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Metagenomic analysis reveals the effects of cotton straw–derived
biochar on soil nitrogen transformation in drip-irrigated cotton field
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Abstract
Biochar has been widely accepted as a soil amendment to improve nitrogen (N) use efficiency, but the effect of biochar on N
transformation metabolic pathways is unclear. A field experiment was conducted to evaluate the effect of biochar on N trans-
formation in drip-irrigated cotton field. Four treatments were set as (1) no N fertilization (CK), (2) N fertilizer application at
300 kg ha−1 (N300), (3) N fertilizer application plus cotton straw (N300+ST), and (4) N fertilizer application plus cotton straw–
derived biochar (N300+BC). Result showed that soil total N in N300+ST and N300+BC was 16.3% and 24.9% higher than that
in N300, respectively. Compared with N300+ST, the nitrate N (NO3

−-N) in N300+BCwas significantly increased. Acidolyzable
N and non-acidolyzable N in N300+ST and N300+BC were higher than those in CK and N300, while N300+BC performed
better than N300+ST. Furthermore, the N fertilizer use efficiency of cotton in N300+ST and N300+BC was 15.1% and 23.2%
higher than that in N300, respectively. Both N fertilizer incorporations with straw and biochar significantly altered the microbial
community structures and N metabolic pathways. Genes related to denitrification and nitrate reduction in N300+ST were higher
than those in N300, and N300+BC significantly increased nitrification and glutamate synthesis genes. Therefore, N fertilizer
application plus cotton straw–derived biochar changed the microbial community composition, increased nitrification and gluta-
mate synthesis enzyme genes which were beneficial to the accumulation of soil N content, and improved soil N retention capacity
thus to increase N fertilizer use efficiency.

Keywords Cotton straw–derived biochar . Soil N transform . Metagenomic analysis . Microbial composition . N metabolic
pathway . Drip-irrigated cotton field

Introduction

Nitrogen is an important nutrient element for crop growth and
yield improvement. Soil N includes inorganic N and organic
N. Inorganic N is the main source of nutrient uptake by crops,
which directly affects the growth and morphogenesis of crops
(Raven et al. 2004). Organic N is the main form of soil N,
accounting for more than 90% of total N. Most of the organic
N is unavailable to plants, but it serves both as an important
mineralization substrate and a source of N to a variety of

plants in ecosystems (Kielland et al. 2007; Xu et al. 2003).
Soil N cycle is a collection of important biogeochemical path-
ways, including N mineralization, immobilization, and vari-
ous redox reactions (Gruber and Galloway 2008).

Biochar has a large surface area, high hydrophilicity, and
high cation exchange capacity, which is conducive to soil
water conservation and prevention of nutrient loss (Lehmann
et al. 2011; Ajayi et al. 2016; Liu et al. 2016). Many studies
have shown that biochar addition increased soil nitrogen and
promoted N uptake and N fertilizer use efficiency (NUE) of
crops (Deluca et al. 2006; Huang et al. 2014; Piash et al.
2019). Therefore, biochar play an important role in soil N
cycle (Bi et al. 2018).

Soil N transformation is mainly driven by soil microbial
community. Previous study found that biochar induced shifts
in the composition and functional genes of soil microbial com-
munity (Bai et al. 2015). Biochar is conducive to the survival
of microbes, thus promoting the transformation of soil N (Liao
et al. 2016). The effect of biochar on microbial-mediated N-
cycling processes (including nitrification, denitrification, and
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N fixation) has been previously investigated in several sys-
tems (Ducey et al. 2013; Anderson et al. 2014; Bai et al. 2015;
Liu et al. 2017). Biochar addition improves the abundance and
activity of nitrifying bacteria (such as Nitrospirae) and stimu-
lates potential nitrification rates (Ball et al. 2010; Prommer
et al. 2014; Sorrenti et al. 2017). It has been also reported that
biochar addition affects the denitrifying bacteria community
structure (Zhang et al. 2017). High pyrolysis temperature bio-
chars significantly affected the abundance of narG and nosZ
genes (Zhong et al. 2018). Wang et al. (2018a) found that the
highest abundance of the nifH gene was observed in the
biochar-amended soils. Previous studies on the N transform
from the perspective of genes mainly focused on specific N-
transforming gene families (Tu et al. 2017). However, the
direction and magnitude of the effect of biochar on multiple
N-transform process gene abundance are still poorly
understood.

The evaluation of microbial community structure and
metabolic characteristics of N-transforming microorgan-
isms is necessary to elucidate the mechanism of soil N
transformation caused by biochar addition. In order to
know the effect of biochar on soil N transformation mech-
anism in drip-irrigated cotton field, we investigated the ef-
fects of cotton straw– and straw-derived biochar on (1) soil
N nutrient and cotton N uptake, (2) composition of micro-
bial community, and (3) N metabolic pathways using high-
throughput metagenomic sequencing technology. We hy-
pothesized that cotton straw–derived biochar changed the
composition of soil microbial community, increased the
microbial assimilation of N, and improved soil N retention
thus to increase N uptake of cotton.

