
us leve

> Ledl

Percent of community abundance on (

08+

Community barplot analysis

) norank _f  norank
.vu.y;mb f norank
.r--v;mh { norank

B Sphingomonas

.l Yo !.'. feer

. Truepera

.' orank I norank
B Bacius

B Marmoricola

. Streplomyces

B Marinobacter
B norank | norank
B Methylophaga

UK B80S B1S1 B2S1 8052 B2S:

Samples

O

. norank | IGI0-KF-C)

.n_,.«,,m- f AKYG1722

B norank_f__ Nitriliruptorac

™

v' “ 5

cae

rales

Gemmatimonadates

Alphaprolecbaclerna

\4,'»;'1 E D

Actnobacter





OPS/images/fmicb-12-789235-g003.jpg
Venn

B1S2
@ CK

@ B0S1

@ B151

.~ B2S1

@ B0S2

8282 . B1 S2

® B2s2

B2S1
CK
BOS1

3000 -
2000 -
1000 -
o )

N A A\ A X X v
G %06 %\5 6(2’6 606 6\6 9?’6





OPS/images/fmicb-12-789235-g001.jpg
Percent of community abundance on Phvium level

08 -

BOS1

8151

Community barplot analysis

8251

Samples

B80S2

[l Protecbactena
B Actnobacternia
B Chiorofie xi
.' iIrmicutes

. Bacterondetes

- Gemmatimonadetes

B Acdobactena

-L‘m'IOLLx;Cus-Y"vvv"us
Palescibacteria

Worers





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Maize (Zea mays L.) Seedlings Rhizosphere Microbial Community as Responded to Acidic Biochar Amendment Under Saline Conditions



		INTRODUCTION



		MATERIALS AND METHODS



		Soil and Salt Samplings



		Collection of Biochar and Its Characterization



		Experimental Site and Treatments



		Soil Sampling and Microbial Measurement After Harvest



		Illumina Miseq Sequencing



		Processing of Sequencing Data



		Statistical Analysis







		RESULTS



		Effect of Biochar on Microbial Community on Phylum Level



		Effect of Biochar on Microbial Community on Genus Level



		Effect of Biochar on Soil Bacterial Community Richness and Diversity



		Relationship Between Soil Microbial Structure and Acidic Biochar



		Relationship Between Acidic Biochar and Bacterial Genera







		DISCUSSION



		Effect of Biochar on Microbial Community on Phylum and Genus Levels



		Effect of Biochar on Bacterial Diversity and Richness Index



		Relationship Between Biochar and Soil Microbial Community Structure







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fmicb-12-789235-t001.jpg
Parameters

Texture

pH

EC(dSm~")

CEC cmol (+) kg1

Total Nitrogen (mg g~ )
Total Phosphorus (mg g~")
Total Potassium (mg g~ 1)
Chloride (g kg™1)
Exchangeable K (g kg™ ")
Exchangeable Na* (g kg~ 1)

Soil

Silty clay loam
8.51
3.31
3.86
0.50
0.66

7.10

18.13

Biochar

2.62

23.7
2.8
64.9
5.6
0.03

0.50

Salt

70.0
0.02
4.46





OPS/images/fmicb-12-789235-t002.jpg
Treatments Richness Alpha Diversity Coverage (%)

Ace 1 Chaot Shannon Simpson
CK 3,171.44 3,203.57 6.08 0.008 0.98
BOSH 3,441.23 3,389.60 6.31 0.005 0.98
B1S1 3,6562.72 3,494.83 6.21 0.005 0.98
B2S1 3,712.12 3,639.77 6.21 0.005 0.98
B0S2 3,251.28 3,104.12 6.14 0.006 0.98
B1S2 3,860.19 3,551.11 6.20 0.006 0.98

B282 3,738.81 3,639.33 6.25 0.005 0.98






OPS/images/cover.jpg
, frontiers
in Microbiology

Maize (Zea mays L.) Seedlings
Rhizosphere Microbial
Community as Responded
to Acidic Biochar Amendment
Under Saline Conditions









OPS/images/logo.jpg
, frontiers
in Microbiology





