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ABSTRACT: Nitrous oxide (N2O) contributes up to 8% of
global greenhouse gas emissions, with approximately 70%
from terrestrial sources; over one-third of this terrestrial
emission has been linked to increased agricultural fertilizer
use. Much of the nitrogen in fertilizers is converted to N2O by
microbial processes in soil. However, the potential mechanism
of biofertilizers and the role of microbial communities in
mitigating soil N2O emissions are not fully understood. Here,
we used a greenhouse-based pot experiment with tea
plantation soil to investigate the effect of Trichoderma viride
biofertilizer on N2O emission. The addition of biofertilizer
reduced N2O emissions from fertilized soil by 67.6%. Quantitative PCR (qPCR) analysis of key functional genes involved in
N2O generation and reduction (amoA, nirK, nirS, and nosZ) showed an increased abundance of nirS and nosZ genes linked to
the pronounced reduction in N2O emissions. High-throughput sequencing of nosZ showed enhanced relative abundance of
nosZ-harboring denitrifiers in the T. viride biofertilizer treatments, thus linking greater N2O reduction capacity to the reduced
emissions. Our findings showed that biofertilizers can affect the microbial nitrogen transformation process and reduce N2O
emissions from agroecosystems.

■ INTRODUCTION

China, the world’s largest tea producer, has approximately 1.3
million ha of tea plantations, and nitrogen fertilization of these
plantations has led to substantial nitrous oxide (N2O)
emissions (at least 3000 tons annually)1−3 that have accounted
for approximately 24% of the anthropogenic agricultural N2O
emissions in China.2 The N2O generation in soil is linked to a
series of microbial processes, including ammonia oxidization,
nitrification, and denitrification,4,5 and each process could
serve as the main source of N2O production under certain
oxygen conditions.6,7 The different processes involved in
nitrous oxide generation and the key functional genes that are
key during the corresponding processes (amoA, nirK, nirS, and
nosZ)8−13 are summarized in Figure S1. On the basis of the
current understanding, microbial communities capable of
reducing N2O to N2 are the only biotic sink for N2O.

14

Reducing N2O emissions by enhancing the activity of the
soil N2O-reducing community has emerged as a central
challenge. Several studies showed that N2O emission and the
functional community were indeed affected by approaches
such as the application of biofertilizers,15−17 which contain

beneficial microorganisms, including bacteria and fungi, that
not only promote plant growth but also facilitate natural
nitrogen cycling and mitigate N2O emission.18−22 Because of
these advantages, eco-friendly biofertilizers are preferred and
expected to lessen the usage of chemical fertilizers, and the
International Federation of Organic Agricultural Movements
(IFOAM) has acknowledged the application of biofertilizers
made from various biomasses and beneficial microorganisms
can be one of the essential approaches to regulate nitrogen
cycling in soil and mitigate N2O emissions.16

In a previous study, the plant growth-promoting fungus
Trichoderma viride was cultivated and applied as biofertilizer,
which, compared with chemical fertilizers, resulted in a 33.3−
71.8% reduction in N2O emission.23 However, the underlying
microbial mechanisms of N2O emission mitigation remain
unclear. Hence, the motivation of this study is to investigate
the potential mechanisms behind the reduction in N2O
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emission that occur with T. viride application, especially
alterations in the functional microbial community and the
regulated expression of key functional genes related to N2O
production and reduction through denitrification.
In this study, a microcosm experiment was conducted by

applying T. viride biofertilizer to a plant−soil system with soils
collected from a tea plantation orchard. Considering that tea
trees are technically difficult to transfer and cultivate in the pot
experiment, the plant Ipomoea aquatica Forsk, was introduced
to mimic the tea plantation.24 The effects of T. viride culture
on the microbial community and the key functional genes
involved in N2O generation and reduction were analyzed
through quantitative PCR and high-throughput sequencing.
The main objectives of this study were to investigate (a) the
effect of T. viride culture on soil N2O mitigation and
transformation and (b) whether the responsive changes in
the microbial community and corresponding key genes could
explain the reduction in soil N2O emission.

■ MATERIALS AND METHODS
Soil Sampling and Biofertilizer Preparation. The

experiment site was located in a tea orchard of the Changsha
Environmental Observation Station of the Chinese Academy of
Sciences (CAS) in Hunan Province, China (113°20′ E, 28°34′
N). This plantation has been cultivating Camellia sinensis
Baekho for years, and because of the massive use of chemical
fertilizer, the soil shows a substantial N2O emission rate (data
not shown). The topsoil (0−20 cm) was randomly collected,
passed through a 4 mm sieve and mixed evenly for
experimental use. The basic properties of the soil, including
its pH, total nitrogen (TN), total phosphorus (TP), dissolved
organic carbon (DOC), and sand and clay content, were
determined accordingly (Table S1).
The T. viride culture biofertilizer was prepared as follows: A

frozen stock of T. viride was grown on a potato dextrose plate
for 24 h, and the T. viride mycelia were then transferred into a
potato dextrose liquid culture using a sterile inoculating loop.
The cultures were grown in conical flasks shaking at 150 rpm
and 25 °C for 48 h. The growth of the culture was monitored
until the spore density reached 3.0 × 108 CFU/mL.23

