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ABSTRACT: Biochar soil amendments are attracting attention as one strategy to  
improve soil microbially ecological environment and regulate the soil nitrogen cycle. 
This study aimed to evaluate the effects of biochar application on agricultural soil 
improvement, nitrogen (N) mineralization and nitrification. The experiment was carried 
out on a typical farmland containing black soil and saline-alkaline soil in Northeast China. 
Four treatments were undertaken, including the control-treated black soil farmland 
(CS), the biochar-treated black soil farmland (BCS), the control-treated saline-alkali soil  
farmland (SAS), and the biochar-treated saline-alkaline soil farmland (BSAS). Basic physical 
and chemical properties, enzyme activity, and the contents of ammonium-nitrogen 
(NH4

+-N) and nitrate-nitrogen (NO3
--N) in the soil were subsequently determined. The  

co-occurrence networks of bacterial communities of the biochar and control treatment 
groups were constructed based on high-throughput sequencing data of the 16S rRNA 
genes. The results showed that the BCS and BSAS treatments significantly increased  
the contents of soil organic matter, total nitrogen, total phosphorus, and available 
phosphorus. The application of biochar significantly increased the NH4

+-N contents 
in the black soil and saline-alkaline soil by 81.78 and 80.08 %, respectively, while 
significantly reducing the soil NH4

+-N/NO3
--N content, which promoted the transformation 

of NH4
+-N into NO3

--N. Subsequently, the released NH4
+-N was transformed into NO3

--N 
through nitrification. After the biochar application, the NO3

--N contents in the black 
and saline-alkaline soils could be fixed. The biochar application significantly increased 
the abundance of gdh, AOA-amoA, AOB-amoA, nirK, nirS, nosZ, and nifH genes, with 
no significant difference in the abundance of napA genes being found among different 
treatments. Microbes playing a key role in the co-occurrence network were Proteobateria, 
Acidobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi. As compared with the CS 
and SAS treatments, under the BCS+BSAS treatment, the connectors, module hubs, 
connectedness, and clustering coefficient showed larger parameters, and the networks 
were more complex. The application of biochar gradually increased the nodes, edges, 
and average degree of the bacterial co-occurrence network, thus indicating that the 
interaction between microbial groups in the black and saline-alkaline soils post biochar 
application may be important in the biogeochemical cycle process in farmland soil.

Keywords: biochar, physio-chemical properties, soil microbial ecology, soil enzyme 
activity, co-occurrence pattern.
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INTRODUCTION
Nitrogen is an essential nutrient element, and 95 % of soil nitrogen is organic. After 
being converted into inorganic nitrogen through mineralization, plants absorb and 
utilize it (Qiu and Chen, 1995). Nitrification is another important way for soil nitrogen 
transformation, which is closely related to the further transformation of NH4

+-N and the 
loss of soil nitrogen (Vitousek et al., 1997). In China, acidic soil is widely distributed in 
the south of the Yangtze River. Due to the nutrient deficient conditions in acidic soil, 
abundant nitrogen fertilizer must be applied to meet the growth of crops (Zhang et al., 
2019). This resulted in severe soil acidification and loss of soil nitrogen (Xia et al., 2022). 
Therefore, an urgent solution is needed to improve the fertility of typical farmland soil 
types in northern China, increase nitrogen fertilizer utilization efficiency, and reduce 
soil nitrogen loss.

Biochar is the product of the high-temperature pyrolysis of agricultural wastes (straw, 
wood, livestock dung, etc.) under anoxic conditions (Chen et al., 2013a). Biochar prepared 
from different raw materials has different properties, including the surface structure 
and element composition (Wang et al., 2015). Due to its high stability and high C/N 
ratio, an increasing number of studies focused on how biochar affects nitrogen cycling 
(Yu et al., 2020). The mineralization of soil nitrogen is related to properties like soil 
pH and C/N ratio. Therefore, the biochar addition can affect the transformation of soil 
nitrogen by altering the soil physicochemical properties (Xia et al., 2021). Chen et al. 
(2016) found that the application of biochar could quickly stimulate soil microbial 
activity and increase the inorganic nitrogen fixation, thus inhibiting the mineralization 
and nitrification of soil nitrogen. On the other hand, Pan et al. (2016) found biochar 
addition promoted soil nitrification. This is possibly caused by the different types of 
soil and biochar. Additionally, enzymes in soil are catalysts participating in biochemical 
reactions, and their activities are closely related to the status of both soil nutrient cycling 
and nutrient content (Nannipieri et al., 2012). N-acetyl-D-(+)-glucosaminidase (NAG), 
ammonia monooxygenase (AMO), hydroxylamine oxidoreductase (HAO), and nitrous 
oxide reductase (NXR) are key enzymes in the processes of soil nitrogen mineralization 
and autotrophic nitrification (Qu et al., 2021). They can metabolize the N-terminal 
amino acid residues of proteins and polypeptides, with their activities representing 
the transformation and supply of soil nitrogen. The inorganic nitrogen absorbed by 
plant roots from the soil is mainly obtained from the enzymatic degradation products 
of soil microorganisms (Tatti et al., 2013). Nitrate reductase and nitrite reductase 
directly participate in the soil denitrification process. Urease hydrolyzed urea into 
inorganic nitrogen (such as NH4

+) for its absorption and utilization by plant roots (Van 
Zwieten et al., 2010).