Materials and methods

Experiment site and biochar preparation

The field experiment was conducted from 2014 to 2018, at an
agricultural experimental station of Shihezi University (44°
18′ N, 86° 02′ E), Shihezi, Xinjiang province of China. The
region is classified as a temperate arid zone with a continental
climate. The soil is a gray desert soil (calcaric fluvisol in the
FAO/UNESCO System), and the texture is loam. The topsoil
(0–20 cm) properties at the beginning of the study were as
follows: pH 8.58, organic matter (OM) 12.2 g kg−1, total ni-
trogen (TN) 0.98 g kg−1, ammonium nitrogen (NH4

+-N)
1.7 mg kg−1, nitrate nitrogen (NO3

−-N) 6.9 mg kg−1, available
phosphorus (AP) 16.4 mg kg−1, and available potassium (AK)
364 mg kg−1. The biochar was prepared by pyrolysis of cotton
straw in a muffle oven at 450 °C during 6 h. The cotton
(Gossypium hirsutum L.) cultivar used in this study was
Xinluzao 61.

Experiment design

According to the management of N fertilization, field experi-
ment was set up as 4 treatments: (1) no N fertilization (CK),
(2) N fertilizer application at 300 kg ha−1 (N300), (3) N fertil-
izer application plus cotton straw (N300+ST), and (4) N fer-
tilizer application plus cotton straw biochar (N300+BC). In
this experiment, the amount of straw application was 6 t
ha−1, and biochar was 3.7 t ha−1 (the dose of organic carbon
addition of biochar was equivalent to straw returning to the
field). The treatments were arranged in a randomized com-
plete block design with three replications. A total of 12 plots
were established in 2014, and the size was 10 m × 6 m. Our
study was conducted in 2018.

Every year after the cotton harvest, the straw was all
pulled out. After drying and crushing, cotton straw and
biochar were spread evenly on the ground and plowed into
the 0–20-cm soil depth before sowing. In each plot, there
were three drip irrigation lines and six rows of cotton
plants, and the row spacing was 66 cm + 10 cm + 66 cm
+ 10 cm + 66 cm + 10 cm. The cotton plants were sown at
10-cm intervals within each row to obtain a population of
263,000 plants ha−1. This planting pattern is commonly
used for drip-irrigated cotton in the region. Cotton was
sown in late April and harvested in mid-October each year.
A flow meter was installed in each plot to control the irri-
gation amount. The plots were all drip-irrigated with 45 mm
of water at sowing to improve germination and seedling
establishment. During the growing season of cotton, 9
times of irrigation were conducted, and the amount of irri-
gation was 450 mm. Nitrogen fertilizer (urea) was applied
through the drip irrigation system. A total of 360-kg N ha−1

was applied with six applications from early June to early
August. P and K fertilizers were used as the base fertilizer
with P2O5 105 kg ha−1 and K2O 75 kg ha−1 before sowing,
respectively.

Sample collection

Topsoil samples (0–20-cm depth) were collected on July 25,
2018. The soil samples were packed with ice packs and im-
mediately brought back to the laboratory. A portion of each
sample was used to determine the N content of soil. The re-
mainder of the soil was stored at − 80 °C through a 2-mm
sieve for high-throughput sequencing analysis.

At the boll-opening stage (August 20, 2018), the cotton
plants were cut at the soil surface and washed with deionized
water, which were divided into three parts: stems, leaves, and
bolls. After being killed out at 105 °C for 30 min, plant sam-
ples were dried at 75 °C to constant weight. The samples were
smashed and screened through a 1-mm sieve to determine the
N concentration of plants.
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Soil and plant N analyses

The soil TN was measured by using the semi-micro-Kjeldahl
technique (Bremner and Mulvaney 1982). The contents of
NH4

+-N and NO3
−-N were extracted from the soil by shaking

samples in 2 mol L−1 KCl solution (soil:liquid ratio 1:10) for
1 h and then filtered. The NO3

−-N and NH4
+-N concentrations

in the extracts were measured using an auto-discrete analyzer
system (Smartchem 140, AMS Company, Italy). Soil organic
N was determined by using an improved Bremner method

with sealed-tube hydrolysis. Soil hydrolysate was prepared
by using the 6 mol L−1 HCl sealed-tube hydrolysis method,
and total acidolytic N was determined by using the acid-
hydrolysate digestion–Kjeldahl method. Non-acidolytic N
was calculated by difference subtraction, non-acidolytic N =
total N − total acidolytic N (Stevenson 1982).