Experimental Preparation. A set of pots (30 × 40 cm,
diameter by height), each of which contained five kilograms of
soil and for growing I. aquatica Forsk., was used for the
experiment. Three I. aquatica Forsk. seedings, with four leaves
and a root length of 8 cm, were planted in each pot. Three
treatments were performed: control (CK) samples were
irrigated with 400 mL of DI water, urea treatments (UTs)
samples were applied with 400 mL of chemical nutrient (2 g/L
nitrogen, 0.8 g/L phosphate and 0.4 g/L potassium), and
biofertilizer treatments (BTs) were with 400 mL of biofertilizer
(2 g/L nitrogen, 0.8 g/L phosphate and 0.4 g/L potassium,
with 25 mL of T. viride culture). Treatments were irrigated
with only nutrients at the beginning and with DI water (400
mL every 3 days) subsequently. Each treatment (CK, UT and
BT) was performed with three replicates, and all the
treatments were placed in a greenhouse with relatively constant
temperature (30 ± 2 °C daytime, 25 °C at night) and humidity
(80%).
Measurement of Nitrous Oxide Flux. Nitrous oxide

fluxes were determined using a method adopted from a
previous study with modifications.25 The gas emission was
sampled immediately after the gas chambers (30 × 40 cm,
diameter by height)15 had been placed on the pots. A 20 mL

syringe was used to sample the gas fluxes within the chamber at
0, 30, 60, 90, and 120 min. Prior to gas collection, the gas in
the chamber was evenly mixed through pumping the syringe
several times. Each 20 mL gas sample was stored in a vacuum
tube for subsequent analysis.
The gas samples were analyzed using gas chromatography

(Agilent 7890A, Thermo, CA, USA) equipped with a 63Ni
electron capture detector (ECD), as well as a precolumn (1000
mm by 2 mm) and an analytical column (3000 mm by 2 mm),
both packed with Porapak Q. The working temperature of the
ECD was calibrated to 330 °C, and the oven temperature was
maintained at 55 °C. Pure nitrogen gas (99.99%) was used as
the carrier gas with a flow rate of 30 cm3 per minute, and the
retention time of the target peak was 3.5 min on average. N2O
flux was measured as previously.25 Briefly, samples were
collected and analyzed at 30 min intervals for 2 h, fluxes were
determined for each interval, the mean of these fluxes was used
to determine the N2O flux, and flux was collected and
determined on a weekly base.

Measurement of Soil Physiochemical Properties. Soil
samples were collected after the 4-week experiment. After
removing the plants and debris, the soil of each pot was
thoroughly mixed; from these pots several soils were sampled,
mixed and divided into two parts. One part of the soil sample
was passed through a 2 mm sieve and stored at 4 °C for further
measuring of the physiochemical properties. The other part of
the sample was frozen in liquid nitrogen and stored at −80 °C.
Soil pH was determined through a soil suspension (1:2.5 w/v)
using a regular pH meter according to a published standard
method (NY/T 1377−2007, Chinese Standard). Briefly, pure
water was boiled and cooled, vigorously shaken with soil
samples for 10 min and then kept stationary for 1 h. The
suspension was used for pH determination. The soil TN
contents were determined using an elemental analyzer, and the
soil NH4

+ and NO3
− contents were measured using an AA3

continuous flow analytical system (SEAL AutoAnalyzer 3 HR,
SEAL Analytical Inc.).26,27

DNA Extraction and Real-Time Quantitative PCR.
DNA was extracted from 0.5 g of soil using the FastDNA SPIN
Kit for Soil (MP Biomedicals, Santa Ana, CA, USA) according
to the manufacturer’s instructions. The DNA was dissolved in
80 μL of sterile, deionized, nuclease-free water and divided into
two fractions: one fraction was used for quantitative PCR,
while the other was stored at −20 °C for downstream Illumina
sequencing.
Functional marker genes (amoA, nirK, nirS, and nosZ) were

amplified with Premix Ex Taq (TaKaRa, Japan) and specific
primer sets adopted from previous studies (Table 1).28−32

Each sample was quantified in triplicate using the CFX
Connect Real-Time PCR Detection System (Bio-Rad labo-
ratories). Results with correlation coefficients and amplification
efficiencies above 0.98 and 98%, respectively, were used for
downstream analyses. 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.

