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Metagenomics reveals the
abundance and accumulation
trend of antibiotic resistance gene
profile under long-term no tillage
in a rainfed agroecosystem

Weiyan Wang'?3*, Pengfei Shen?, Zhigiang Lu?, Fei Mo?,
Yuncheng Liao! and Xiaoxia Wen'2*

!College of Agronomy, Northwest AGF University, Yangling, Shaanxi, China, 2Key Laboratory of
Low-carbon Green Agriculture in Northwestern China, Ministry of Agriculture and Rural Affairs,
Yangling, Shaanxi, China, *Key Laboratory of Crop Physi-ecology and Tillage Science in Northwestern
Loess Plateau, Ministry of Agriculture, Northwest A&F University, Yangling, Shaanxi, China

Widespread soil resistance can seriously endanger sustainable food production
and soil health. Conservation tillage is a promising practice for improving soil
structure and health. However, the impact of long-term no-tillage on the presence
of antibiotic resistance genes in agricultural soils remains unexplored. Based on
the long-term (>11yr) tillage experimental fields that include both conservation
tillage practices [no tillage (ZT)] and conventional tillage practices [plough tillage
(PT), we investigated the accumulation trend of antibiotic resistance genes
(ARGs) in farmland soils under long-term no-tillage conditions. We aimed to
provide a scientific basis for formulating agricultural production strategies to
promote ecological environment safety and human health. In comparison to PT,
ZT led to a considerable reduction in the relative abundance of both antibiotic
resistance genes and antibiotic target gene families in the soil. Furthermore, the
abundance of all ARGs were considerably lower in the ZT soil. The classification
of drug resistance showed that ZT substantially decreased the relative abundance
of Ethambutol (59.97%), p-lactams (44.87%), Fosfomycin (35.82%), Sulfonamides
(34.64%), Polymyxins (33.67%), MLSB (32.78%), Chloramphenicol (28.57%), Multi-
drug resistance (26.22%), Efflux pump (23.46%), Aminoglycosides (16.79%),
Trimethoprim (13.21%), Isoniazid (11.34%), Fluoroquinolone (6.21%) resistance
genes, compared to PT soil. In addition, the abundance of the bacterial phyla
Proteobacteria, Actinobacteria, Acidobacteria, and Gemmatimonadetes
decreased considerably. The Mantel test indicated that long-term ZT practices
substantially increased the abundance of beneficial microbial flora and inhibited
the enrichment of ARGs in soil by improving soil microbial diversity, metabolic
activity, increasing SOC, TN, and available Zn, and decreasing pH. Overall, long-
term no-tillage practices inhibit the accumulation of antibiotic resistance genes in
farmland soil, which is a promising agricultural management measure to reduce
the accumulation risk of soil ARGs.

conservation tillage, antibiotic resistance genes, soil drug resistance, microbial
metabolic activity, metagenomic sequencing
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Conservation tillage and moderate nitrogen application changed the
composition, assembly pattern and interaction network of abundant and
rare microbial community on straw surface
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ARTICLE INFO ABSTRACT

Keywords:

Abundant biosphere

Assembly processes

Microbial community composition
Rare biosphere

Microbial-driven straw decomposition is important for soil organic carbon accumulation, nutrient uptake, and
crop utilization. However, the mechanism by which tillage and fertilization interactions form the abundant and
rare microbial communities that mediate straw degradation in dry farmland remains unclear. Based on an
interaction experiment between three tillage practices (zero-till, chisel-till, and conventional plow-till) and three
levels of nitrogen fertilizer (180, 240, and 300 kg-N-ha™!), we aimed to understand the community assembly
process of abundant and rare microbe in the decomposition of maize straw. We found that the abundant bacterial
and fungal communities were governed by stochastic processes, whereas the rare bacterial communities were
dominated by deterministic processes. Furthermore, the relative importance of deterministic assembly of all
microbial communities was higher in conservation tillage; in addition, the deterministic assembly process of the
abundant bacterial and fungal communities was significantly increased by the medium level of nitrogen fertilizer
(240 kg-N-ha™1), but the rare microbial community was not significantly affected. Redundancy analysis (RDA)
and threshold indicator taxa analysis (TITAN) indicated that soil temperature, pH, and NO3 are the key influ-
encing factors for the abundant and rare microbial communities. Overall, conservation tillage and a medium
level of nitrogen fertilizer (240 kg-ha™!) in dry farmland promoted straw decomposition by regulating the
development and turnover of straw-decomposing communities, in which they regulated bacterial community
succession rather than fungi within a short decomposition time. These findings highlight the distinct responses to
conservation tillage and N fertilization in the community assembly of abundant and rare biospheres in maize
straw decomposition, and provide additional evidence for the development of conservation tillage applications in
drylands.