Plant N concentrations of each sample were measured
using an auto-Kjeldahl system (B-339, Buchi Labortechnik
AG, Switzerland). The NUE of cotton was calculated as
follows:

NUE %ð Þ ¼ ½total N uptake of cotton in the N fertilized plot kg ha−1
� �

−total N uptake of cotton in the unfertilized plot

kg ha−1
� ��= total N fertilizer applied kg ha−1

� �� �� 100%

Soil DNA extraction and metagenome sequencing

Total microbial genomic DNA samples were extracted using
the DNeasy PowerSoil Kit (Qiagen, Inc., Netherlands), fol-
lowing the manufacturer’s instructions, and stored at − 20
°C prior to further assessment. The quantity and quality of
extracted DNAs were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and agarose gel electrophoresis, respec-
tively. The extracted microbial DNA was processed to con-
struct metagenome shotgun sequencing libraries with insert
sizes of 400 bp by using the Illumina TruSeq Nano DNA
LT Library Preparation Kit. Each library was sequenced by
using the Illumina HiSeq X-ten platform (Illumina, USA) with
the PE150 strategy at Personal Biotechnology Co., Ltd.
(Shanghai, China).

Raw sequencing reads were processed to obtain quality-
filtered reads for further analysis. First, sequencing adapters
were removed from sequencing reads using Cutadapt (v1.2.1)
(Martin 2011). Secondly, low-quality reads were trimmed by
using a sliding window algorithm. Thirdly, reads were aligned
to the host genome using BWA (http://bio-bwa.sourceforge.
net/) (Li and Durbin 2009) to remove host contamination.
Once quality-filtered reads were obtained, they were de novo
assembled to construct the metagenome for each sample by
using IDBA-UD (iterative De Bruijn graph assembler for se-
quencing data with highly uneven depth) (Peng et al. 2012).
All coding regions (CDS) of metagenomic scaffolds longer
than 300 bp were predicted by using MetaGeneMark (http://
exon.gatech.edu/GeneMark/metagenome) (Zhu et al. 2010).
CDS sequences of all samples were clustered by CD-HIT
(Fu et al. 2012) at 90% protein sequence identity, to obtain
non-redundant gene catalog. Gene abundance in each sample
was estimated by using soap.coverage (http://soap.genomics.
org.cn/) based on the number of aligned reads. The best hit to

the NCBI microbial taxonomy database of the non-redundant
genes was obtained by aligning them against the NCBI-nr
database by BLASTN (e value < 0.001). The functional pro-
files of the non-redundant genes were obtained by annotating
against the eggNOG (Evolutionary Genealogy of Genes:
Non-supervised Orthologous Groups, Version 4.0) protein da-
tabases, by using the DIAMOND (Buchfink et al. 2015) align-
ment algorithm. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway annotation was conducted using BLAST
search against the KEGG database. The metagenomic raw
reads were submitted to the NCBI Sequence Read Archive
under the accession number PRJNA634262.

Statistical analysis

The changes in soil N, plant N uptake, microbial community
composition, and key gene abundance were tested for differ-
ence among sites with one-way ANOVA using the SPSS 21.0
statistical software. Tukey’s method was used for multiple
comparisons of the significance among different treatments
(P < 0.05). To illustrate the clustering of different samples
and to further determine the microbial community composi-
tion and N transform function key genes, heatmap was per-
formed using the vegan package in R.

Results

Plant N uptake and NUE

Compared with CK, all of the N fertilization treatments
(N300, N300+ST, N300+BC) significantly increased the N
uptake of plants (Table 1). The total N uptakes of cotton in
the N300+ST and N300+BC treatments were 15.1% and
23.2% higher than that of N300, respectively. Compared with
N300, the N uptakes of stems, leaves, and bolls in N300+BC
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significantly increased, while only N uptakes in stems and
bolls were significantly promoted in N300+ST.

The effects of cotton straw or biochar addition on NUE of
cotton are summarized in Fig. 1. NUE in the N300+ST treat-
ment was 15.1% greater than that in the N300 treatment, and
the NUE in the N300+BC treatment was increased by 23.2%.
However, there was no significant difference between N300+
ST and N300+BC treatments.

Soil N content

There was no significant difference for soil TN between the
N300 and CK treatments. The N300+ST and N300+BC treat-
ments significantly improved TN, which represented 16.3% and
24.9% higher than the N300 treatment, respectively (Fig. 2).

Compared with CK and N300, both straw and biochar
incorporation significantly increased the soil inorganic N
(NH4

+-N and NO3
−-N) (Fig. 3). There was no significant

difference for NH4
+-N concentration between N300+ST

and N300+BC treatments, while the NO3
−-N concentration

in the N300+BC treatment was 20.7% greater than that in
the N300+ST treatment.