High-Throughput Sequencing of nosZ. The N2O-
reducing bacterial community harboring the marker gene
nosZ was investigated through high-throughput sequencing
analysis by Allwegene Technology Inc. at Beijing. The nosZ
gene was amplified using the primers nosZF (5′-CGYTG-
TTCMTCGACAGCCAG-3′) and nosZ1622R (5′-CGSAC-
CTTSTTGCCSTYGCG-3′).33 Each pair of primers used to
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amplify a soil sample was tagged at the 5′-end with a sample-
specific 12-bp barcode on both forward and reverse primers. A
50-μL PCR mixture contained 20 to 30 ng of DNA, 1.5 μL of
each primer (at a final concentration of 0.3 μM), and 25 μL of
Premix Ex Taq (TaKaRa, Dalian, China). The PCR conditions,
performed in a thermal cycler (EASTWIN, China), consisted
of an initial denaturation step at 95 °C for 1 min, followed by
35 cycles at 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 1 min,
and a final extension step at 72 °C for 10 min. The PCR
amplicons were purified with a Gel Extraction Kit (D2500-02,
OMEGA BioTek), and concentrations were quantified using
spectrometry (Thermo Scientific, Wilmington, USA). These
PCR amplicons were combined in equal concentrations, and
the DNA library was obtained according to the MiSeq Reagent
Kit Preparation Guide (Illumina, San Diego, CA, USA). Then,
the DNA library was sequenced using the Illumina MiSeq
platform according to the manufacturer’s instructions. Each
treatment was performed with three replicates, with each
replicate from individual pots, for DNA extraction and library
preparation.
To analyze the sequencing data of the environmental

samples, metabarcoding analysis pipelines were adapted from
previous studies.34,35 Illumina MiSeq reads were demultiplexed
using CASAVA (version 1.9; Illumina Inc.). The UPARSE
program was used to remove chimeras and classify the
sequences into operational taxonomy units (OTUs) at the
97% similarity level.36,37 The BLASTN algorithm (blast-
2.2.17) was used to align reads with a GenBank-derived
sequence library using the following settings: E-value cutoff 1e-
5, number of alignments 1, output format 0, number of
descriptions 1, and percent identity threshold 97%.38 Align-
ment outputs were then annotated in MEGAN (version 5.1.5)
using the lowest common ancestor (LCA).35

Statistical Analyses. A univariate analysis of variance
(ANOVA) was performed and corrected with the Tukey test
to investigate the statistical significance of fertilizers causing
changes in soil properties and reducing N2O emissions. The
significant changes in the functional gene copy numbers of CK,
UT, and BT groups were compared through one-way ANOVA

analysis. The significant differences in the relative abundances
of the N2O-reducing community was also analyzed through
ANOVA. All analyses were performed using the SPSS software
package (version 20.0, IBM, Armonk, NY, USA), and the
statistical significance level was 0.05. Additionally, the changes
in within-sample diversities (α-diversity, including the Chao1
estimator, observed species, PD whole tree, and Shannon
diversity) of the N2O-reducing community in different
treatments were also determined.

■ RESULTS AND DISCUSSION

Change in Soil Physiological Properties. The effects of
chemical (urea) and biological fertilizer (T. viride cultures)
application on soil properties were investigated after the 4-
week experimental period (Table 2). In general, the application
of urea and biofertilizer significantly increased (P < 0.05) the
soil NH4

+, NO3
−, TN, and dissolved organic carbon (DOC)

from their values in the control treatment.
After 4 weeks of the UT, the ammonium and nitrate

contents increased to as high as approximately 8.7 and 40
times their values in the control treatment, respectively. The
greatly increased nitrate content indicated a greatly enhanced
transformation of ammonium to nitrate upon the application
of urea. Similarly, the BT also significantly increased the
ammonium and nitrate contents, to values as high as 6.8 and
17.6 times that of the control treatment, respectively. Both TN
and DOC were significantly increased; however, the soil DOC
in both treatments was less affected than the TN.
Interestingly, the addition of T. viride biofertilizer led to

significantly lower (P < 0.05) contents of soil NH4
+, NO3

−,
and TN than the UT. The decreased NH4

+ and NO3
− contents

strongly suggested that the addition of T. viride biofertilizer
spurred a highly active nitrification and denitrification process
within the soil, which may consequently lead to an increase in
nitric oxide (NxO) contents. The produced NxO was
speculated to be reduced to N2O and either released from
the soil or further reduced to N2 and released. This speculation
was supported by the further significant reduction in soil TN
content compared with the soil TN content in the UT. The
loss of elemental nitrogen (N) as N2O in each treatment was
determined by examining the gas components released from
the soil of each treatment.

Nitrous Oxide Emissions from Each Treatment. The
gas emissions from each treatment were collected every week
and used to determine the N2O contents (Figure 1). The
control treatment showed a considerably low N2O emission
rate during the experimental period, producing less than 10 g
N/(ha·d). Upon the application of urea, the soil N2O emission
appreciably increased, from 36.2 to 101.8 g N/(ha·d). In
contrast to UT, T. viride biofertilizer significantly reduced (P <
0.05) the N2O emission from soil, resulting in the rate of 18.8
to 39.9 g N/(ha·d).
Although chemical fertilizer, which primarily contains urea,