Co-occurrence networks are often used to characterize the coexistence and exclusion 
of microorganisms in response to external interference and help identify key 
microorganisms highly related to soil function and crop production (Banerjee et al., 
2018). The network modules integrate complex high-dimensional species information, 
which is a collection of multiple highly related species sharing the same niche, and is 
regarded as an ecological cluster (Duran-Pinedo et al., 2011). Numerous studies have 
confirmed that biochar addition can change the microbial community structure and its 
enzyme activity, which is vital in soil ecological processes, including organic matter 
accumulation and nutrient transformation, thereby indirectly affecting the growth of 
plants (Kuzyakov, 2009). Although the impact of biochar on soil microorganisms is 
being increasingly focused on, how biochar affects the ecological network in microbial 
communities is still insufficient. Very few studies have focused on how biochar affects 
the interaction between bacterial communities in the black and saline-alkaline soils 
(Steiner et al., 2010). 
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This study aimed to assess the impact of biochar on the interaction between soil bacterial 
communities and the main driving factors, thereby providing a theoretical basis for 
farmland soil protection in Northern China.

MATERIALS AND METHODS

Site description

This study was conducted in the field trial area of the Modern Agricultural Demonstration 
Park at Heilongjiang Academy of Agricultural Sciences in Harbin (126° 50’ E,  
45° 50’ N), Heilongjiang Province in 2021. The study site is classified as a typical  
temperate and monsoonal climate with a maximum potential rainfall of 550 mm and 
mean annual temperature is ≥10 °C. 

Tested materials

Biochar

Biochar is a stable, carbon-rich product made from agricultural waste biomass, such 
as crop straw and peanut shells, via pyrolysis under low temperature and anoxic 
conditions. The tested biochar was commercially supplied by Liao Ning Golden Future 
Agriculture Technology Co., Ltd. The biochar presented pH 8.69 and N:P2O5:K2O ratio  
equal to 8:11:15.

Soil samples

Soil samples were collected from the Modern Agricultural Demonstration Park at 
Heilongjiang Academy of Agricultural Sciences, and the soil type was black soil. 
Saline-alkali soils were collected from the Fanrong village in Zhaodong City, Heilongjiang 
Province (125° 34’ 34” E~46° 23’ 58” N). The soils in the sampled municipalities of 
Sucre are classified as Mollisols (IGAC, 2016). The main planting crop is soybean 
(Glycine max) in black soil and saline-alkali soil, which is continuously planted once a 
year. At the end of each April, agricultural machinery tillage is conducted once, and 
the soybean is sown. Farm fertilization and field management are performed according 
to the local practices. The crop is harvested at the end of September each year, and 
the land is idle from the end of October to the middle of next April.

Experimental design

The experiment started on June 5 and lasted on September 10, in 2021. Pot experiments 
were performed using polypropylene plastic pots with a height and diameter of 0.30 m. 
Biochar and air-dried soil were well mixed and placed into the pot experiments. Four 
treatments were set as follows: (1) no biochar was added into the black soil (CS); 
(2) 40 g of biochar were added into 1 kg of black soil (BCS), i.e., 160 g biochar/pot;  
(3) no biochar was added into the saline-alkali soil (SAS); (4) 40 g of biochar were 
added into 1 kg saline-alkali soil (BSAS), i.e., 160 g biochar/pot. Samples were 
collected on the 60th day of culture. When sampling, a portion of fresh soil was stored 
in the refrigerator at -20 °C to determine soil NH4

+-N, NO3
--N, enzyme activity, and 

abundance of soil microorganisms. The remaining soil samples were air-dried, and 
separately ground, and sieved through 0.85 and 0.15 mm aperture sieves. Then they 
were stored in self-sealing bags to determine soil pH and physicochemical properties 
of organic matter.

Determination of soil physical and chemical properties

The ring knife method was used to determine the soil bulk density (Hu et al., 2017). 
Soil pH was determined in a 1:2.5 (w/v) ratio of air-dried soil to deionized water (Zhang 
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and Voroney, 2015). The methods of concentrated H2SO4 digestion and Kjeldahl were 
used to determine the total nitrogen content of the soil samples (Pan et al., 2021). Total 
phosphorus content of the soil samples was determined by HClO4 and H2SO4 digestion 
molybdenum antimony anti-colorimetry (Bao, 2005). The soil’s available nitrogen 
was measured using the Alkali-diffusion method (Deng et al., 2016). Determination 
of the available phosphorus in soil was measured by using NaHCO3 extraction- Mo-Sb 
Anti-colorimetry (Mehlich, 1984). The Walkley-Black titration method was carried out 
to determine the soil’s organic carbon content (Faina et al., 2012).