1. Introduction

Straw decomposition is an intricate process driven by microorgan-
isms, and rare biospheres play a crucial role in microscale ecosystems.
The critical role of rare biospheres in ecological processes has been
extensively reported, mainly because of the low abundance and distri-
bution of its species, its specific metabolic functions, and its role as a
seed bank for biodiversity (Gendron et al., 2019; Yan et al., 2021; Jia

et al., 2022). Moreover, several reports have highlighted that microor-
ganisms regulate the rate and degree of straw decomposition in a rare
biosphere which was defined by low relative abundance but obtained
high number of species (Jia et al.,, 2018). In comparison to rare
biosphere, abundant biosphere maintains the essential function of mi-
crobial community across ecological process. Besides, in residue
decomposition, the stability of decomposers' community is partly deci-
sioned by preponderant species (Deacon et al., 2006). There have been
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Combining conservation tillage with nitrogen fertilizer measures promotes
maize straw decomposition by regulating microbial community and enzyme
activities

Houping ZHANG'?, Xueqin TANG', Quanming HOU', Yuanpeng ZHU?, Zhangheng REN', Huanxin
XIE', Yuncheng LIAO', Weiyan WANG"*" and Xiaoxia WEN"*
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ABSTRACT

Straw return can effectively improve the farmland soil microenvironment and soil fertility. However,
excessive straw in the topsoil adversely affects seed germination and crop growth. At present, the characteristics
and key driving factors of straw decomposition in dry farmlands are unclear. Based on the interaction between
three tillage practices (i.e., zero-till (ZT) and chisel-till (CPT) vs. conventional plow-till (PT)) and three nitrogen
fertilizer rates (i.e., low nitrogen (N1: 180 kg N ha™) and high nitrogen (N3: 300 kg N ha™) vs. normal nitrogen
(N2: 240 kg N ha™)), quantitative polymerase chain reaction (qPCR) technology and an enzymatic detection kit
were used to investigate the effects of key straw-decomposition enzyme activities and microbial abundance on
straw decomposition during the growth period of winter wheat. Between 2018 and 2020, repeated in situ
measurements of straw decomposition indicated that zero-till and chisel-till significantly increased winter wheat
yield (ZT: 10.94%; CPT: 12.79%) and straw decomposition velocity (ZT: 20%; CPT: 26.67%), compared with
plow-till. N2 (240 kg N ha™) significantly increased wheat yield (N1: 4.65%; N3: 5.31%) and straw
decomposition velocity (N1: 26.33%; N3: 13.21%), compared to N1 (180 kg N ha™) and N3 (300 kg N ha™),
respectively. The partial least squares pathway model showed significant positive direct effects of soil moisture,
NO;", NH,", total nitrogen, bacteria, cellulase, laccase and xylanase activities on straw decomposition, while pH,
fungi and Actinomycetes had significant negative direct effects on straw decomposition. Overall, conservation
tillage (zero-till and chisel-till) combined with N2 (240 kg N ha™) is beneficial for straw decomposition in the
drylands of the Loess Plateau and improve straw resource utilization and basic soil fertility. The results of the
study clarify the key drivers of straw decomposition in dryland farmlands, and provide new ideas for developing
updated soil management practices and adaptive nitrogen application strategies to promote the resource