has been used for years, the soil itself was emitting N2O at a

Table 1. Primers for Amplification of Functional Genes in
This Study

target
functional gene primer set sequence (5′−3′) refs

amoA Arch-amoAF STAATGGTCTGGCTTAGACG 28
Arch-amoAR GCGGCCATCCATCTGTATGT

amoA amoA-1F GGGGTTTCTACTGGTGGT 29
amoA-2R CCCCTCGGAAAGCCTTCTTC

nirS NirS-cd3F GTSAACGTSAAGGARACSGG 30
NirS-R3 cd GASTTCGGRTGSGTCTTGA

nirK NirK-F1aCu ATCATGGTSCTGCCGCG 31
NirK-R3Cu GCCTCGATCAGRTTGTGGTT

nosZ nosZ-F CGYTGTTCMTCGACAGCCAG 32
nosZ1622R CGSACCTTSTTGCCSTYGCG

Table 2. Physiochemical Properties of Soils with Different Treatmentas

NH4
+-N NO3

−-N TN DOC

control (CK) (mg/kg) 4.43 ± 0.26 2.37 ± 0.31 17.23 ± 0.57 167.1 ± 4.95
urea (UT) (mg/kg) 38.45 ± 0.41 92.59 ± 9.76 124.00 ± 2.61 195.4 ± 2.44
biofertilizer (BT) (mg/kg) 29.97 ± 8.32 46.91 ± 22.37 92.61 ± 18.31 222.7 ± 3.89

aData are presented as the mean ± standard error of the mean for three replicates.
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considerably low rate without further addition of external
fertilizers. In contrast, after the soil received urea fertilizer, the
N2O emission was greatly enhanced (Figure 1, urea), as
observed in other studies.1 Generally, the application of urea is
associated with higher N2O emissions than the application of
other N sources. Different measures were taken to reduce N2O
emissions, including the use of processed chemical fertilizers
and fertilization strategies and introduction of nitrification
inhibitors or external biomass (e.g., biochar). These
approaches have proven their effectiveness in depressing
N2O emissions; however, the application of biochar may
cause problems concerning crop root penetration and nitrogen

utilization deficiency, leading to low crop yields, which will
hamper the broad utilization of biochar in agricultural
ecosystems.15,39,40 Because the microbial community was the
primary driving factor for nitrogen cycling and nitrous oxide
reduction, a fungal species, T. viride, has long been cultivated as
biofertilizer in studies. Previous results indicated that
biofertilizer developed from other beneficial microorganisms
could also be used as a N2O emission depressor.23,41

The mechanisms behind reduced N2O release may be
related to the reduced production of N2O, the enhanced
transformation of N2O to N2, or both mechanisms. To identify
the potential mechanism, changes in the key functional genes
responsible for ammonium oxidation (amoA), denitrification
(nirK and nirS), and nitrous oxide reduction (nosZ) within the
microbial community were subsequently analyzed to inves-
tigate the mechanisms behind the reduction in N2O emission.

Changes in Key Functional Gene Levels. The
alterations in levels of functional genes related to nitrogen
cycling were analyzed through quantitative PCR (Figure 2).
The gene amoA, which is responsible for ammonium oxidation
was analyzed in both ammonium-oxidation archaea (AOA)
and bacteria (AOB).
In the control, the mean numbers of copies of AOA amoA

and AOB amoA were 3.29 × 107 and 1.31 × 106/g dry soil,
while the mean copies of the denitrification genes nirK and
nirS were 4.30 × 106 and 6.50 × 104/g dry soil, respectively.
The mean number of nosZ copies was 2.42 × 105/g dry soil
(Figure 1). The application of urea increased the copy number
of AOA amoA to 4.65 × 107, that of AOB amoA to 4.57 × 107,
that of nirK to 5.41 × 106, and that of nirS 6.98 × 104/g dry
soil, respectively. The AOB amoA was significantly greater (P <

Figure 1. N2O emissions of different soil treatments. The N2O
emissions in each treatment were measured every week, and in each
treatment, three replicates were taken. The measurement was
conducted three times with similar results, and representative results
from a specific set of pots are shown. Error bars represent standard
error.

Figure 2. Differences in functional gene copy numbers between different treatments after the 4-week experiment period. Copy numbers of the
functional genes were determined through quantitative PCR. Differences in functional gene expression numbers were assessed between treatments,
and the significance levels were represented with an * for P < 0.05 and ** for P < 0.01.
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0.05) after the application of urea, while other genes, including
AOA amoA, nirK and nirS, were only slightly increased
compared with the control. The significant increase in AOB
amoA in the UT indicated enhanced ammonium oxidation
activity, which eventually resulted in an increased release of
N2O (Figure 1). Additionally, with UT, the numbers of nirK,
nirS and nosZ were not significantly enhanced; therefore,
ammonium oxidation may be the main pathway instead of
denitrification for the transformation and enhanced release of
N2O.
T. viride biofertilizer might alter key functional genes in

another way. Genes other than AOA amoA were significantly
enhanced (P < 0.05) with BT compared with the control
treatment (Figure 1). Application of T. viride biofertilizer
increased the copy number of AOA amoA to 3.65 × 107, that
of AOB amoA to 4.16 × 106, that of nirK to 1.78 × 107, and
that of nirS to 1.78 × 105/g dry soil, respectively. More
importantly, the nosZ gene copy number increased to 7.64 ×
105/g dry soil, which was significantly higher (P < 0.05) than
those of nosZ in the control and urea treatments. The
significantly increased numbers of nirK, nirS and nosZ genes
may indicate that the denitrification pathway was the main
source and sink of N2O.