Determination of soil enzyme activity

Fluorescent microplate enzyme detection technology was used to determine the 
activities of the soil β-D-glucosidase (β-G), β-cellobiosidase (CBH), and NAG, by using the 
fluorescent substance 4-hydroxymethyl-7-coumarin (MUB) as the standard (Zhang et al., 
2009). The sample well, blank control, negative control, quenching control, and reference 
control were set on the 96-well plate for each treatment. The fluorescence value was 
measured using the microplate reader after 4 h of incubation at 25 °C in the dark. The 
excitation and detection wavelengths were 365 and 450 nm, respectively. Activities 
of ammonia monooxygenase (AMO), hydroxylamine oxidoredutase (HAO), and nitrite 
oxidoredutase (NXR) in soil were determined using the ELISA kit from Jiangsu Meibiao 
Biotechnology Co., Ltd.

Soil urease (UE) activity was determined by urea colorimetry (Guan, 1986). One unit 
of enzyme activity was expressed as the milligram of ammonium ion produced by 
the hydrolysis of one gram soil at 37 °C for 24 h. The activities of soil denitrification 
enzymes (nitrate reductase and nitrite reductase) were measured by the benzenesulfonic 
acid-acetic acid-α-naphthylamine colorimetric method (Gao et al., 2019). One unit 
of enzyme activity of nitrate reductase (NR) was expressed as the milligram of NO2

- 
produced by the reduction of 1 kg soil at 30 °C for 24 h. One unit of enzyme activity of 
nitrite reductase (NiR) was expressed as milligrams of NO2

- reduced by the reduction of 
1 kg soil at 30 °C for 24 h (Zeng et al., 2013). The activities of L-leucine aminopeptidase 
(LAP) and NAG in the soil were determined by the method from Bob Sinsabaugh Lab 
with some modifications (Sinsabaugh et al., 2000). Here, the crude enzyme solution was 
prepared using a buffer solution with a pH of 5. LAP uses 5 mM leucine p-nitroaniline as 
the substrate, whereas NAG used 2 mM pNP-β-Nacetylglucosaminide; and the control 
was also set. Their activities were determined using colorimetry with a microplate 
reader. The unit of enzyme activity was expressed as the amount (mg) of the substance 
hydrolyzed by the unit mass (g) of dry matter in the unit time (h). The soil NH4

+-N 
and NO3

--N were determined using indophenol blue colorimetry and phenol disulfonic 
acid colorimetry, respectively (Lu, 1999). The soluble organic nitrogen in the soil was 
extracted with K2SO4 0.5 mol L-1, and it was determined using the Total Organic Carbon 
Analyzer (TOC-VcPH + TNM-1, Shimazu Inc., Kyoto, Japan) (Edwards et al., 2006). The 
biomass nitrogen of soil microorganisms was determined by the improved chloroform 
fumigation-K2SO4 extraction method. The soluble organic nitrogen in the extract was 
determined by Total Organic Carbon Analyzer (TOC-VcPH + TNM-1, Shimazu Inc., 
Kyoto, Japan). The microbial biomass nitrogen content was obtained by dividing the 
difference of organic nitrogen between the extracts of fumigated and non-fumigated 
soils by 0.54 (Yang et al., 2012).

DNA extraction and high-throughput assay

Genomic DNA of the soil microorganisms was extracted with an Omega E.Z.N.A DNA Kit 
(Omega Bio-tek, Norcross, GA, USA). The extracted genomic DNA was detected by 1 % 
agarose gel electrophoresis. The PCR was performed on a Geneamp 9700 PCR system 
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The universal primers 
515f (5’-gtgccagcmgcgg-3’) and 907r (5’-ccgtcaattcmttragtt-3’) were used to amplify the 
V3-V4 region of the bacterial 16S rRNA gene. The PCR products were quantified using 
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a QuantiFluor® – ST fluorometer (Promega, Madison, WI, USA), and the samples were 
adjusted as needed for sequencing. Finally, they were sent to Shanghai Meiji Biotechnology 
Co., Ltd. (Shanghai, China) for high-throughput sequencing using an Illumina HiSeq 
2500 PE250 platform (San Diego, CA, USA).

Real-time quantitative PCR (RT-qPCR) analysis was conducted on 0.25 g of fresh soil. The 
DNA was extracted using the Mo Bio’s PowerSoil® DNA Extraction Kit (Qiagen, Germany). 
The quality and concentration of extracted DNA were measured using NanoDrop 
Spectrophotometer (NanoDrop Technologies, Wilmington, DE) (Edwards et al., 2006). 
By using an ABI7500 fluorescence quantitative PCR instrument (Applied Biosystems, USA) 
and SYBR® Premium Ex Taq Kit (Takara, Japan), RT-qPCR was performed to analyze the 
abundance of microbial genes related to nitrogen cycle processes, such as ammoniation 
(gdh), nitrification (AOA-amoA and AOB-amoA), denitrification (nirS, nirK, and nosZ), 
nitrogen fixation (nifH), and nitrate dissimilatory reduction (napA). The qPCR reaction 
system was 25 μL, including 1 μL DNA template, 12.5 μL SYBR® Premix Ex TaqTM, 
0.5 μL forward and reverse primer each, 0.5 μL ROX Reference Dye II (50×), and 
10× ddH2O. The primer sequences for studying the functional genes in the nitrogen 
cycle are shown in table 1.

