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A B S T R A C T   

Bacteria and archaea colonizing on biochar have been reported to possess nitrogen-metabolizing abilities. A 
larger specific surface area of biochar may enhance the activities of nitrous oxide (N2O)-reducing microbes, 
thereby mitigating N2O emission; however, the underlying mechanisms remain unclear. A 56-day incubation 
assay was performed with five treatments: no addition, urea only, and addition of three types of biochars (with 
different specific surface areas: 1193, 2023, and 2773 m2 g− 1) combined with urea. N2O emission increased with 
the specific surface area of biochar up to 2023 m2 g− 1 and decreased thereafter by 37% as compared with the 
urea only addition. By increasing soil pH, C/N ratio, nitrogen availability, and cation exchange capacity, the 
biochar with the largest specific surface area decreased soil N2O emission by affecting the diversity, abundance, 
and composition of total bacteria and N2O-producing microbial communities. A larger specific surface area of 
biochar correlated with a higher abundance of nitrogen-fixing (nifH), -nitrifying (amoA), and -denitrifying (nirK, 
nirS, and nosZ) genes. An increased abundance of ammonia-oxidizing bacteria and archaea, in the biochar with a 
smaller specific surface area, resulted in higher N2O emission. As the abundance of nosZ increased, the addition 
of the biochar with the largest specific surface area resulted in a higher ratio of nosZ/(amoA + nirS + nirK), 
leading to decreased N2O emission. Furthermore, the abundance of nifH, amoA, nirK, and nosZ on biochar 
(extraction from soil after 56-day incubation) was positively correlated with that in soil. Thus, the relative 
specific surface area of biochar should be taken into consideration when using it in agriculture, as our results 
show that biochars with larger specific surface areas decrease N2O emission by recruiting N2O-reducing microbes 
and upregulating the abundance of nitrogen-fixing, -nitrifying, and -denitrifying genes.   

1. Introduction 

Nitrous oxide (N2O) is one of the most prominent greenhouse gases 
that leads to global warming and ozone layer depletion in the strato-
sphere (Ravishankara et al., 2009). Croplands are the main anthropo-
genic source of atmospheric N2O worldwide (Shcherbak et al., 2014; 
Zhu et al., 2015; Wang et al., 2020). Increased use of nitrogenous fer-
tilizers in croplands accounts for 80% of the global increase in terrestrial 
N2O emission and resulted in accelerated global warming over the last 

century (Galloway et al., 2008; Tian et al., 2019). 
Biochar is a carbon-rich material produced by the pyrolyzation of 

biomass under high temperature, with limited oxygen (O2) supply 
(Atkinson et al., 2010). Biochar has been suggested for use as a 
cost-effective agricultural management practice to decrease N2O emis-
sion from croplands (Van et al., 2010; Case et al., 2012; Huang et al., 
2013; Cayuela et al., 2014). In soil, N2O is generated via microbial 
nitrification and denitrification (Liu et al., 2016). While the ammonia 
monooxygenase encoding gene amoA is the pivotal functional gene for 

* Corresponding author. Southern Regional Collaborative Innovation Center for Grain and Oil Crops in China, College of Resources and Environmental Sciences, 
Hunan Agricultural University, Changsha, 410128, China. 

E-mail address: zhzh1468@163.com (Z. Zhang).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Soil Biology and Biochemistry 

journal homepage: http://www.elsevier.com/locate/soilbio 

https://doi.org/10.1016/j.soilbio.2021.108212 
Received 9 May 2020; Received in revised form 27 January 2021; Accepted 6 March 2021   

mailto:zhzh1468@163.com
www.sciencedirect.com/science/journal/00380717
https://http://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2021.108212
https://doi.org/10.1016/j.soilbio.2021.108212
https://doi.org/10.1016/j.soilbio.2021.108212
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2021.108212&domain=pdf


Soil Biology and Biochemistry 156 (2021) 108212

2

nitrification, the nitrite reductase encoding genes nirK and nirS and the 
nitrous oxide reductase encoding gene nosZ are involved in denitrifica-
tion (Xu et al., 2018). Biochar affects microbial nitrification and deni-
trification by changing the physical and chemical properties of soil, 
eventually inhibiting N2O emission (Spokas et al., 2010; Zhang et al., 
2010; Lin et al., 2017). Biochar application decreases N2O emission 
through several mechanisms: (i) inhibiting nitrification and, thus, the 
formation of N2O via ethylene (Spokas et al., 2010); (ii) improving soil 
aeration to decrease the rate of denitrification (Yanai et al., 2007); (iii) 
reducing substrate availability for denitrification by adsorbing NO3

−

(Van et al., 2010); (iv) adsorbing N2O (Cornelissen et al., 2013); and (v) 
increasing the activities of N2O-reducing microbes by elevating soil pH 
(Van et al., 2010). For instance, biochar addition decreases N2O emis-
sion by increasing nosZ gene abundance owing to increase in the pH of 
acidic upland soil (Xu et al., 2014). Previous studies have mainly focused 
on N2O-reducing microbial processes in soils to explain the mechanisms 
underlying the beneficial effects of biochar, whereas very few studies 
have examined the specific interactions between biochar surface and 
these microbes. Therefore, a better understanding of the mechanisms of 
action of N2O-reducing microbes on biochar surfaces is of great impor-
tance for addressing N2O emission. 