14 Furthermore, the significantly
increased nosZ gene numbers may explain why the N2O
emission was significantly reduced. However, the application of
T. viride biofertilizer also introduced additional ammonium
nitrogen into the soil. Therefore, the N2O emission from the
soil receiving this treatment, although significantly much less
than that from the soil receiving the UT, was still higher than
that of the control soil (Figure 1). The above results indicated
that biofertilizer could effectively reduce the emission of N2O
from soil, mainly due to the enhanced denitrification
processes.14,15,42,43

Alterations in functional gene numbers may indicate shifts in
the functional microbial community, especially in the N2O-
reducing community. The structure of N2O reducers was

subsequently studied through high-throughput sequencing
analysis.

Composition and Structure of N2O-Reducing Bacte-
rial Communities. The N2O formation and emission from
soil was linked to N2O-reducing bacteria, as they were the only
biotic sink of N2O in the environment.14 High-throughput
sequencing analysis was performed on the soil N2O-reducing
microbial community. After demultiplexing and quality filter-
ing, a total of 544 245 high-quality sequences were obtained,
and the diversity of the N2O-reducing community was
analyzed (Table 3). Both UT and BT increased the diversity
of the N2O-reducing community, and compared with UT, BT
significantly (P < 0.05) increased the community diversity (in
the Chao 1 estimator and observed species), which indicated
the effect of biofertilizer on the diversity of the N2O-reducing
community.
Within the N2O-reducing microbial communities, Proteobac-

teria was the most abundant phylum in the control (97.7%),
urea (93.3%), and biofertilizer (95.0%) treatments. Compared
with Proteobacteria communities in the control, those in the
UT were significantly decreased (P < 0.05), while Bacteroidetes
and unclassified communities were significantly increased (P <
0.05) (Figure 3A). In contrast, the relative abundance of the
corresponding communities was not significantly changed
upon the application of T. viride biofertilizer.
The alterations in the composition of the N2O-reducing

community in each treatment were subsequently examined,
and the genera present across all the replicates with a relative
abundance over 0.5% were selected as the dominant players
and analyzed (Figure 3B). The results demonstrated clear
shifts in community compositions between different treat-
ments. In the control, Achromobacter and Mesorhizobium were
the dominant communities accounting for 60.74% and 13.17%
of the relative abundance, respectively. The UT altered the
community composition by decreasing the relative abundance
of Achromobacter and increasing that of Alcanivorax, Azospir-
illum, Bradyrhizobium, Pseudomonas, Microvirga, and Rhodano-

Table 3. Within-Sample Diversity (α-Diversity) Measurements of the N2O-Reducing Community in Different Treatmentsa

Chao 1 observed species PD whole tree Shannon

control (CK) 307.7 ± 95.4 122.3 ± 22.2 12.3 ± 0.5 4.9 ± 0.7
urea (UT) 320.5 ± 17.5 167.0 ± 2.0 15.8 ± 1.2 6.7 ± 0.0
biofertilizer (BT) 436.4 ± 83.9 181.0 ± 17.7 16.2 ± 1.2 6.8 ± 0.2

aData are presented as the mean ± standard error of the mean for three replicates.

Figure 3. Shifts in the dominant N2O-reducing community between different treatments after the 4-week experiment period. (A). Differences in
the dominant phylum of each treatment are presented, and the significance levels are represented with an * for P < 0.05 and ** for P < 0.01. (B).
Difference in dominant genus between the soil treatments.
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bacter. By comparison, the biofertilizer decreased the
Achromobacter and increased Burkholderia, Oligotropha,
Bradyrhizobium, Afipia, and Mesorhizobium. The increment
of these communities by biofertilizer application may be
correlated to the significant reduction in N2O emission caused
by BT compared with UT (Figure 1), as the abundance of
some members of these communities were reported to
correlate with denitrification process as well as mitigation of
N2O emission in soils.44−47

The physiochemical properties of soils were also affected by
the addition of external fertilizer, which also contributes to
alterations in the N2O-reducing community. The effects of
these changes on the related physiochemical properties,
including DOC, TN, ammonium, and nitrate, were sub-
sequently investigated through redundancy analysis (RDA).
Correlation of Soil Physiochemical Properties and

Variations in the N2O-Reducing Community. The soil
physiochemical properties, including DOC, TN, ammonium
and nitrate, were used as explanatory variables, and the N2O-
reducing community profiles were used as response variables
(Figure S2). The first and second axes explained 51.9% and
26.7%, respectively, of the total difference in N2O-reducing
community between treatments. The first axis clearly explained
the difference between control and fertilizer-treated soils (UT
and BT), while the N2O-reducing communities of UTs and
BTs were separated by the second axis.
The nitrogen contents, including ammonium, nitrate and