Statistical analysis

One-way ANOVA and LSD were used to analyze the significance of differences between 
treatments (p<0.05). Based on the Operational Taxonomic Units (OTUs) data of bacteria 
obtained by Illumina sequencing, the microbial ecological network was constructed using 
the CoNet plug-in in the Cytoscape (3.5.0) software. Analysis procedures and network 
parameter selection were conducted per the operation methods provided by Zhou et al. 
(2011). Network topology parameters, such as the characteristic path length, number 
of connections, number of nodes, clustering coefficient, network density, and average 
connectivity, were obtained using the Network Analyzer tool. The bacterial co-occurrence 
network diagram for BCS and BSAS or CS and SAS was constructed using the CoNet 
plug-in in the Cytoscape 3.7.0 software.

Table 1. Primers of target gens of quantitative PCR

Targeted gene Primer Primer sequence(5’→3’) References

AOA-amoA
Arch-amoAF 5ATAGAGCCTCAAGTAGGAAAGTTCTA Francis et al. 

(2005)Arch-amoAR CCAAGCGGCCATCCAGCTGTATGTCC

AOB-amoA
amoA-1F GGGGTTTCTACTGGTGGT Rotthauwe et al. 

(1997)amoA-2R CCCCTCKGSAAAGCCTTCTTC

nirK
nirK876 ATYGGCGGVCAYGGCGA

Braker et al. (1998)
nirK1040 GCCTCGATCAGRTTRTGGTT

nirS
nirSCd3aF AACGYSAAGGARACSGG

Throbäck et al. 
(2004)

nirSR3cd GASTTCGGRTGSGTCTTSAYGAA

nosZ
nosZ-F CGCTGTTCITCGACAGYCAG

nosZ-R ATGTGCAKIGCRTGGCAGAA

gdh
gdh forward CCACTTATTGCATTTACGTCAAAGA Govindarajulu et al. 

(2005)gdh reverse CCCAGTCATCTCAGCAAGAGAA

nifH
nifHF AAAGGYGGWATCGGYAARTCCACCAC Rosch and Bothe 

(2005)nifHRb TGSGCYTTGTCYTCRCGGATBGGCAT

napA
V17m TGGACVATGGGYTTYAAYC

Bru et al. (2007)
napA4r ACYTCRCGHGCVGTRCCRCA
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RESULTS

Soil physical and chemical properties

When biochar was applied, the physical and chemical properties of the soil changed 
(Table 2). Soi pH in SAS and BSAS was significantly higher than CS and BCS (p<0.05). 
The soil bulk density index of the SAS was the highest (1.38 Mg m-3), while those 
with BCS were the lowest (1.25 Mg m-3). The contents of soil organic carbon, total 
nitrogen, available nitrogen and available phosphorus were significantly increased 
in BCS treatment(p<0.05). Compared with the CS and SAS, soil organic carbon for 
the biochar treatments BCS and BSAS increased significantly by 27.36 and 23.33 % 
(p<0.05). The rate of soil organic carbon to soil total nitrogen was higher in BSAS, 
and the corresponding soil porosity increased by 10.41 % more than SAS. In general, 
BCS treatment showed the highest organic carbon, total nitrogen, total phosphorus, 
available nitrogen, available phosphorus values are significantly (p<0.05) different 
compared with CS, BCS and BSAS values.

Effects of biochar on soil nitrogen mineralization and nitrification

The biochar treatment significantly changed the NH4
+-N and NO3

--N contents, with 
both showing an increasing trend in biochar-treated soil samples (Table 3). The NH4

+-N 
content in the biochar-treated black and saline-alkaline soils increased by 81.78 and 
80.08 %, respectively, compared to those without biochar treatment. In comparison, 
NO3

--N increased by 91.55 and 91.36 %, respectively (p<0.05). After the biochar was 
applied to the soil, it was released as NH4

+-N in the early stage. The biochar treatment 
significantly reduced the soil NH4

+-N/NO3
--N (p<0.05), which promoted the conversion of 

NH4
+-N to NO3

--N. The NH4
+-N released was subsequently converted into NO3

--N through 
nitrification, and this NO3

--N in the black and saline-alkaline soils was then immobilized 
post-biochar application.

Table 2. Physical and chemical properties in the soil tested

Soil properties CS BCS SAS BSAS
Bulk density (Mg m-3) 1.29±0.03(1) b 1.25±0.04 b 1.38±0.14 a 1.37±0.28 a
pH(H2O) 6.22±0.43 b 6.71±0.03 b 8.65±1.02 a 8.67±0.34 a
Organic carbon (g kg-1) 23.81±4.91 b 32.82±0.89 a 17.38±1.97 c 22.67±0.16 b
Total nitrogen (g kg-1) 4.55±0.27 a 4.84±0.31 a 3.89±0.03 b 4.04±0.17 b
Total phosphorus (g kg-1) 1.33±0.06 b 1.64±0.05 a 1.02±0.02 c 1.48±0.15 b
Available nitrogen (mg kg-1) 109.31±2.81 b 122.73±4.04 a 94.11±49.03 c 106.24±2.69 b
Available phosphorus (mg kg-1) 18.72±5.14 b 21.89±2.05 a 17.19±2.24 b 19.81±0.76 b
Rate of soil organic carbon to 
soil total nitrogen 15.36±1.18 c 17.83±1.87 b 19.52±0.65 b 21.79±0.94 a

(1) Mean ± standard erro (n = 3). Different letters indicate significant differences among treatments (p<0.05).