Different functional groups, such as carboxyl and hydroxyl groups, 
lactones, chromenes, and ketones, in porous biochar can substantially 
adsorb ammonium and nitrate (Schmidt et al., 2015; Kammann et al., 
2015). These substrates support the recruitment of diverse microbial 
communities, and the biochar itself serves as an optimal shuttle for 
microbial electron transfer and redox reactions (Kappler et al., 2014; 
Saquing et al., 2016; Yuan et al., 2019). The porous structure of biochar 
facilitates microbial colonization, which drives a series of biological 
processes in the nitrogen cycle, generating N2O (Yu et al., 2015; Zhou 
et al., 2016; Dai et al., 2017; Ye et al., 2017). We hypothesized that 
N2O-reducing microbes colonizing biochar surfaces contribute to 
reducing N2O emission. High-throughput sequencing, quantitative PCR 
(qPCR), and fluorescence in situ hybridization (FISH) analyses of nitri-
fication (ammonia oxidizing bacteria (AOB) and ammonia oxidizing 
archaea (AOA) amoA) and denitrification (nirK, nirS, and nosZ) func-
tional genes involved in N2O emission were performed using biochar 
with different specific surface areas (SSAs). The objectives of this study 
were as follows: (i) to evaluate the effects of adding biochar with 
different SSAs on N2O emission; (ii) to identify the N2O-reducing bac-
teria (nosZ) and determine the composition of the microbial community 
in the presence of biochar; (iii) to determine whether amoA, nirS, nirK, 
nosZ, and nifH were detected on biochar; and (iv) to study whether the 
abundance of these genes found on biochar is related to N2O reduction. 

2. Materials and methods 

2.1. Soil sampling 

Topsoil samples (0–20 cm) were taken from a paddy field in Anren 
County, Hunan Province in southern China (26◦17ʹN–26◦50ʹN, 
113◦05ʹE–113◦36ʹE). The sampling field had been managed via long- 
term crop rotation (rice–rice–oilseed rape rotation) for the last 30 
years (Lu et al., 2018). Table S1 shows the chemical properties of the 
topsoil before the experiment. Soil samples were collected after surface 
organic residues were removed, and the samples were then air-dried, 
ground to pass through a 2-mm sieve, and thoroughly homogenized. 

2.2. Biochar preparation 

To attract more microbes to the biochar surface, we used potassium 
hydroxide (KOH) to increase the surface area of biochar (Liang et al., 
2008; Dai et al., 2017). Three types of biochar with different SSAs were 
derived from oilseed rape straws collected from the field station at 
Hunan Agricultural University. The oilseed rape straws were air-dried 
and ground into particles with size <0.3 mm. Under a 3 L min− 1 N2 

flow, straws were pyrolyzed at 400 ◦C for 3 h (as precursors for the 
biochars with different SSAs) in a laboratory-scale pyrolysis unit 
comprising a tube reactor equipped with a programmable temperature 
controller (Liu et al., 2019). After the reactor was cooled to room tem-
perature (25 ◦C), KOH was mixed with the precursor in three pro-
portions (precursor: KOH = 1:1, 1:2, and 1:3), and then activated for 3 h 
in the reactor at 700 ◦C, cooled down, washed with sterile water to a pH 
= 7, and naturally air-dried on an airflow pressure aseptic operating 
table (Liang et al., 2008). These three products were referred to as 
biochar1 (B1), biochar2 (B2), and biochar3 (B3) [rank of SSA: B3(2773 
m2 g− 1) > B2(2023 m2 g− 1) > B1(1193 m2 g− 1)]. The physicochemical 
and morphological characteristics of these biochar types are summa-
rized in Table S2 and Fig. 1. 

2.3. Incubation setup 

The incubation assay was performed as described by Lin et al. 
(2017), with some modifications. Briefly, 20 g air-dried soil samples 
were added into each of a series of 100-mL Erlenmeyer flasks and 
maintained at approximately 50% maximum water holding capacity, 
using distilled water, according to the method of Laird et al. (2010). All 
flasks were covered with aluminum foil having needle-punched holes to 
maintain aerobic conditions and incubated at 25 ◦C in the dark for three 
days to activate the microorganisms. Five experimental groups with a 
randomized complete block design were set up: no addition (Control), 
urea only (+N), and three kinds of SSA biochar combined with urea 
(NB1, NB2 and NB3). Urea was applied at a rate of 200 mg N kg− 1 (total 
of 150 flasks), while the biochar addition rate was 4% of the oven-dried 
soil mass, which was equivalent to a field application rate of 80 t ha− 1 in 
a 0–20 cm plowed layer. The added biochar was thoroughly mixed with 
the soil using a glass rod. All flasks were covered with perforated 
aluminum foil and incubated at 25 ◦C in the dark for 56 days. To 
maintain the soil water content, deionized water was added with a mini 
pipette every other day throughout the incubation period. 

N2O flux was measured according to the methods of Harter et al. 
(2014) and Lin et al. (2017). Three replicate flasks of each experimental 
group were used to measure N2O fluxes after 1, 3, 5, 7, 10, 14, 21, 35, 
and 56 days of incubation. Before gas sampling, the headspace air in the 
flasks was flushed with fresh air. The flasks were capped immediately 
with silicone rubber stoppers. An additional 20 mL of fresh air was 
injected into the flasks using a syringe and thoroughly mixed with the 
headspace gas. The same volume of gas was sampled and injected into 
pre-evacuated vials, which served as the time-zero sample for the 
analysis. The flasks were then incubated for 2 h and 20 mL of headspace 
gas was sampled from these flasks. After gas sampling, the stoppers were 
removed and aluminum foil was used to cover the flasks again. N2O 
concentration was measured using a gas chromatograph (GC; Agilent 
7890, Agilent Technologies, Santa Clara, CA, USA) equipped with an 
electron capture detector. The GC setup and configuration have been 
described in detail previously (Loftfield et al., 1997). Gas fluxes were 
calculated using the slope of the temporal change in concentration in the 
closed bottle according to the equations published by Ruser et al. 
(1998). 