The N300+BC treatment had the highest concentra-
tions of acidolyzable N (AN) and non-acidolyzable N
(NAN) in soil, and then the N300+ST treatment, while
there were no significant differences between N300 and
CK treatments (Fig. 4). Compared with N300, the AN in
the N300+ST and N300+BC treatments was increased by
16.5% and 22.7%, and the NAN was increased by 16.1%
and 27.8%, respectively.

Overview of metagenomic sequencing

We obta ined 69 .9 GB of c l ean reads f rom the
metagenomic sequencing, and a total of 72–82 million
raw sequences per sample after quality control. We gained
73,979, 70,249, 91,533, and 69,599 contigs (> 1 kb) in
CK, N300, N300+ST, and N300+BC, respectively
(Table 2). To determine whether the current sequencing
depth is sufficient to reflect the microbial species compo-
sition of the sample, rarefaction analysis was performed
(Fig. 5). The curve in each group was near saturation,
which suggested that the sequencing data were great
enough with very few new species undetected.

Soil microbial community composition

BLASTN comparison was performed for the Scaftigs se-
quences of each sample in the NCBI-nr database; we could
obtain the taxonomy annotation and abundance of the spe-
cies. Microorganisms in each treatment were mainly bacte-
ria, accounting for 96.73–97.26% (Table 3), then were ar-
chaea and eukaryotes, accounting for 0.67–1.19% and
0.26–0.31%, respectively. The relative abundance of bac-
teria in N300 was less than that in CK, while both archaea
and eukaryotes were significantly increased. Compared
with N300, N300+ST significantly increased the relative
abundance of bacteria, and the relative abundance of ar-
chaea decreased. In contrast, both archaea and eukaryotes
were reduced in N300+BC.

The effects of biochar addition on soil microbial com-
munity composition in drip-irrigated cotton field were in-
vestigated at the phylum and order levels. Proteobacteria,
Actinobacteria, Gemmatimonadetes, Acidobacteria,
Planctomycetes , Bacteroidetes , Verrucomicrobia ,
Firmicutes, Chloroflexi, and Nitrospirae were the top 10
species of soil bacterial communities at the phylum level,
accounting for 86.9% of the total soil microorganisms (Fig.
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Fig. 1 N fertilizer use efficiency (NUE) of cotton as affected by different
treatments. Error bars represent standard error (SD; n = 3). Bars with
different letters are significantly different at P < 0.05. CK, no amendment;
N300, N fertilizer application at 300 kg ha–1; N300+ST, N fertilizer
application plus cotton straw; N300+BC, N fertilizer application plus
cotton straw biochar

Table 1 The N uptake of cotton as affected by different treatments.
Values represent mean ± SD (n = 3). Values within a column followed
by different letters are significantly different at P < 0.05. CK, no
amendment; N300, N fertilizer application at 300 kg ha−1; N300+ST, N
fertilizer application plus cotton straw;N300+BC, N fertilizer application
plus cotton straw biochar

Treatment N uptake of cotton (kg ha−1)

Stems Leaves Bolls Total

CK 3.1d 11.4c 21.9c 36.4c

N300 14.4c 66.8b 75.5b 156.6b

N300+ST 17.4b 71.5ab 91.3a 180.3a

N300+
BC

20.1a 78.3a 94.6a 193.0a
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6). The relative abundances of Chloroflexi and Nitrospirae
in the N300 treatment were significantly higher than those
in the CK treatment, and the abundance of Planctomycetes
was less than that in CK. Compared with the CK and N300
treatments, N300+ST significantly increased the relative
abundance of Proteobacteria , Bacteroidetes , and
Verrucomicrobia. In the N300+BC treatment, the abun-
dance of Nitrospirae was greater than that in CK, but there
was no significant difference between N300+BC and N300
treatments.

We did further compare the changes of soil microbial com-
munity abundance at the order level (Fig. 7). The first 21
orders of relative abundance in each sample were obtained
by sequence comparison. Overall, straw addition treatment
(N300+ST) had the largest difference from other treatments
(CK, N300, N300+BC). Compared with CK and N300, the
relative abundances of Burkholderiales, Xanthomonadales,
Rhizobiales , Micrococcales , Sphingomonadales ,
Pseudomonadales, Myxococcales, Micromonosporales,

Propionibacteriales, and Rhodocyclales were increased sig-
nificantly in N300+ST. In contrast, N300+BC significantly
increased the relative abundances of Rhodocyclales,
Streptomycetales, and Nitrosomonadales.