Table 3. Dynamic changes of soil ammonium nitrogen (A, NH4
+-N), nitrate nitrogen (B, NO3

--N), and the ratio of NH4
+-N/NO3

−-N (C) 
in biochar application

Treatment Ammonium nitrogen (NH4
+-N) Nitrate nitrogen (NO3

-N) Ratio of NH4
+-N/NO3

--N
mg kg-1

CS 17.65±2.43(1) c 11.39±2.09 c 1.55±0.10 a
BCS 96.91±4.22 a 134.92±7.53 a 0.72±0.06 c
SAS 14.74±1.38 c 9.96±1.78 c 1.47±0.05 b
BSAS 74.01±2.59 b 115.31±8.65 b 0.64±0.19 c

(1) Mean ± standard erro (n = 3). Different letters indicate significant differences among treatments (p<0.05).
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Effects of biochar application on soil nitrogen mineralization, nitrification 
and C-N cycle related enzymes activity

Soil nitrogen mineralization process of the biochar-treated soil as shown in figure 1. 
Application of biochar to stimulate the NAG activity. As compared with the CS and SAS 
treatments, BCS and BSAS treatments significantly increased the NAG activity by 29.62 and 
45.09 %, respectively (p<0.05). In the soil nitrogen nitrification process, when compared 
with the CS treatment, the biochar treatment significantly reduced the activities of AMO, 
HAO, and NXR (p<0.05), with the BCS and BSAS treatments significantly reducing the 
activities of AMO by 9.01 and 12.71 %, HAO by 9.01 and 17.64 %, and NXR by 14.47 
and 7.61 %, respectively. In the soil carbon cycle, as compared with the CS treatment, 
biochar treatment significantly improved the activities of β-G and CBH (p<0.05), with 
the BCS and BSAS treatments increasing the β-G activity by 42.96 and 51.69 %, and 
that CBH by 35.71 and 38.46 %, respectively.

Effects of major control factors on soil microbial properties

Biochar application had no significant effect on the functional gene napA abundance 
in the nitrogen cycle (Figure 2), whereas it variably affected those of the remaining 
seven functional genes. The BCS and BSAS treatments promoted the abundance of 
multiple functional genes, including gdh, AOB-amoA, nirS, and nirK. Compared with CS 
and SAS treatments, the abundance of the gdh gene increased by 25.11 and 50.65 %, 
the AOB-amoA gene increased by 59.01 and 96.13 %, and that of nirK gene increased 
by 24.32 and 56.76 %, respectively, in the BCS and BSAS treatments. Moreover, the 
abundance of gdh, AOB-amoA, and nifH under the BSAS treatment was significantly 
higher than those under other treatments (p<0.05). The nirS gene abundance under 
BCS and BSAS treatments was significantly higher by 45.97 and 51.35 % than those 
under the CS and SAS treatments (p<0.05) respectively. The BCS treatment promoted 

Figure 1. Activity of C and N cycle-related enzymes of soil in biochar application. Different letters indicate significant differences 
among treatments (p<0.05).
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Enzymatic activity CS BCS SAS BSAS

Acticity of N-acctyl-glucosamidase (U/mL) 0.38±0.05 b 0.54±0.03 a 0.28±0.06 b 0.51±0.03 a

Activity of β-D-glucosidase (nmol/(g·h)) 0.77±0.16 b 1.35±0.59 a 0.57±0.19 b 1.18±0.18 a

Activity of β-cellobiosidase (nmol/(g·h)) 0.09±0.00 b 0.14±0.01 a 0.08±0.02 b 0.13±0.00 a

Enzymatic activity CS BCS SAS BSAS

Ammonia monooxygenase (U/mL) 526.76±15.03 a 479.25±21.35 b 468.11±12.09 b 408.57±18.56 c

Hydroxylamine oxidoredutase (U/mL) 114.73±9.42 a 106.91±5.04 b 90.15±11.84 b 74.24±9.52 c

Nitrite oxidoredutase (U/mL) 107.66±1.55 a 92.08±3.23 b 102.03±2.87 a 94.26±1.06 b

NH2OH
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the functional gene AOA-amoA abundance, which was significantly increased by 
78.99 % compared to the CS treatment. In contrast, no significant difference was 
found in functional gene AOA-amoA between the SAS and BSAS treatments (p<0.05). 
Compared to the CS, BCS, and SAS treatments, the abundance of the functional gene 
nifH under the BSAS treatment significantly increased by 35.34, 24.22, and 34.18 %,  
respectively (p<0.05).