For soil sampling, three replicates of each experimental group (a 
total of 15 bottles) were sampled destructively every time. Samples (20 
g) from each bottle were poured into individual sterile Petri dishes and 
thoroughly homogenized after microcosm setup. After 1, 3, 7, 14, 21, 35, 
and 56 days of incubation, 5 g of the samples was stored at − 80 ◦C for 
DNA extraction, qPCR, or high-throughput sequencing, whereas the 
remaining 15 g was used for analyses of soil chemical properties. 

For biochar particle sampling, three replicates of each experimental 
group (a total of 15 bottles) were sampled after 56 days of incubation 
(hereafter called post-B1, post-B2, and post-B3) according to the modi-
fied protocol of Lin et al. (2012). First, 20 g of soil-biochar mixtures of 
the experimental groups were poured into individual sterile beakers, 
and then 100 mL sterile water was added to each beaker, followed by 
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gentle stirring for 2 min, and finally, the isolated biochar in the sus-
pension was collected on a sieve during agitation; thus, the biochar 
particles remained on the sieve surface, while the soil particles passed 
through it. Finally, biochar particles were collected manually, then 
gently rinsed with sterile water to remove residual soil particles (soil 
particles that could not be removed were considered as the 
biochar-sphere) (Dai et al., 2017), and stored at − 80 ◦C for DNA 
extraction for qPCR and high-throughput sequencing. 

2.4. Soil chemical properties 

Soil pH was determined in a 1:5 (w:v) soil-to-water slurry using a pH- 
meter (AB150, Fisher Scientific, USA). The organic matter content of the 
soil was determined using an oxidation method with potassium di-
chromate. The total nitrogen content of soil samples was determined 
using an automatic azotometer (KDN-102F, Qianjian Ltd., Shanghai, 
China). Soil NH4

+− N and NO3
–N were extracted using 2 M KCl solution at 

a soil/water ratio of 1:5 at 25 ◦C and measured on a Smart Continuous- 
Flow Analyzer (SmartChem200, Shenzhen, China). Total phosphorus 
was measured using sodium hydroxide fusion, followed by colorimetric 
analysis. Olsen phosphorus was extracted using 0.5 M NaHCO3 and 
quantified colorimetrically (Lu et al., 2018). Total potassium was 
measured using flame photometry after sodium hydroxide fusion, and 
the available potassium was extracted with NH4OAc and quantified 
using flame photometry. Cation exchange capacity was measured with 
strontium chloride (SrCl2), as described by Calvelo et al. (2015). 

2.5. DNA extraction, PCR amplification, and high-throughput sequencing 

DNA extractions were carried out in triplicate for each sample (a 
total of 15 samples) at different time points (after 1, 3, 7, 14, 21, 35, and 
56 days of incubation). Of note, DNA extracted on day 56 was used for 
high-throughput sequencing, while qPCR was performed to determine 
the functional marker genes at all time points. Total DNA was extracted 

from biochar particles and soils, using the PowerSoil DNA isolation kit 
(MO BIO Laboratories, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Although the kit has a loading capacity of 0.5 g soil, 
an equivalent weight of biochar particles could not fit the test tube due 
to their low specific weight. Therefore, 0.1 g biochar particles was used, 
which led to sufficient DNA yield for subsequent analysis (Ye et al., 
2017). DNA concentration was determined by spectrophotometry 
(NanoDrop One, Thermo Scientific, Waltham, MA, USA), and the quality 
was assessed using 1.0% (w/v) agarose gel electrophoresis. Finally, 1 mL 
DNA extracts of each sample were stored at − 80 ◦C for future use. 

The V3/V4 regions of the 16S ribosomal RNA (16S rRNA) gene were 
amplified using PCR (initial denaturation at 98 ◦C for 2 min, followed by 
30 cycles at 98 ◦C for 30 s, 50 ◦C for 30 s, and 1 min at 72 ◦C, with a final 
extension at 72 ◦C for 5 min) using the primers 338F (5′-ACTCC-
TACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT- 
3′), which target conserved sequences in the bacterial genome. PCR 
amplification was performed in a 50-μL reaction mixture containing 10 
μL 5 × FastPfu Buffer, 2 μL 2.5 mM dNTPs, 1.5 μL of each primer (10 
μmol), 0.2 μL Q5 High-Fidelity DNA Polymerase (Sangon Biotech, 
China), and 40 ng template DNA. The PCR products were extracted from 
the agarose gel following electrophoresis (1.8% (w/v) agarose) and 
purified using a MinElute® PCR Purification Kit (Sangon Biotech, 
China). Finally, all PCR products were quantified by Quant-iT™ dsDNA 
High-Sensitivity Reagent (Thermo Fisher, Waltham, Massachusetts, 
USA) and pooled. High-throughput sequencing of the V3/V4 region of 
bacterial 16S rRNA genes was performed on the purified pooled sample, 
using the Illumina HiSeq 2500 platform (2 × 250 paired ends), at 
Biomarker Technologies Corporation, Beijing, China. 