Functional shifts in metabolic output and nitrogen
metabolic pathways

To reveal the functional profiles of microorganisms under
biochar amendment, total reads were annotated by means of
categories in the eggNOG databases. As shown in Table 4,
functional classification based on eggNOG annotations of mi-
croorganisms in different treatments revealed that about 40%
of the total reads were associated with metabolism. In the
metabolism category, amino acid transport and metabolism
was the most abundant category, followed by energy produc-
tion and conversion, and amino and carbohydrate transport
and metabolism. Compared with CK and N300, the N300+
ST treatment significantly increased the relative abundance of
carbohydrate transport and metabolism, and decreased amino
acid transport andmetabolism. However, N300+BC increased
the relative abundance of amino acid transport and
metabolism.

Nitrogen cycling is of great significance in soils. The func-
tional profiles of soil microbe–associated enzymes after bio-
char application had not been entirely explored. In the current
study, we used metagenomic analysis to investigate key en-
zyme genes involved in five N transformation processes, ni-
trification, denitrification, N fixation, glutamate synthesis, and
carbamoyl phosphate synthesis (Fig. 8).

Relative abundance of functional genes in the N metabolic
pathways is shown in Fig. 9. Compared with CK, the treat-
ment of N300 significantly increased the relative abundance
of nitrification (amoABC, nxrB), denitrification (nirKS, norC,
and narH), N fixation (nifDH), and glutamate synthesis
(GLT1) among enzyme genes related to N metabolism, but
reduced the glutamate synthesis (gudB, GLUD1-2, GLU)
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Fig. 2 Soil total N (TN) as affected by different treatments. Error bars
represent standard error (SD; n = 3). Bars with different letters are signif-
icantly different at P < 0.05. CK, no amendment; N300, N fertilizer
application at 300 kg ha–1; N300+ST, N fertilizer application plus cotton
straw; N300+BC, N fertilizer application plus cotton straw biochar
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Fig. 3 Concentrations of soil NO3
–-N (a) and NH4

+-N (b) as affected by
different treatments. Error bars represent standard error (SD; n = 3). Bars
with different letters are significantly different at P < 0.05. CK, no

amendment; N300, N fertilizer application at 300 kg ha–1; N300+ST, N
fertilizer application plus cotton straw; N300+BC, N fertilizer application
plus cotton straw biochar
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and nitrate reduction (nrfH). From the perspective of enzyme,
ammonia monooxygenase (EC: 1.4.99.39), nitrite oxidore-
ductase (EC: 1.7.99), nitrite reductase (NO-forming) (EC:
1.7.2.1), and nitrogenase (EC: 1.18.6.1) in N300 were signif-
icantly higher than those in CK (Fig. 10). The N300+ST treat-
ment had the largest differences with other treatments (Fig. 9).
Compared with N300, the N300+ST treatment significantly
increased the relative abundance of nitrate reduction genes
(napAB, nirBD, nasAB, and narB), nitric oxide reductase
genes (norB), and some glutamate synthesis genes (GDH2,
gltBD). Meanwhile, N300+ST significantly increased the
abundance of soil nitrite reductase (EC: 1.7.1.15, EC:
1.7.7.1, and EC: 1.7.2.2), nitrate reductase (EC: 1.7.99.4),
nitric oxide reductase (EC: 1.7.2.5), glutamate synthase (EC:
1.4.1.13, EC: 1.4.1.14, and EC: 1.4.7.1), and carbamoyl phos-
phate synthase (EC: 6.3.4.16) (Fig. 10). In contrast, the N300+
BC treatment significantly increased the relative abundance of
assimilatory nitrate reduction (nasB), nitrification (hao), and
glutamate synthesis (gdhA,GLUD1-2, gudB, andGLU) genes
(Fig. 9). Thus, hydroxylamine dehydrogenase (EC: 1.7.2.6),
glutamate dehydrogenase (EC: 1.4.1.2, EC: 1.4.1.3, and EC:
1.4.1.4), glutamine synthetase (EC: 6.3.1.2), and glutamate
synthase (EC: 1.4.1.13, EC: 1.4.1.14, and EC: 1.4.7.1) in
N300+BC were significantly higher than those in N300
(Fig. 10).

Discussion

Many studies have reported that biochar incorporation with N
fertilizer significantly increased crop N uptake and NUE un-
der both pot (Zhu et al. 2014) and field conditions (Li et al.
2016; Huang et al. 2018). Our results also showed that cotton
straw–derived biochar increased N uptake and NUE of cotton,
but there was no significant difference between biochar and
straw treatments. This result showed that N fertilizer applica-
tion combined with straw or biochar promoted N nutrient
uptake and N fertilizer use efficiency in cotton.