Effects of biochar application on microbial co-occurrence patterns

It can be seen from figure 4 that the bacterial communities of the biochar-treated soil 
showed different patterns of co-occurrence networks. The co-occurrence networks 
of bacteria under CS+SAS (Figure 3a) were similar to those under BCS and BSAS 
(Figure 3b). The co-occurrence networks of bacteria with the treatments BCS and 
BSAS were relatively complex, thereby indicating that the biochar treatment had 
a greater impact on the co-occurrence network of the soil bacterial communities. 
Based on this observation, it was proposed that bacterial microorganisms, such as 
Proteobateria, Acidobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi may be 
key species in biochar-treated black and saline-alkaline soil. The results of ZI and PI 
(Figure 3c and Figure 3d) suggested that the connectors and module hubs under the 
BCS+BSAS treatment were higher than those of the CS+SAS treatment. In the CS+SAS 
treatment, 573 main bacteria categories were recorded, including Proteobacteria 
(211), Acidobacteria (105), Bacteroidetes (85), Actinobacteria (62), Chloroflexota (38), 
Gemmatimonadota (23), Firmicutes (20), Nitrospirota (17), and Verrucomicrobiota 
(12). Furthermore, in the soil under BCS+BSAS treatment, 571 major categories were 
detected, mainly including Proteobacteria (207), Acidobacteria (93), Bacteroidetes (76), 
Actinobacteria (66), Chloroflexota (51), Gemmatimonadota phylum (29), Nitrospirota 
phylum (18), Saccharibacteria (17), and Verrucomicrobia phylum (14).

The co-occurrence networks of soil bacterial communities with the two treatments were 
compared, and the changes between the main topologies for each network are shown 
in table 4. Comparative analysis of the two networks indicated that the network under 
BCS+BSAS treatment was more complex, which was reflected in the lines connecting 
network nodes. Similarly, this was also reflected in the network topology connectivity. 
The BCS+BSAS treatment showed greater connectivity than the CS+SAS treatment. 
Additionally, the clustering coefficient under BS+SAS treatment was greater than that 
of CS+SAS treatment, which further proved the greater complexity of the network under 
BCS+BSAS treatment. With the increasing biochar addition, the nodes, edges, and 

Figure 2. Effects of biochar application on the abundance of soil. Different letters above the bars indicate statistical differences 
among treatments at the significance level of p<0.05.
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average degree of bacterial co-occurrence networks also increased gradually. Therefore, 
these results indicated that the biochar addition increased the complexity of bacterial 
networks in the black and saline-alkaline soils.

DISCUSSION
Biochar application improved the soil bulk density, pH(H2O) value, and the contents of 
soil organic matter, total nitrogen, total phosphorus, available nitrogen, and available 
phosphorus in both the black and saline-alkaline soils. Biochar has the ability to improve 

Figure 3. Co-occurrence network of soil bacteria dominant OTUs. In terms of the co-occurrence networks of the soil bacterial 
community under CS+SAS treatment (a) and BCS+BSAS treatment (b), the node size in each network was proportional to its relative 
abundance. The ZI-PI diagram showed the distribution of significant OTUs of soil bacteria based on their topological properties under 
the CS+SAS (c) and BCS+BSAS (d) treatments.
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soil pH because the alkaline functional groups on the biochar surface determine its high 
pH (Van Zwieten et al., 2010). The ability of biochar to improve soil pH is related to its 
carbonate and organic acid contents (Wu et al., 2014). The application of biochar in 
saline-alkaline soil did not reach its optimum level, mainly due to the alkaline property 
of saline-alkaline soil in this test site. Biochar has a buffering capacity to acid and alkali, 
which prevented any significant difference in soil pH between treatments. Previous studies 
have shown that raw materials are one of the main factors affecting the properties of 
biochar (Zhao et al., 2018). Characteristics, including physicochemical properties and 
biochar surface structure prepared from different raw materials are the main factors 
contributing to significant differences in soil pH (Cong et al., 2020). 

In this experiment, the soil bulk density of black and saline-alkaline soils exhibited a 
decreasing trend post biochar application, which was mainly due to the 1) porous and 
loose structure, 2) large specific surface area, 3) low density of biochar, and 4) the 
“dilution effect” generated in soil post application (Baiamonte et al., 2019). The addition 
of biochar significantly increased soil organic matter, total nitrogen, total phosphorus, 
available phosphorus, and available potassium due to the high content of carbon, mineral 
elements, and organic functional groups in biochar (Gao and Deluca, 2020). Effects of 
biochar on the physicochemical properties of the tested soil varied significantly, which 
may be related to the characteristics of the used biochar. 

The pH and the content of mineral elements in the biochar matrix can stimulate the 
microbial and enzyme activities related to the soil nutrient cycle (Grunwald et al., 
2017). The increase of soil organic carbon post biochar application was mainly due 
to the following reasons: 1) the carbon in the biochar formed by biomass pyrolysis 
mainly existed as an inert aromatic ring structure with very high carbon content, 
thereby increasing the soil organic carbon content by biochar addition; 2) biochar 
has strong adsorbability, which can adsorb the small organic molecules in soil and 
promote their polymerization to form soil organic matter (Hammer et al., 2014). 
Additionally, the porous structure of biochar provides attachment sites for the growth 
and reproduction of microorganisms, thereby providing a favorable habitat environment 
for microorganisms. The increase of soil microbial biomass further accelerated the 
decomposition and the release of soil organic nutrients, thus increasing the soil organic  
carbon content.