Raw FASTQ files were demultiplexed and quality-filtered using 
QIIME (version 1.17). Operational taxonomic units (OTUs) were clus-
tered with 97% similarity cutoff using UPARSE (Edgar, 2013), and 
chimeric sequences were identified and removed using UCHIME (Edgar 
et al., 2011). The taxonomy of each 16S rRNA gene sequence was 
assigned using an RDP classifier against the SILVA 16S rRNA database 

Fig. 1. Scanning electron micrograph (SEM) (a), specific surface area (b), total pore volume (c) and total pore diameter (d) of different biochars (biochar1: B1, 
biochar2: B2, and biochar3: B3). Red arrows in panel (a) show the porous structure of biochar that serves as a potential habitat for microorganisms. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(version 138.1) with a confidence threshold of 70% (Vestergaard et al., 
2017; Schöler et al., 2017). Principal component analysis (PCA) was 
used to visualize the Bray-Curtis dissimilarity matrices based on the OTU 
data. Heatmaps were used to display the abundance of species in the 
different samples using the “vegan” package in R (version 4.0.3, http:// 
www.r-project.org/) (Oksanen et al., 2016). 

2.6. qPCR 

qPCR was performed to determine the functional marker genes 
(amoA, nifH, nirK, nirS, and nosZ) using SsoAdvanced™ SYBR® Green 
Supermix (Bio-Rad Laboratories, Hercules, CA, USA). Each sample was 
quantified in triplicate using a CFXCONNECT Real-Time PCR Detection 
System (Bio-Rad Laboratories, Hercules, CA, USA) and gene-specific 
primers adapted from those used in previous studies. Details of the 
gene-specific qPCR primers of AOA amoA (Francis et al., 2005), AOB 
amoA (Rotthauwe et al., 1997), nirK (Henry et al., 2005), nirS (Throback 
et al., 2004), nosZ (Kloos et al., 2001), and nifH (Marusina et al., 2001; 
Gaby and Buckley, 2012) are summarized in Table S3. 

The functional marker gene amplicons from soil-derived DNA were 
gel-purified using an OMEGA quick PCR (Sangon Biotech, China) puri-
fication kit and ligated into the pMD™19 T-vector (Takara), then further 
transformed into Escherichia coli competent DH5α cells (Takara). The 
positive white clones were selected for plasmid DNA extraction using an 
OMEGA Plasmid Extraction Kit and used as functional gene standards. 
Standard curves were constructed with plasmids containing cloned gene 
fragments. Results with correlation coefficients and amplification effi-
ciencies, which are summarized in Table S4, were used for downstream 
analyses (Keshri et al., 2015). All amplified samples were examined on 
an agarose gel after PCR to confirm successful amplification, and the 
specificity of the amplification products was confirmed by melting curve 
analysis. 

2.7. FISH 

The detected OTUs (for the nosZ) in biochar were assayed for the 
presence of bacterial cells using FISH, as detailed by Amann (1995), 
adopting fluorescently labeled oligonucleotide probes and relevant 
oligonucleotide competitors (Epsilon Biological Technology, Beijing, 
China). A general probe (EUBmix, a combination of EUB338, 338I, and 
338II) was selected to target all bacteria, while the specific probe 
HGC69a was used to detect Actinobacteria (Wendeberg, 2010). Hy-
bridization was conducted for 1.2 h on the slides after dehydration in an 
ethanol gradient (50, 80, and 98%). DakoR Pen (Glostrup, Denmark) 
was used to create a hydrophobic barrier when performing FISH on the 
Superfrost slides. The probes were washed, as detailed by Amann 
(1995). The samples were rinsed with a pre-warmed washing buffer at 
48 ◦C, and the slides were immersed in this washing solution for 10 min. 
The slides were airflow dried, mounted using the anti-fading medium 
Vectashield® (Vector Laboratories Inc., Burlingame, CA, USA), covered 
with 5 × 2.4 cm coverslips (0.1 mm thickness), and sealed with nail 
polish. After hybridization, the samples were airflow dried and mounted 
according to Pernthaler and Pernthaler (2007). Hybridized samples 
were observed with an epifluorescence microscope (Nikon Corporation, 
Tokyo, Japan) equipped with a UV lamp (filter sets: DAPI, EX340-380; 
118 TRITC, EX540/25). The software NIS-Elements BR 4.30 was used 
for image processing. 

2.8. Statistical analysis 

We determined the statistical significance of changes in soil prop-
erties and N2O emissions caused by each treatment. Significant changes 
in the functional gene copy numbers measured by qPCR under different 
treatments were compared by ANOVA, using a GLIMMIX model, to 
determine the differences in the effects of the treatments over time 
through repeated measurements; p < 0.05 was generally considered to 

indicate statistically significant differences unless otherwise stated. 
Additionally, the changes in α-diversity (including the Chao1 estimator 
and Shannon diversity) of the bacterial community due to different 
treatments were also determined. Regression analyses were used to test 
the significance of statistical associations between N2O flux and func-
tional gene abundance in soil and biochar. The significance of the 
regression coefficients was calculated by Student’s t-test. Relationships 
between gene abundance or N2O emission and soil chemical properties 
were assessed by correlation analysis (Spearman’s rank correlation test). 
All analyses were performed using the SPSS Statistics version 20.0 
software (Armonk, NY, USA). The figures were created using Origin 9.0 
(Origin Lab) and Python 3.0 software. 