In the present study, both cotton straw and biochar appli-
cation with N fertilizer increased the soil TN and inorganic N
(NH4

+-N and NO3
–-N). This finding is consistent with previ-

ous studies showing that straw or biochar application im-
proved soil total N (Wei et al. 2015; Biederman and
Harpole, 2013; Ma et al. 2016). Compared with N300+ST,
biochar treatment (N300+BC) significantly increased TN and
NO3

−-N contents by 7.6% and 20.7%, respectively. The re-
sults indicated that biochar could enhance the N retention of
soil, which was in agreement with previous reports (Yang
et al. 2018; Joseph et al. 2020; Bai et al. 2020). Soil organic
N content affects the N supply capacity of soil. AN is a part of
soil organic N with strong activity, while NAN is a more
stable organic N. Previous studies have already reported that
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Fig. 4 Concentration of soil acidolyzable N (a) and non-acidolyzable N
(b) as affected by different treatments. Error bars represent standard error
(SD; n = 3). Bars with different letters are significantly different at P <

0.05. CK, no amendment; N300, N fertilizer application at 300 kg ha–1;
N300+ST, N fertilizer application plus cotton straw; N300+BC, N fertil-
izer application plus cotton straw biochar

Table 2 Summary of the
metagenomic sequencing. CK, no
amendment; N300, N fertilizer
application at 300 kg ha−1;
N300+ST, N fertilizer application
plus cotton straw; N300+BC, N
fertilizer application plus cotton
straw biochar

Treatment Total no. of
reads

Assembled
contigs

Contig_N50
length (bp)

Maximum length of
contig (bp)

GC content of
contigs

CK 80771859 73979 483 73632 62%

N300 72505600 70249 498 226975 61%

N300+ST 81889289 91533 502 191537 62%

N300+
BC

73426031 69599 488 69702 63%
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straw or biochar application increased soil organic N content
(Malhi et al. 2011; Prommer et al. 2014). Compared with CK
and N300, N300+ST and N300+BC significantly increased
the AN and NAN contents in soil, and the effects were more
pronounced by biochar amendment (Fig. 4). A possible mech-
anism of biochar-increased soil N retention is the stimulation
of microbial immobilization of N and increased nitrates
recycling due to higher availability of carbon (Verheijen
et al. 2009). Zhang et al. (2014) found that biochar increased
soil microbial biomass N (MBN) significantly after 4 years of
consecutive application. However, Prommer et al. (2014) re-
ported that biochar application decreased soil organic N trans-
formation rates and led to the build-up of soil organic N.
Therefore, it is necessary to further determine whether biochar
can increase soil organic N by promoting microbial N
immobilization.

Soil microbial communities play a vital role in soil nutrient
cycling. Biochar could stimulate the abundance of a variety of

important soil microorganisms associated with soil N cycling
(Liu et al. 2018). In this study, bacteria were the predominated
microbial community in each treatment soils, followed by
archaea and eukaryotes via metagenomic analyses (Table 3).
The most dominant phyla were Proteobacter ia ,
Actinobacteria, Gemmatimonadetes, Acidobacteria,
Planctomycetes , Bacteroidetes , Verrucomicrobia ,
Firmicutes, Chloroflexi, and Nitrospirae. Those results were
consistent with former reports (Castaneda and Barbosa 2017;
Yang et al. 2018; Zhang and Lv 2020). As described in our
study, for the relative abundances of major bacteria at both the
phylum and order levels, straw addition treatment (N300+ST)
had the largest difference from other treatments (CK, N300,
N300+BC). Straw addition significantly increased the relative
abundance of Proteobacteria , Bacteroidetes , and
Verrucomicrobia, while there was no significant difference
in microbial composition between N300+BC and N300 treat-
ments at the phylum level (Fig. 6), At the order level, the
N300+ST treatment increased the relative abundance of
Burkholderiales , Xanthomonadales , Rhizobiales ,
Micrococcales, Sphingomonadales, Pseudomonadales,
M y x o c o c c a l e s , M i c r o m o n o s p o r a l e s , a n d
Propionibacteriales, which play important role in denitrifica-
tion and cellulose degradation (Tu et al. 2017). Some studies
also found that straw incorporation increased the abundances
of Rhodocyclales, Pseudomonadales, Xanthomonadales, and
Burkholderiales (Wang et al. 2018b; Su et al. 2019).
Compared with CK and N300, N300+BC increased the rela-
tive abundance of Rhodocyclales, Streptomycetales, and
Nitrosomonadales, which related to nitrification and turnover
of organic matter at later stages of litter decomposition (Šnajdr
et al. 2011). Similar effects have been reported by Jaiswal

Fig. 5 Rarefaction curves for
species. CK, no amendment;
N300, N fertilizer application at
300 kg ha–1; N300+ST, N
fertilizer application plus cotton
straw; N300+BC, N fertilizer
application plus cotton straw
biochar

Table 3 Annotation of microbial groups (%) in different treatments.
Values represent mean ± SD (n = 3). Values within a column followed
by different letters are significantly different at P < 0.05. CK, no
amendment; N300, N fertilizer application at 300 kg ha−1; N300+ST, N
fertilizer application plus cotton straw;N300+BC, N fertilizer application
plus cotton straw biochar