utilization of straw and achieve the goals of carbon peaking and carbon neutrality.
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Soil organic carbon (SOC) transformation is susceptible to tillage practices. Conserva-
tion tillage is known to optimize soil structure, improve microbial community diversity
and increase SOC storage. However, how soil aggregate distribution and microbial
community structure and function within aggregates affect SOC transformation under
long-term conservation tillage remains unclear. In this study, SOC mineralization
dynamics were studied in situ and under laboratory conditions to examine the mecha-
nisms by which C functional genes within soil aggregates of different sizes (i.e., mega-,
macro-, and micro-aggregates) influence SOC mineralization under long-term tillage
(i.e., zero, chisel, and plow tillage) in a dryland. The results indicated that in the winter
wheat and summer maize rotation cropping system, SOC-derived CO,-C emissions
were 143.99 and 133.29 g CO,-C m 2 h™! lower under chisel and zero tillage than
that under plow tillage, respectively. Moreover, after 180 days of laboratory incuba-
tion, SOC mineralization in micro- and macro-aggregates was 1.98 and 1.63 mg CO,-C
g~ d? higher than that in mega-aggregates, respectively. The aggregate-associated
differential modules of bacterial co-occurring networks may be directly governed by
bacterial community diversity and composition, which might play critical roles in driving
SOC mineralization in response to different tillage intensities. Moreover, aggregate-
associated functional genes involved in labile and recalcitrant C compositions, which
were determined by shotgun metagenomic sequencing, were associated with SOC
mineralization and were significantly affected by the legacy effect of tillage intensity
and aggregate size. Particularly, partial least squares path modeling revealed that genes
involved in simple sugar metabolism exerted significantly positive effects on SOC min-
eralization, except for the effects of tillage intensity and aggregate size. Overall, this
study showed that decreased abundances of labile C decomposition-related functional
genes within aggregates and community composition changes, as elucidated by the dif-
ferences in bacterial network modules, under conservation tillage inhibit SOC minerali-
zation. These findings may help in the development of adaptive soil tillage strategies

for reducing carbon emissions in agroecosystems.

KEYWORDS
aggregate microbial community, aggregate-associated SOC mineralization, conservation tillage,
metagenomic sequencing, microbial C functional profiles
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ABSTRACT

Reducing greenhouse gas emissions and loss of soil fertility, while ensuring stable yield, is crucial to achieving
“Carbon Peak” and “Carbon Neutrality” in grain production but is different to achieve. In this study, we aimed to
understand the effects of conservation tillage on the yield, GHG emissions, soil carbon and nitrogen sequestra-
tion, and net ecosystem economic benefit (NEEB) to promote the transformation of tillage methods in the Loess
Plateau, China, based the continuous application (>11 yr) of conservation tillage. Four-year observations showed
that zero tillage and chisel plough tillage obviously reduced N2O and CO; emissions but greatly increased CHy
uptake relative to plow tillage. Furthermore, the coupling relationship between CO; and N2O fluxes was weakly
antagonistic during the winter wheat growing season, whereas there was a strong synergistic coupling between
these fluxes during the summer maize growing season. An antagonistic coupling relationship appeared between
CH4 and N»O fluxes, whereas CO3 and CH4 fluxes appeared to be randomly related. Importantly, when carbon (C)
emission reached 17.5 Mg C ha~lyr!, and nitrogen (N) emission reached 7.8 kg N ha~lyr~!, the soil changed
from a C sink to C source; when C emission reached 17.3 Mg C ha lyr~!, and N emission reached 6.8 kg N
ha'yr!, the soil changed from a N sink to N source. Considering yield gains, agricultural activity costs, and
global warming potential costs together, chisel plough tillage significantly increased NEEB by 19.87%. Together,
the advantages of long-term chisel plough tillage can reduce greenhouse gases emissions and increase NEEB
while achieving soil carbon and nitrogen sequestration. Therefore, chisel plough tillage practice has both eco-
nomic and environmental benefits.

1. Introduction

agroecosystems. This gap in knowledge has hindered efforts to promote
efficient management decisions and incorporate the interactions among

Global warming caused by the increase in anthropogenic greenhouse
gas (GHG) emissions represents a major challenge for both the society
and policymakers (Mora et al., 2018). Farmland soil has a great
carbon-neutralization potential because of its dual role as carbon and
nitrogen source and sink (IPCC, 2013, 2014). If all croplands are con-
verted to reduced or zero tillage, 25 Gt equivalents of C may be
sequestered over the next 50 years (Langholtz et al., 2021), making the
choice of tillage crucial for stabilizing atmospheric CO3, CHy4, and N2O
concentrations. Although researchers have studied GHGs emissions
response to tillage intensity, little is known about the coupling rela-
tionship among the tillage-induced GHG emissions intensities in dryland

GHG fluxes into Earth system models (Liang et al., 2015).