3. Results 

3.1. Physicochemical and morphological characteristics of biochar 

The main physicochemical properties of the biochar used in the 
present study are listed in Table S2. The ash, elemental (C, H, and O), 
and nutrient (N, P, and K) contents were similar among B1, B2, and B3. 
Scanning electron micrograph showed that B3 had a more porous 
structure than B2 and B1 (red arrow, Fig. 1a). The SSA, total pore vol-
ume (VT), and total pore diameter (Dp) were in the following order: B3 
> B2 > B1(Fig. 1b-c). 

3.2. Nitrous oxide emissions 

Nitrous oxide emission appeared most rapidly from soil treated with 
the smallest SSA biochar, preceding the N2O emissions from urea only 
and mid-range SSA biochar-treated soils by two and four days, respec-
tively, followed by soil treated with the largest SSA biochar. The 
quantity of N2O emission was inversely related to biochar SSA, i.e. 
biochar with the smallest SSA (3055 μg N m− 2⋅h− 1) > biochar with mid- 
range SSA (2272 μg N m− 2⋅h− 1) > urea only (1788 μg N m− 2⋅h− 1) >
biochar with the largest SSA (1068 μg N m− 2⋅h− 1). 

After 56 days of incubation, the cumulative N2O emission (Fig. 2b) 
from urea and biochar-treated soils was greater than that in the no 
addition group, and the highest N2O emission (578.7 mg m− 2) was 
observed in the smallest SSA biochar-treated soil, which was up to 1.6- 
times the amount in the urea only treated soil. Biochar with mid-range 
SSA addition also increased N2O emissions by 45% relative to the urea 
only addition, while biochar with the largest SSA decreased N2O emis-
sion by 37% compared with the urea only addition. 

3.3. Soil pH and inorganic N 

Soil pH was significantly affected by the urea and biochar treatments 
(Fig. S1). The urea only treatment decreased soil pH on all incubation 
days, except on day 3. The soil pH slowly decreased after biochar 
treatment but was higher than the values observed in the urea only and 
no addition treatment groups during the entire incubation period. 

Soil NH4
+-N content increased with the addition of nitrogenous fer-

tilizer, but decreased more quickly during the first 14 days, reaching a 
constant level after day 14, as compared to that in the no addition group 
(Fig. 2c). On the contrary, soil NO3

− -N content increased rapidly until 
day 14 of incubation and remained constant throughout the incubation 
period in urea only and biochar treated soils, with the levels being 
higher than that in the no addition group (Fig. 2d). The NO3

− -N content 
in the soil treated with biochar having SSA >2023 m2 g− 1 was lower 
than those in the soils treated with biochars having SSAs ≤2023 m2 g− 1 

and the urea only-treated soils after day 7. In nitrogenous fertilizer 
treated soils, there was an accelerated decrease in NH4

+-N content 
coupled with an increase in NO3

− -N content during the first 14 days. 
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3.4. Effects of nitrogen and biochar addition on bacterial community 
composition in soil 

PCA analysis of OTUs revealed significant variations in the bacterial 
community compositions among the different soil samples (Fig. 3a). The 
first axis, PCA1, explained 62.5% of the variation in the OTU data, PCA2 
explained 22.6% of the variation, and the cumulative contribution rate 
was 85.1%. The bacterial community in the no addition and urea only 
treated group was separated from those in the biochar treated groups by 
PCA1. The bacterial α-diversity (Shannon index) for urea only and 
biochar-treated soils were found to be lower than that for soil with no 
addition (Fig. 3b). However, the Chao 1 index for biochar with the 
largest SSA treated soil was higher than those for urea only treated and 
no addition soils (Fig. 3b). 

The most abundant phyla were Proteobacteria, Gemmatimonadetes, 
Actinobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, Firmicutes, 
Verrucomicrobia, Planctomycetes, and WPS-2; these taxa accounted for 
more than 91% of the bacterial sequences in all soils (Fig. 3c). At the 
phylum level, biochar application increased the relative abundances of 
Fibrobacteres, Gemmatimonadetes, Rokubacteria, Nitrospirae, Bacter-
oidetes, and Proteobacteria (Fig. S2). At the OTU level, the abundances 
of more than half of these taxa were increased by biochar, while the 
abundances of more than half were lower than those in the urea only 
treated and no addition soils, although no significant variation between 
no addition and urea only treated soils was observed (Fig. 3d). Using 
CCA analysis, we found that biochar addition changed the bacterial 
community composition by affecting the soil chemical properties, 
including soil pH, NH4

+ and NO3
− content, C/N ratio, and cation exchange 

capacity (Fig. S3a). Similarly, N2O flux showed a significant correlation 
with soil pH, NH4

+, NO3
− , C/N ratio, and cation exchange capacity 

(Fig. S3b). 

3.5. Effects of nitrogen and biochar addition on nitrifier community 
composition in soil 

Biochar with different SSAs affected the community composition of 
archaea harboring amoA in the soil, whereas there was no significant 
change in the community composition of bacteria harboring amoA 
(Fig. S4). The community of archaea harboring amoA in urea only 
treated soil was different from those in the biochar treated soils, and soil 
treated with biochar having SSA >2023 m2 g− 1 was distinguished from 
those treated with SSA <2023 m2 g− 1 by PCA1. PCA1 and PCA2 did not 
distinguish the communities when the SSA of biochar was <2023 m2 

g− 1. 