Treatment Bacteria Archaea Eukaryota Viruses Unknown

CK 97.13ab 0.85b 0.27b 0.06c 1.69a

N300 96.73c 1.19a 0.31a 0.05c 1.71a

N300+ST 97.26a 0.67c 0.30a 0.16a 1.65a

N300+
BC

96.80bc 0.92b 0.26b 0.09b 1.94a

43935Environ Sci Pollut Res (2020) 27:43929–43941



et al. (2018) based on a pre-conditioned growth medium with
the biochar-amended pot experiment. Those results indicated
that both straw and biochar application altered the structure of
microbial communities, while the effects of straw on the rel-
ative abundances of major bacterial phyla and orders were
higher than those of biochar.

To reveal the functional profiles of straw and biochar ad-
dition, the soil metagenomic reads were annotated by means
of categories in the eggNOG and KEGG databases. We found
that most of the eggNOG annotations were involved in micro-
bial metabolism, and the relative abundance of amino acid
transport and metabolism was the highest among the

Table 4 The eggNOG functional classification of the metagenome in
different treatments. Values represent mean ± SD (n = 3). Values within a
column followed by different letters are significantly different at P < 0.05.

CK, no amendment; N300, N fertilizer application at 300 kg ha−1; N300+
ST, N fertilizer application plus cotton straw; N300+BC, N fertilizer
application plus cotton straw biochar

Taxon CK N300 N300+ST N300+BC

Information storage and processing

A RNA processing and modification 0.0003a 0.0004a 0.0004a 0.0004a

B Chromatin structure and dynamics 0.0005a 0.0004a 0.0004a 0.0005a

J Translation, ribosomal structure, and biogenesis 0.0434b 0.0436ab 0.0431c 0.0439a

K Transcription 0.0392b 0.0402a 0.0399ab 0.0396ab

L Replication, recombination, and repair 0.0562b 0.0575a 0.0554c 0.0569ab

Cellular processes and signaling

D Cell cycle control, cell division, chromosome partitioning 0.0075bc 0.0075c 0.0076b 0.0077a

M Cell wall/membrane/envelope biogenesis 0.0567b 0.0567b 0.0573a 0.0567b

N Cell motility 0.0049b 0.0049b 0.0057a 0.0050b

O Posttranslational modification, protein turnover, chaperones 0.0444b 0.0443b 0.0443a 0.0445b

T Signal transduction mechanisms 0.0750a 0.0738b 0.0750a 0.0752a

U Intracellular trafficking, secretion, and vesicular transport 0.0141a 0.0140a 0.0140a 0.0140a

V Defense mechanisms 0.0342a 0.0334b 0.0336ab 0.0335b

Metabolism

C Energy production and conversion 0.0819b 0.0820ab 0.0792c 0.0828a

E Amino acid transport and metabolism 0.0935b 0.0932b 0.0898c 0.0941a

F Nucleotide transport and metabolism 0.0229b 0.0229ab 0.0226c 0.0231a

G Carbohydrate transport and metabolism 0.0630b 0.0634b 0.0641a 0.0628b

H Coenzyme transport and metabolism 0.0273b 0.0274b 0.0268c 0.0278a

I Lipid transport and metabolism 0.0361ab 0.0358b 0.0358b 0.0366a

P Inorganic ion transport and metabolism 0.0513b 0.0521b 0.0531a 0.0513c

Q Secondary metabolites biosynthesis, transport, and catabolism 0.0251a 0.0251a 0.0250a 0.0251a
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Fig. 6 Relative abundances of the
top 10 phyla as affected by
different treatments. CK, no
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application at 300 kg ha−1; N300+
ST, N fertilizer application plus
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fertilizer application plus cotton
straw biochar
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metabolism category (Table 4). Compared with CK and
N300, the relative abundance of amino acid transport and
metabolism genes was significantly increased in N300+BC,
but decreased in N300+ST. This result suggested that biochar
addition promoted the amino acid transport and metabolism of
the corresponding bacteria.

In this study, metagenomic analysis was used to investigate
key enzyme genes involved in nitrification, denitrification,
nitrogen fixation, and glutamate synthesis. Compared with
CK, N300 significantly increased the relative abundance of
nitrification (amoABC, nxrB) and denitrification genes
(nirKS, norC, and narH) (Fig. 9). Previous studies have al-
ready reported that N fertilization stimulated nitrifying bacte-
ria (amoA) and the abundance of denitrification genes (nirK,
nirS, and nosZS) (Kelly et al. 2013; Yang et al. 2018). In
addition, our results also demonstrated that N300 significantly
reduced the relative abundances of glutamate synthesis (gudB,
GLUD1-2, GLU) and nitrate reduction (nrfH), compared with
CK. Therefore, single N application promoted soil microbial

nitrification and denitrification, and decreased glutamate syn-
thesis, which might led to the risk of N losses.