TN, were positively correlated with the N2O-reducing
community in UTs, which was consistent with previous
studies showing that soil fertility factors affected the microbial
community. External urea application may drive changes in soil
fertility factors, stimulating nitrogen cycling, and shifting the
corresponding microbial community. However, when the T.
viride culture was added, the community changes were
positively correlated with TN, ammonium, nitrate, and DOC.
The positive correlation of this community variation with
nitrogen content was reasonable because the T. viride
biofertilizer was prepared by mixing the T. viride culture with
the urea fertilizer. More importantly, DOC was strongly
correlated with the microbial community in the BT. Among
the four soil chemical properties, DOC strongly influenced the
N2O-reducing communities in the T. viride biofertilizer-treated
soil, as DOC was significantly increased in the BT compared
with the urea and control treatments (Table 2). The increase
in DOC should be associated with the biomass of T. viride
itself and the metabolites produced by T. viride such as organic
carbon and other small molecular compounds.48 These labile
organic carbon compounds could be used as carbon sources by
heterotrophic denitrifiers to enhance the reduction in N2O. In
comparison, the DOC was significantly lower in the UT than
in the BT (Table 2), which might be insufficient for complete
denitrification and resulted in high N2O emissions (Figure 1).

■ CONCLUSION

In previous work,23 T. viride biofertilizer was found to be
capable of reducing N2O emissions from tea plantation soil;
however, the microbial mechanisms for such reduction
remained unclear. In this study, the mechanisms were
investigated through experiments designed to determine the
dynamics of N2O emission and microbial community after
application of different fertilizers. Different fertilizers had
different effects on soil nitrogen cycling: N2O emissions were

significantly enhanced by urea fertilizer, while these emissions
were significantly depressed by biofertilizer.
The application of different fertilizers stimulated divergent

expression of key functional genes and drove shifts in different
functional communities. Urea fertilizer greatly enhanced the
expression of amoA in AOB, with a slight increase in
denitrification genes, such as nirK, nirS, and nosZ; therefore,
ammonium oxidation was the primary pathway for N2O
emission. In contrast, the biofertilizer significantly stimulated
the expression of nirK, nirS, and nosZ, and denitrification was
accordingly enhanced to greatly reduce the N2O emission from
soil. Additionally, the divergent shifts in the N2O-reducing
community with different fertilizers favored the increase of
functional genes. The application of fertilizers altered the soil
physiochemical properties, which also contributed to shifts in
the N2O-reducing community.
In general, the use of traditional fertilizer amended with

beneficial fungal species showed promising potential for
reducing N2O emissions from a soil ecosystem. Future studies
will focus on developing novel and environmentally friendly
biofertilizers from other beneficial microbial species to bolster
future agricultural development.
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(10) Morley, N.; Baggs, E. M.; Dörsch, P.; Bakken, L. Production of
NO, N2O and N2 by extracted soil bacteria, regulation by NO2

− and
O2 concentrations. FEMS Microbiol. Ecol. 2008, 65 (1), 102−112.
(11) Shaw, L. J.; Nicol, G. W.; Smith, Z.; Fear, J.; Prosser, J. I.;
Baggs, E. M. Nitrosospira spp. can produce nitrous oxide via a nitrifier
denitrification pathway. Environ. Microbiol. 2006, 8 (2), 214−222.
(12) Wrage, N.; van Groenigen, J. W.; Oenema, O.; Baggs, E. M. A
novel dual-isotope labelling method for distinguishing between soil
sources of N2O. Rapid Commun. Mass Spectrom. 2005, 19 (22),
3298−3306.
(13) Schmidt, I.; van Spanning, R. J. M.; Jetten, M. S. M.
Denitrification and ammonia oxidation by Nitrosomonas europaea
wild-type, and NirK- and NorB-deficient mutants. Microbiology 2004,
150, 4107−4114.
(14) Harter, J.; Krause, H. M.; Schuettler, S.; Ruser, R.; Fromme,
M.; Scholten, T.; Kappler, A.; Behrens, S. Linking N2O emissions
from biochar-amended soil to the structure and function of the N-
cycling microbial community. ISME J. 2014, 8 (3), 660−674.
(15) Xu, H. J.; Wang, X. H.; Li, H.; Yao, H. Y.; Su, J. Q.; Zhu, Y. G.
Biochar impacts soil microbial community composition and nitrogen
cycling in an acidic soil planted with rape. Environ. Sci. Technol. 2014,
48 (16), 9391−9399.
(16) Yao, Z. S.; Zheng, X. H.; Xie, B. H.; Mei, B. L.; Wang, R.;
Butterbach-Bahl, K.; Zhu, J. G.; Yin, R. Tillage and crop residue
management significantly affects N-trace gas emissions during the
non-rice season of a subtropical rice-wheat rotation. Soil Biol. Biochem.
2009, 41 (10), 2131−2140.
(17) Gao, N.; Shen, W.; Kakuta, H.; Tanaka, N.; Fujiwara, T.;
Nishizawa, T.; Takaya, N.; Nagamine, T.; Isobe, K.; Otsuka, S.;
Senoo, K. Inoculation with nitrous oxide (N2O)-reducing denitrifier
strains simultaneously mitigates N2O emission from pasture soil and
promotes growth of pasture plants. Soil Biol. Biochem. 2016, 97, 83−
91.
(18) Rodrigues, M. A.; Ladeira, L. C.; Arrobas, M. Azotobacter-
enriched organic manures to increase nitrogen fixation and crop
productivity. Eur. J. Agron. 2018, 93, 88−94.