3.6. Dominant OTU of nosZ in soil and localization on the biochar 

The community composition of microbes harboring nosZ showed a 
significant difference between urea only and biochar treated soils 
(Fig. 4a). The relative abundances of the dominant OTUs of nosZ were 
affected by the addition of biochar with different SSA (Fig. 4b). The 
relative abundance of OTU5 was the highest in the largest SSA biochar- 
treated soil (Fig. 4b). We investigated the physical localization of OTU5 
using FISH and found that it increased with biochar SSA and was 
particularly visible in the biochar with the largest SSA (red region in 
Fig. 4c). 

3.7. Bacterial community composition in biochar 

Biochar particles were extracted from soil after 56 days of incuba-
tion. 16S-rRNA high-throughput sequencing revealed the bacterial 
community in biochar (Fig. S5). PCA of the OTUs showed that the 
bacterial community composition in biochar varied significantly among 
biochars with different SSAs (Fig. S5a). The most abundant phyla were 
Proteobacteria, Gemmatimonadetes, Actinobacteria, Acidobacteria, 

Fig. 2. Temporal (a), cumulative (b) N2O emissions, dynamic variation of NH4
+ (c) and NO3

− (d) contents in five experimental groups during 56 days of incubation. 
Statistically significant differences among treatments are represented by different lowercase letters (p < 0.05). No addition (Control), urea only (+N), and three kinds 
of SSA combined with urea (NB1, NB2 and NB3). 
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Bacteroidetes, Chloroflexi, Firmicutes, Verrucomicrobia, Planctomy-
cetes, and WPS-2, similar to those in soil (Fig. S5b). 

3.8. Nitrogen-cycling functional gene abundance in soil and biochar 

The abundance of N2O-reducing bacteria was measured by deter-
mining the copy numbers of nosZ (Fig. 5a). The abundance of nosZ in soil 
increased with an increase in the SSA of biochar during the first 14 days 
and was the highest in the largest SSA biochar-treated soil. The ratio of 
the functional genes was investigated to determine the dominant func-
tional genes for nitrification and denitrification. The ratios of nosZ/ 
(AOA amoA + AOB amoA), nosZ/(nirS + nirK), and nosZ/(AOA amoA +
AOB amoA + nirS + nirK) in the largest SSA biochar-treated soil were 
higher than those in all other soils on day 5 (Fig. 5). 

The abundances of AOA amoA and AOB amoA in the largest SSA 
biochar-treated soil were higher than those in the other soils on days 14 
and 56 (Fig. S6). The abundances of nirK and nirS were increased upon 
biochar addition after 7 days of incubation, except nirS on day 35 and 
day 56 (Fig. S6). Over the whole incubation period, nifH copy numbers 
were higher in the largest SSA biochar-treated soil than in other soils 
except on day 14 (Fig. S6). 

Biochar particles were extracted from the soil after 56 days of in-
cubation. qPCR results indicated that nitrogen-cycling functional gene 

presence varied between different biochars (Fig. 6). The number of 
nitrogen-cycling functional genes (except the abundance of AOB amoA) 
increased with the SSA of biochar up to 2773 m2 g− 1. 

3.9. Relationship between N2O emission and functional marker gene 
abundance in soil and biochar 

The abundance of nitrogen-cycling functional genes in biochar had 
positive relationships with the SSA, pore volume, and pore diameter of 
biochar (Fig. 7a–c). Except for the nirS, the abundance of AOA amoA, 
AOB amoA, nirK, nosZ, and nifH in microbes found on the biochar 
showed a positive correlation with that of genes in soil (Fig. 7d). 

Regression analysis revealed that N2O flux positively correlated with 
AOA amoA and AOB amoA abundance (R2 = 0.24, p < 0.05; R2 = 0.32, p 
< 0.05) (Fig. 8 a-b). However, N2O flux decreased with an increase in the 
ratios of nosZ/(AOA amoA + AOB amoA), nosZ/(nirS + nirK), and nosZ/ 
(AOA amoA + AOB amoA + nirS + nirK) (Fig. 8 c-e). The total N2O 
emission decreased with increased nosZ abundance in biochar (R2 =

0.50, p < 0.05) (Fig. 8 f). 

4. Discussion 

Biochar enhanced nitrification, and the biochar with the largest SSA 

Fig. 3. Bacterial community compositions among different experimental groups. Principal component analysis (PCA) of bacterial community based on 16S-rRNA 
gene (a). Alpha diversity indices (i.e., Chao1 and shannon) of bacterial community (b). Relative abundances of bacterial phyla. “Other” refers all other taxa with 
abundances lower than 0.9% (c). The relative abundance of OTUs and their cluster analysis in different treatments as visualised by heatmaps (d). The color intensity 
of the scale indicated the relative abundance of each OTU. Relative abundance was defined as the number of sequences affiliated with that taxon divided by the total 
number of sequences per sample (%). No addition (Control), urea only (+N), and three kinds of SSA combined with urea (NB1, NB2 and NB3). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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decreased N2O emission. There are contradictory reports about the ef-
fect of biochar on N2O emission, as some studies have reported that N2O 
emission is stimulated by biochar addition (Shen et al., 2014; Lin et al., 

2017) while others have reported its suppression (Thers et al., 2019), 
indicating that the mechanisms by which biochar affects N2O emission 
are complex. N2O flux peaked in the first 14 day, with a simultaneous 