We found that the relative abundance of functional genes
related to the N metabolic pathways in the N300+ST treat-
ment was significantly different from other treatments (CK,
N300, N300+BC). N300+ST significantly increased the rela-
tive abundance of napAB, nirBD, nasAB, narB, and norB,
which represented that the copy numbers of soil nitrite reduc-
tase (EC: 1.7.1.15, EC: 1.7.7.1, EC: 1.7.2.2), nitrate reductase
(EC: 1.7.99.4), and nitric oxide reductase (EC: 1.7.2.5) were
promoted (Fig. 10). It was in agreement with previous studies
showing that N plus straw increased the abundance of nirB,
nirD, and norB (Fracetto et al. 2017; Zheng et al. 2019), but
Fracetto et al. (2017) found N plus straw also increased the
abundance of nirK, nirS, and nosZ. In the present study, the
relative abundance of key enzyme genes related to nitrifica-
tion and denitrification in the N300+BC treatment was sim

For most microorganisms, assimilation of ammonia is ac-
complished through the synthesis of glutamine and glutamate

Fig. 8 An overall of N-transforming processes in soil, including the processes of nitrification (purple), denitrification (yellow), N fixation (red), nitrite
reduction (green), glutamate synthesis (blue), and carbamoyl phosphate synthesis (pink)

Fig. 7 Relative abundances of the
top 21 orders as affected by
different treatments. CK, no
amendment; N300, N fertilizer
application at 300 kg ha−1; N300+
ST, N fertilizer application plus
cotton straw; N300+BC, N
fertilizer application plus cotton
straw biochar
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(Schreier 1993). The glutamine synthetase–glutamate syn-
thase pathway (GS-GOGAT) and glutamate dehydrogenase
(GDH) play distinct roles for incorporating inorganic N into
organic molecules (Schwartz et al. 1991). Those key enzymes
recycle glutamate; amino groups are eventually transferred to
other amino acids and utilized for protein synthesis and also
for synthesis of other key biomolecules (Liu et al. 2019). In
our study, N300+ST significantly increased the relative abun-
dance of GDH2 and gltBD genes related to glutamate synthe-
sis, which represented that the copy numbers of glutamate
synthase (EC: 1.4.1.13, EC: 1.4.1.14, EC: 1.4.7.1) were sig-
nificantly higher than those in the N300 treatment. However,
the copy numbers of glutamate dehydrogenase (EC: 1.4.1.2,

EC: 1.4.1.3, EC: 1.4.1.4) and glutamine synthetase (EC:
6.3.1.2) in N300+ST were significantly lower than those in
N300. In contrast, N300+BC significantly increased the rela-
tive abundance of gdhA, GLUD1-2, gudB, and GLU genes.
The relative abundances of glutamate dehydrogenase (EC:
1.4.1.2, EC: 1.4.1.3, EC: 1.4.1.4), glutamine synthetase (EC:
6.3.1.2), and glutamate synthase (EC: 1.4.1.13, EC: 1.4.1.14,
and EC: 1.4.7.1) in N300+BC were higher than those in the
N300 treatment. Farhangi-Abriz and Torabian (2018) also re-
ported that the application of biochar increased the activity of
glutamine synthetase. Those results indicated that cotton
straw–derived biochar addition increased microbial assimila-
tion of N via promoting synthesis of glutamine and glutamate.
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Fig. 9 Relative abundances of
functional genes in the N
metabolic pathways as affected
by different treatments. CK, no
amendment; N300, N fertilizer
application at 300 kg ha−1; N300+
ST, N fertilizer application plus
cotton straw; N300+BC, N
fertilizer application plus cotton
straw biochar
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Conclusions

The results of five consecutive years of experiment support
our hypothesis that cotton straw–derived biochar changed the
composition of soil microbial community, increased the mi-
crobial assimilation of N, and improved soil N retention thus
to increase N uptake of cotton. N fertilizer single application
promoted nitrification and denitrification genes, but decreased
the relative abundance of glutamate synthesis compared with
CK. N fertilizer application combinedwith straw increased the
carbohydrate transport and metabolism, and decreased amino
acid transport and metabolism. The relative abundances of
glutamate dehydrogenase and glutamine synthetase were low-
er than that in N300. In contrast, biochar incorporation with N
fertilizer promoted the amino acid transport and metabolism.
The relative abundances of glutamate dehydrogenase, gluta-
mine synthetase, and glutamate synthase were increased. The
present study proposed that straw-derived biochar may in-
crease soil N content and improve soil N retention and avail-
ability, with better effects than straw directly returning.
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