(19) Silva, W. O.; Stamford, N. P.; Silva, E. V. N.; Santos, C. E. R. S.;
Freitas, A. D. S.; Silva, M. V. The impact of biofertilizers with
diazotrophic bacteria and fungi chitosan on melon characteristics and
nutrient uptake as an alternative for conventional fertilizers. Sci.
Hortic. 2016, 209, 236−240.
(20) Santoyo, G.; Moreno-Hagelsieb, G.; del Carmen Orozco-
Mosqueda, M.; Glick, B. R. Plant growth-promoting bacterial
endophytes. Microbiol. Res. 2016, 183, 92−99.
(21) Kantachote, D.; Nunkaew, T.; Kantha, T.; Chaiprapat, S.
Biofertilizers from Rhodopseudomonas palustris strains to enhance rice
yields and reduce methane emissions. Appl. Soil Ecol. 2016, 100, 154−
161.
(22) Chandanie, W. A.; Kubota, M.; Hyakumachi, M. Interactions
between the arbuscular mycorrhizal fungus Glomus mosseae and plant
growth-promoting fungi and their significance for enhancing plant
growth and suppressing damping-off of cucumber (Cucumis sativus
L.). Appl. Soil Ecol. 2009, 41 (3), 336−341.
(23) Xu, S. J.; Fu, X. Q.; Ma, S. L.; Bai, Z. H.; Xiao, R. L.; Li, Y.;
Zhuang, G. Q. Mitigating nitrous oxide emissions from tea field soil
using bioaugmentation with a Trichoderma viride biofertilizer. Sci.
World J. 2014, 2014, 793752.
(24) Li, M.; Wu, Y. J.; Yu, Z. L.; Sheng, G. P.; Yu, H. Q. Nitrogen
removal from eutrophic water by floating-bed-grown water spinach
(Ipomoea aquatica Forsk.) with ion implantation. Water Res. 2007, 41
(14), 3152−3158.
(25) Li, Y.; Fu, X. Q.; Liu, X. L.; Shen, J. L.; Luo, Q.; Xiao, R. L.; Li,
Y. Y.; Tong, C. L.; Wu, J. S. Spatial variability and distribution of N2O
emissions from a tea field during the dry season in subtropical central
China. Geoderma 2013, 193-194, 1−12.
(26) Yao, Q.; Liu, J. J.; Yu, Z. H.; Li, Y. S.; Jin, J.; Liu, X. B.; Wang,
G. H. Three years of biochar amendment alters soil physiochemical
properties and fungal community composition in a black soil of
northeast China. Soil Biol. Biochem. 2017, 110, 56−67.
(27) Zhan, M.; Cao, C. G.; Wang, J. P.; Jiang, Y.; Cai, M. L.; Yue, L.
X.; Shahrear, A. Dynamics of methane emission, active soil organic
carbon and their relationships in wetland integrated rice-duck systems
in Southern China. Nutr. Cycling Agroecosyst. 2011, 89 (1), 1−13.
(28) Francis, C. A.; Roberts, K. J.; Beman, J. M.; Santoro, A. E.;
Oakley, B. B. Ubiquity and diversity of ammonia-oxidizing archaea in
water columns and sediments of the ocean. Proc. Natl. Acad. Sci. U. S.
A. 2005, 102 (41), 14683−14688.
(29) Okano, Y.; Hristova, K. R.; Leutenegger, C. M.; Jackson, L. E.;
Denison, R. F.; Gebreyesus, B.; Lebauer, D.; Scow, K. M. Application
of real-time PCR to study effects of ammonium on population size of
ammonia-oxidizing bacteria in soil. Appl. Environ. Microb. 2004, 70
(2), 1008−1016.
(30) Michotey, V.; Mejean, V.; Bonin, P. Comparison of methods
for quantification of cytochrome cd1-denitrifying bacteria in environ-
mental marine samples. Appl. Environ. Microb. 2000, 66 (4), 1564−
1571.
(31) Hallin, S.; Lindgren, P. E. PCR detection of genes encoding
nitrile reductase in denitrifying bacteria. Appl. Environ. Microb. 1999,
65 (4), 1652−1657.
(32) Jin, R. F.; Liu, T. Q.; Liu, G. F.; Zhou, J. T.; Huang, J. Y.; Wang,
A. J. Simultaneous heterotrophic nitrification and aerobic denitrifica-
tion by the marine origin bacterium Pseudomonas sp. ADN-42. Appl.
Biochem. Biotechnol. 2015, 175 (4), 2000−2011.
(33) Throbac̈k, I. N.; Enwall, K.; Jarvis, A.; Hallin, S. Reassessing
PCR primers targeting nirS, nirK and nosZ genes for community
surveys of denitrifying bacteria with DGGE. FEMS Microbiol. Ecol.
2004, 49 (3), 401−417.
(34) Mitra, S.; Stark, M.; Huson, D. H. Analysis of 16S rRNA
environmental sequences using MEGAN. BMC Genomics 2011, 12,
No. S17.
(35) Huson, D. H.; Mitra, S.; Ruscheweyh, H. J.; Weber, N.;
Schuster, S. C. Integrative analysis of environmental sequences using
MEGAN4. Genome Res. 2011, 21 (9), 1552−1560.
(36) Edgar, R. C. UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nat. Methods 2013, 10 (10), 996−998.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b04935
Environ. Sci. Technol. 2018, 52, 11338−11345