Fig. 4. Community composition based on nosZ gene in soil and localization on the biochar. Principal component analysis (PCA) of bacterial community based on 
nosZ gene in soil (a). Relative abundance of OTUs in soil (b). Statistically significant differences among experimental groups are represented by different lowercase 
letters (p < 0.05). Urea only (+N), and three kinds of SSA combined with urea (NB1, NB2 and NB3). Electron micrographs of FISH for OTU5 (red region) on different 
SSA biochar, Post-B1-3: represented B1-3 extraction from soil after 56 days incubation (c). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 5. Effects of biochar addition on the abundance of nosZ (a), nosZ/(nirK + nirS) (b), nosZ/(AOA amoA + AOB amoA) (c), and nosZ/(nirK + nirS + AOA amoA +
AOB amoA) (d). Error bars are standard errors (n = 3). Statistically significant differences among experimental groups are represented by different lowercase letters 
(p < 0.05). No addition (Control), urea only (+N), and three kinds of SSA combined with urea (NB1, NB2 and NB3). 
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rapid decrease in NH4
+ and increase in NO3

− . Soil nitrification transforms 
NH4

+ to NO3
− , with N2O emission being the by-product of nitrification 

(Bremner and Blackmer, 1978; Li et al., 2015), suggesting that nitrifi-
cation is the predominant source of N2O. The copy numbers of AOA 
amoA and AOB amoA were significantly higher in the biochar-treated 

soil than in the urea only-treated soil and positively (p < 0.05) corre-
lated with N2O flux. These findings are in accordance with those of field- 
and laboratory-based studies using different biochars and soils, where 
the amoA was responsible for stimulating N2O emission from 
biochar-treated soil, which is the key step in the nitrification process 

Fig. 6. The abundance of AOA amoA (a), AOB amoA (b), nirK (c), nirS (d), nosZ (e) and nifH (f) on different SSA biochar, Post-B1-3: represented B1-3 extraction from 
soil after 56 days incubation. Statistically significant differences among experimental groups are represented by different lowercase letters (p < 0.05). 

Fig. 7. The relationships between the abundance of AOA amoA, AOB amoA, nirK, nirS, nosZ and nifH with biochar specific surface area (a), total pore volume (b) and 
total pore diameter (c), and the relationships of these genes on biochar and in soil (d). Solid lines indicate the predicted relationships are significant (p < 0.05) based 
on linear regression estimated using ordinary least squares. 
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(Taketani and Tsai, 2010; Lin et al., 2017; Edwards et al., 2018). These 
results indicated that biochar stimulated N2O emission by enhancing the 
copy numbers of the amoA of archaea and ammonia-oxidizing bacteria, 
compared with that of urea-only addition. 

Biochars with larger SSAs significantly increased the copy number 
and ratio of nosZ. One-third of all denitrifiers, defined as nirS- or nirK- 
containing microorganisms, lack the genetic potential for N2O reduc-
tion, and thus, are major contributors to microbial N2O production 
(Jones et al., 2008; Philippot et al., 2011). Further, biochar addition 
decreased N2O emission by enhancing the transformation of N2O to N2 
by the N2O-reducing bacteria (nosZ-encoded nitrous oxide reductase), 
which was the only known biological process for reducing N2O to N2 in 
the environment (Thomson et al., 2012). This finding confirms that 
biochar increased pH and nosZ gene copy number, as N2O reductase 
(encoded by the nosZ gene) synthesis and assembly could be inhibited at 
low pH (Bergaust et al., 2010; Ducey et al., 2013; Van et al., 2014; Harter 
et al., 2014; Ji et al., 2020). In addition, our results confirmed that 
biochar changed (relative abundances of taxa) the bacterial community 
composition by increasing soil pH, NH4

+, NO3
− , C/N ratio, and cation 

exchange capacity. Further, it increased the relative abundances of mi-
crobes involved in nitrogen-cycling (such as Fibrobacteres, Nitrospirae, 
Gemmatimonadetes, Rokubacteria, Bacteroidetes, and Proteobacteria). 
Fibrobacteres can degrade cellulose (Ransom-Jones et al., 2012); 

Nitrospirae have high nitrification activity (Schramm et al., 1999); 
Gemmatimonadetes play a key role in assimilative and disassimilative 
nitrogen processes (Chee-Sanford et al., 2019); Rokubacteria contribute 
to secondary metabolite production (Crits-Christoph et al., 2018); and 
Bacteroidetes and Proteobacteria are positively correlated with soil 
ammonium nitrogen content (Yang et al., 2019). Biochar addition af-
fects bacterial community composition by promoting the growth of 
bacteria with higher nitrogen metabolic-cycling abilities. Similarly, N2O 
flux was significantly correlated with soil pH, NH4

+, NO3
− , C/N ratio, and 

cation exchange capacity, indicating that biochar may affect microbial 
processes by changing soil chemical properties and promoting the 
growth and activity of N2O-reducing bacteria (containing nosZ), thereby 
affecting N2O emission. The decreased N2O emission was correlated 
with an increased abundance of nosZ; moreover, the ratio of nosZ/(nirS 
+ nirK) was maximum in the soil treated with the biochar having the 
largest SSA, demonstrating that SSA > 2023 m2 g− 1 dramatically 
decreased N2O emission by increasing nosZ abundance. 