This study showed that the contents of soil total nitrogen, NH4
+-N and NO3

--N increased 
post biochar application, which differed from the results obtained by Nguyen et al. (2017) 
through meta-analysis. Nguyen et al. (2017) found that the high C/N characteristics 
of biochar and its introduced active substances promote soil mineral nitrogen fixation 
by microorganisms, thus reducing the nitrogen availability. Our result was consistent 
with those obtained by Song et al. (2017) and Liu et al. (2020), mainly because 

Table 4. Topological features of bacteria co-occurrence network in soils under biaochar application

Topological properties CS+SAS BCS+BSAS
No. of original OTUs 589 600
Nodes 578 591
Edges 17598 26206
Average degree 59.55 90.68
No. of clusters 9 10
clustering coefficient 0.63 0.86
Average path distance 3.74 4.01
Connectedness 0.16 0.10
Positive links/negative links 197.53 390.07
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biochar contained nitrogen. Additionally, the application of biochar could reduce 
nitrogen leaching and improve soil aeration, which inhibited microbial denitrification, 
thus reducing the formation and emission of N2O and further increasing the total soil 
nitrogen content. In this study, biochar increased the NH4

+-N and NO3 N contents. 
Previous studies showed that biochar can stimulate the activity and quantity of soil 
microorganisms, which may increase the biological fixation of inorganic nitrogen in 
microorganisms, thus reducing the accumulation of mineral nitrogen (Nelissen et al., 
2012). However, other studies believed that the biochar addition provides an unstable 
carbon source for soil microorganisms, which causes short-term soil nitrogen fixation 
(Bruun et al., 2012). Moreover, porous biochar can adsorb abundant polyphenols, 
which can be used as a carbon source by soil microorganisms and increase their  
demand for nitrogen.

Enzymes in the soil catalyze and drive the soil nutrient cycle (Li et al., 2015). Our 
study found that biochar stimulated the activities of β-G and CBH, which were related 
to carbon cycle in the black and saline-alkaline soil. This promotes the decomposition 
of soil organic carbon, which provides a substrate for microbial activities and helps 
improve the activity of soil microorganisms (Bian et al., 2016). The application of biochar 
usually increases the amount of soil nitrogen mineralization due to the “excitation 
effect” (Gan et al., 2003). The β-G and CBH are enzymes related to the decomposition 
of soil organic carbon, and their activities were significantly increased under BCS and 
BSAS treatments, which may provide more unstable carbon sources for nitrifying 
microorganisms, thus promoting nitrification. Dempster et al. (2012) found that biochar 
application-induced change in the physicochemical properties of soil affects the activity 
of nitrifying microorganisms. Related studies showed that the soil nitrification rate 
was related to the contents of organic matter, total nitrogen, available phosphorus, 
and available potassium, thus indicating the effect of different biochar on the soil 
nutrient content causes significant differences in the soil nitrification rate (Xu et al., 
2014). Meanwhile, the biochar addition significantly impacted the key enzymes in 
the ammonia oxidation process, which further affects soil nitrification. Therefore, in 
this study, soil pH and nutrient content were the main factors affecting nitrification. 
Additionally, denitrification is an important way of nitrogen loss, and the application 
of biochar can affect it. Biochar may also increase the soil NO3

--N content by inhibiting 
denitrification, thus increasing the nitrification rate. The NAG is an enzyme related to 
nitrogen mineralization, which degrades chitin in the soil and releases glucosamine 
(Zackrisson et al., 1996). The biochar addition significantly increases the NAG activity, 
which inhibits the soil nitrogen mineralization.

On the other hand, biochar can adsorb NH4
+, which generates significant differences in the 

mineral nitrogen content of black and saline-alkaline soil, due to the different adsorption 
post-addition of biochar. The conclusions about biochar’s effect on soil nitrification are 
debatable. The increase of soil pH promoted the transformation of soil NH4

+-N into NO3
--N, 

which favored nitrification (Chen et al., 2013b).

Soil nitrification can be divided into the ammonia oxidation and nitrosation stages. 
The first stage is the rate-limiting step of nitrification, in which two types of bacteria 
[ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA)] containing 
ammonia monooxygenase participate in the NH3 oxidation (Yao et al., 2011). The 
second stage mainly depends on the nxr gene that encodes an enzyme for catalyzing 
the nitrification reaction in soil. Nitrification in soil is affected by many factors, like 
soil aeration conditions, texture, water content, temperature, pH, and fertilization  
(Sohi et al., 2010). 