11344

http://dx.doi.org/10.1021/acs.est.8b04935


(37) Juhanson, J.; Hallin, S.; Soderstrom, M.; Stenberg, M.; Jones, C.
M. Spatial and phyloecological analyses of nosZ genes underscore
niche differentiation amongst terrestrial N2O reducing communities.
Soil Biol. Biochem. 2017, 115, 82−91.
(38) Altschul, S. F.; Madden, T. L.; Schaffer, A. A.; Zhang, J. H.;
Zhang, Z.; Miller, W.; Lipman, D. J. Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic Acids
Res. 1997, 25 (17), 3389−3402.
(39) Adesemoye, A. O.; Torbert, H. A.; Kloepper, J. W. Plant
growth-promoting rhizobacteria allow reduced application rates of
chemical fertilizers. Microb. Ecol. 2009, 58 (4), 921−929.
(40) Wang, C.; Lu, H. H.; Dong, D.; Deng, H.; Strong, P. J.; Wang,
H. L.; Wu, W. X. Insight into the effects of biochar on manure
composting: Evidence supporting the relationship between N2O
emission and denitrifying community. Environ. Sci. Technol. 2013, 47
(13), 7341−7349.
(41) Wu, S. H.; Zhuang, G. Q.; Bai, Z. H.; Cen, Y.; Xu, S. J.; Sun, H.
S.; Han, X. G.; Zhuang, X. L. Mitigation of nitrous oxide emissions
from acidic soils by Bacillus amyloliquefaciens, a plant growth-
promoting bacterium. Global Change Biol. 2018, 24 (6), 2352−2365.
(42) Cayuela, M. L.; van Zwieten, L.; Singh, B. P.; Jeffery, S.; Roig,
A.; Sanchez-Monedero, M. A. Biochar’s role in mitigating soil nitrous
oxide emissions: A review and meta-analysis. Agric., Ecosyst. Environ.
2014, 191, 5−16.
(43) Anderson, C. R.; Condron, L. M.; Clough, T. J.; Fiers, M.;
Stewart, A.; Hill, R. A.; Sherlock, R. R. Biochar induced soil microbial
community change: Implications for biogeochemical cycling of
carbon, nitrogen and phosphorus. Pedobiologia 2011, 54 (5−6),
309−320.
(44) Nishizawa, T.; Quan, A. H.; Kai, A.; Tago, K.; Ishii, S.; Shen,
W. S.; Isobe, K.; Otsuka, S.; Senoo, K. Inoculation with N2-generating
denitrifier strains mitigates N2O emission from agricultural soil
fertilized with poultry manure. Biol. Fertil. Soils 2014, 50 (6), 1001−
1007.
(45) Zhao, H. M.; Zhao, J. Q.; Li, F. H.; Li, X. L. Performance of
denitrifying microbial fuel cell with biocathode over nitrite. Front.
Microbiol. 2016, 7, No. 344, DOI: 10.3389/fmicb.2016.00344.
(46) Shapleigh, J. P. Denitrifying prokaryotes. Prokaryotes 2013,
405−425.
(47) Palmer, K.; Horn, M. A. Actinobacterial nitrate reducers and
proteobacterial denitrifiers are abundant in N2O-metabolizing Palsa
Peat. Appl. Environ. Microbiol. 2012, 78 (16), 5584−5596.
(48) Fujita, T.; Wada, S.; Iida, A.; Nishimura, T.; Kanai, M.;
Toyama, N. Fungal Metabolites.XIII. Isolation and structural
elucidation of new peptaibols, trichodecenin-I and trichodecenin-II,
from Trichoderma viride. Chem. Pharm. Bull. 1994, 42 (3), 489−494.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b04935
Environ. Sci. Technol. 2018, 52, 11338−11345

11345

http://dx.doi.org/10.3389/fmicb.2016.00344
http://dx.doi.org/10.1021/acs.est.8b04935