The composition of the bacterial community colonizing the biochar 
was affected by the SSA of biochar after 56 day of incubation. This 
finding is consistent with an earlier report by Dai et al. (2017), who 
found that differences in the composition of colonizing bacterial com-
munities among different biochars are strongly influenced by the 
properties of the biochar (pH, surface area, and nutrient content). A 

Fig. 8. The relationships between N2O flux and AOA amoA copy numbers (a); AOB amoA copy numbers (b); ratio of nosZ/(AOA amoA + AOB amoA) (c); ratio of 
nosZ/(nirK + nirS) (d); nosZ/(AOA amoA + AOB amoA + nirK + nirS) in soil (e), and relationships between total N2O and nosZ in biochar (f), as determined by 
regression analysis. Gene copy numbers were log transformed before regression analysis. 
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metagenomic study identified a gene cluster containing a urease operon 
with urea transport genes located downstream, as well as NH4

+, NO3
− , 

and NO2
− transport genes in microbes growing on the biochar surface (Ye 

et al., 2017). The copy numbers (e.g., AOA amoA, nirK, nirS, nosZ, and 
nifH) increased with SSA of biochar up to 2773 m2 g− 1. Collectively, 
these contributed to the remarkable ability of biochar to adsorb NH4

+

and NO3
− via the numerous functional groups (carboxylic and hydroxyl 

groups, lactones, chromenes, ketones, and H-bonds) present on its sur-
face (Kappler et al., 2014). In addition, our results confirmed that 
increased SSA (more pores with bigger diameters) of biochar could 
provide more living space for microbes. The pore of biochar might serve 
as a niche for nitrifiers and denitrifiers, thus promoting the selection of 
nitrogen-related functional genes (Yu et al., 2015; Saquing et al., 2016; 
Zhou et al., 2016). This selection process drives a series of microbial 
nitrogen processes, eventually leading to N2O emission (Kammann et al., 
2015; Schmidt et al., 2015; Su et al., 2019; Yuan et al., 2019). Our results 
supported the hypothesis that the copy numbers of functional genes of 
microbes (e.g., AOA amoA, nirK, nirS, nosZ, and nifH) colonizing biochar 
increase with pore volume and diameter, thereby affecting N2O emis-
sion. For instance, the abundance of nosZ functional gene significantly 
increased with an increase in the SSA of biochar and led to a reduction in 
N2O emission. Another potential mechanism may be that the significant 
increase in the abundance of the amoA on biochar can create anoxic 
microsites within the biochar particles by promoting heterotrophic mi-
crobial respiration and increasing O2 consumption, leading to local 
anaerobiosis on the biochar surface and pores in the biochar particles 
(Van et al., 2009). Subsequently, complete versus incomplete denitrifi-
cation ratio was increased by stimulating the activity and growth of 
N2O-reducing microorganisms in the anoxic microsite environment, as 
N2O reductase is more sensitive to O2 than the enzymes involved in N2O 
formation (Betlach and Tiedje, 1981; Jungkunst et al., 2006). In addi-
tion, biochar can function as an “electron shuttle,” facilitating the 
transfer of electrons to soil denitrifiers. An increase in SSA enhances the 
electron shuttling properties of biochar, thereby promoting the reduc-
tion of N2O to N2 (Cayuela et al., 2014; Su et al., 2019; Yuan et al., 
2019). These explain why the abundance of nosZ increased with an in-
crease in the SSA of biochar up to 2773 m2 g− 1. The biochar with the 
largest SSA promoted the upregulation of the nosZ in soil, leading to a 
significantly decreased N2O emission compared with the soils treated 
with biochars having smaller SSAs. 

5. Conclusion 

Increase in the SSA of biochar decreased N2O emission by enhancing 
the abundance of nosZ. As we hypothesized, N2O-reducing microbes 
colonizing on biochar were the key factor for the decrease in N2O 
emissions. Biochar application changed soil properties, such as pH, C/N 
ratio, nitrogen availability (NO3

− and NH4
+), and cation exchange ca-

pacity, thereby affecting the diversity, structure, and function of total 
bacterial and N2O-producing microbial communities. Using FISH and 
qPCR, we observed that the location of nitrogen functional microbes on 
the biochar, and their marker gene copy numbers in biochar and soil 
increased with SSA. The abundance of AOA amoA and AOB amoA 
increased in the biochar-treated soil and was positively related to N2O 
flux, which could provide the best explanation for the increase in the 
N2O emission with an increase in the SSA of biochar up to 2023 m2 g− 1. 
Moreover, the abundance of nosZ significantly increased with the SSA of 
biochar, and the ratio of nosZ/(amoA + nirS + nirK) was the highest in 
the soil treated with the biochar having the largest SSA and was linked to 
the pronounced reduction in N2O emission, which was even lower than 
that in the urea only-treated soil. Our study has implications for opti-
mizing biochar production for soil N2O mitigation. Factors affecting the 
SSA of biochar and microbial colonization on biochar should be 
considered. However, the low amplification efficiency for the nosZ may 
be a limitation to this study; therefore, subsequent studies, such as 
metatranscriptomics or quantification of functional gene transcripts, 

may investigate functional gene expression to expand the results of this 
study. In addition, the results are based on a short-term incubation in the 
microcosm without growing plants, and the possible plant-soil biochar 
interaction under field conditions was not considered. For instance, in a 
field study by Castaldi et al. (2011), increased microbial activity due to 
wood-derived biochar amendment to soil were only transient. Thus, 
long-term field studies are needed to improve our understanding of the 
microbial colonization of biochar and its beneficial effects on N2O 
mitigation. 
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