The biochar addition to soil significantly increased the soil pH. Studies have confirmed that 
soil pH was the main factor affecting the community structure, abundance, and diversity 
of ammonia-oxidizing archaea or ammonia-oxidizing bacteria, thereby affecting soil 
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nitrification (Nicol et al., 2008). Previous results showed that biochar application promoted 
soil nitrification by increasing the abundance of soil ammonia-oxidizing microbes (AOA, 
AOB), and the change in their abundance post biochar application was consistent with 
the results of this study (Song et al., 2014). In a 4-year-old field experiment, Ouyang et al. 
(2016) found that AOB was more sensitive than AOA to the nitrogen sources in the 
agricultural soil, thus playing a leading role in soil nitrification process. By using the 
stable isotope probe technology, Xia et al. (2011) found that AOB dominated ~76 % of 
agricultural soil nitrification. 

Our results showed that AOA and AOB highly contribute to the total soil nitrification 
potential, thus indicating that both are participants in the soil ammonia oxidation process 
(Guo et al., 2017). This result demonstrated that AOA and AOB post-biochar treatment 
were important contributors to soil nitrification in the agricultural soil used in this study. 
However, AOB was more sensitive in responding to soil nitrification than AOA. The 
abundance of the nirK, nirS, and nosZ genes directly affects the denitrification process 
(Ji et al., 2020). In this study, the abundance of nirK and nirS genes is significantly increased 
by biochar treatment, thus indicating that nirK and nirS genotype denitrifying bacteria 
are more sensitive to high biochar application. Biochar could promote the reproduction of 
nirK and nirS genotype denitrifying bacteria. This is the same as the results of Liu et al. 
(2018), the application of biochar can increases the nosZ gene abundance to promote 
N2O reduction, which shows that biochar has a great potential to reduce N2O emission 
in the farmlands with black and saline-alkaline soil.

In the natural environment, microbial communities form a complex ecological 
network. Based on the ecological network, the interaction between species can be 
speculated. For microorganisms involved in mutually beneficial symbiosis, symbiosis 
and copolymerization were positively correlated, while for those in competition, biased 
symbiosis and predation were negatively correlated (Faust and Raes, 2012). In this 
study, compared with the control, the biochar treatment increased nutrients, like carbon, 
nitrogen, and phosphorus in farmland with black and saline-alkaline soil, promoting 
bacterial growth and metabolism and improving bacterial diversity. Our previous 
results suggested that Proteobateria, Bacteroidetes, Acidobacteria, and Actinobacteria 
were the dominant groups of bacteria in black and saline-alkaline soil after applying 
biochar (Ding and Li, 2022). In this study, the effects of biochar application on bacterial 
co-occurrence patterns in farmland soil were explored by constructing an interaction 
network between biochar application and non-biochar treatment in black and saline-
alkaline soil. The results showed that the co-occurrence mode of microorganisms 
changed significantly post-biochar application. As compared with the control group 
without biochar treatment, the interaction of bacteria increased significantly after the 
biochar application. The nodes of the interaction network also increased significantly, 
with the network becoming more complex. This was consistent with the results of 
Gundale and DeLuca (2006), which showed that biochar application, can improve soil 
nutrient availability by altering the soil’s physico properties (pH and water holding 
capacity). In the farmland ecosystem, the more abundant the available nutrients, the 
higher were the complexity and stability of the microbial ecological network. The high 
stability of the community is an important factor in ensuring ecological function. In 
addition, the special porous structure of biochar can protect bacteria and reduce the 
damage caused by its competitors. Studies have shown that the effects of soil pH and 
NH4

+-N on bacteria were significantly enhanced post-biochar application (Zhou et al., 
2017). The change of soil acidity favored the growth of bacteria, while the change 
of NH4

+-N changed the bacterial community, thus affecting the interaction network 
(Lauber et al., 2008). As compared with the control group, the modular structure of 
the interaction network under biochar treatment was more complex, with a higher 
network score, more nodes and interactions, and most of them were bacterial nodes. 
These modules did not strictly follow the taxonomic classification, i.e., microorganisms 
showed interactions but did not depend on their classification.
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Similarly, a study on a bacterial community by Burke et al. (2011) indicated that 
the microbial species composition among samples was quite different and shared a 
functional similarity of up to 70 %. This result demonstrated that the composition 
of bacterial communities was determined by functional genes rather than species 
classification, and it was proposed that species with similar nutrients or other ecological 
characteristics can occupy the same niche. In this study, adding biochar redistributed 
the farmland ecosystem resources, which could be the possible cause for the bacterial 
collinearity change.

CONCLUSION
Biochar changed the physicochemical properties of farmland soil with black and 
saline-alkaline soil, like pH, nutrient content, and enzyme activity, thus affecting 
the mineralization and nitrification of farmland soil nitrogen. Biochar promoted the 
mineralization and nitrification of nitrogen, immobilized NO3

--N in farmland soil, 
and increased the nitrification rate. The AOA and AOB genes were most sensitive 
to biochar application, and the changes in their abundance affected the abundance 
of the communities of the overall nitrogen cycle in farmland soil. Therefore, biochar 
application significantly enriched the network interaction of bacterial communities 
in the farmland soil with black and saline-alkaline soil, while also strengthening the 
positive relationship among bacteria. In the future, we will study the long-term effects 
of biochar application as soil amendments may be a good practice to improve soil 
microbial ecosystem, soil health and quality and mitigate climate change.
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