Agricultural soils are not only the main sources of carbon dioxide
(CO3), methane (CHy), and nitrous oxide (N20) emissions but also sinks
of carbon (C) and nitrogen (N) (Derpsch et al., 2014; Janssens et al.,
2003; Lal, 2004a, 2015; Lipper et al., 2014; Powlson et al., 2014; Reay
et al., 2012). Conservation tillage practices, such as reduced tillage and
zero tillage, are widely considered effective agricultural management
practices to improve soil fertility and reduce GHG emissions from
farmland soils (IPCC, 2013; Lal, 2004a). However, reports of field-scale
GHG emissions affected by conservation tillage are variable and con-
tradictory (Zhang et al., 2015). The CO,, CHy, and N2O emissions of

* Corresponding author at: College of Agronomy, Northwest A&F University, Taicheng Road 3, Yangling, Shaanxi 712100, China.
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Denitrification is reducing nitrate to nitrous oxide (N20) and nitrogen (N3) under the action of denitrifying
microorganisms, which are the main source of soil N3O emissions. However, the co-occurrence pattern and
community assembly process of denitrifier communities have not been studied in agricultural soils with long-
term contrasting tillage histories. Based on a continuous (> 11 yr) conservation experiment, we aimed to un-
derstand the community assembly process and co-occurrence network of nirK-, nirS-, nosZI- and nosZII-type
denitrifier communities under conservation tillage (i.e., zero tillage (ZT) and chisel plough tillage (CPT)) and
conventional tillage (i.e., plow tillage (PT)). Continuous in situ measurements showed that long-term conser-
vation tillage significantly decreased the denitrification potential and N2O emission fluxes. CPT and ZT signif-
icantly increased the taxonomic and phylogenetic diversity of nirK, nosZI, and nosZII type communities, whereas
consistently decreased the diversity of nirS-type communities, compared with PT. Although the assembly of nirK,
nirS, nosZI, and nosZII type denitrifier communities were dominated by stochastic processes, the relative
importance of stochastic assembly of denitrifying microbial communities was higher in conservation tillage soil.
The co-occurrence network analyses further revealed clear tillage-induced ecological functions of N,O emissions,
as evidenced by lower key nodes abundance and robustness of nirS and nirK communities network and higher key
nodes abundance and robustness of nosZI and nosZII communities in conservation tillage soils. Variation parti-
tioning analysis further indicated that the assembly processes significantly changed soil N2O emission intensity
by regulating a-diversity and the key species abundances in the co-occurrence network of denitrifying com-
munities. Overall, conservation tillage practices increased the diversity and the key nodes abundance of nosZI-
and nosZII-type communities and decreased the diversity and the key nodes abundance of nirS- and nirK-type
communities by regulating the relative importance of the stochastic assembly process of denitrifier communities,
which is eventually likely to curb N2O emissions by strengthening the capacity of the NyO sink and weakening
the capacity of the NoO source. These findings provide new insights into the formation of dryland microbial
communities in agricultural soils with long-term contrasting tillage histories. Especially considering future
climate change, this knowledge would prove useful in improving agroecosystem productivity and curbing

greenhouse gas emissions.

1. Introduction

Denitrification is the key process of the soil nitrogen cycle, which
reduces nitrate (NO3) to nitrous oxide (N2O) and nitrogen (N2) under the
driving of denitrifying microorganisms (Petersen et al., 2012). Nitrite

reductase and N,O reductase encoded by nirS/nirK and nosZ genes are
rate-limiting enzymes in the denitrification process, which play a very
important role in soil NoO emission (Butterbach-Bahl et al., 2013;
Philippot, 2002). The reduction of nitrite to nitric oxide catalyzed by
nitrite reductase is the first step that produces gaseous nitrogen in the
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ABSTRACT

Fertilized agricultural soils can be a major source of soil nitrous oxide (N2O) emissions to the atmosphere.
Conservative soil management may have the ability to reduce NoO emissions through affecting a number of N-
cycling-related soil biophysical properties. Using in situ NoO measurements combined with the techniques of
quantitative polymerase chain reaction (qQPCR), amplicon sequencing, and metagenomic sequencing, we aimed
to understand the effects of long-term (>10 y) conservation tillage (i.e., zero- and chisel-till vs. conventional
plow-till) on soil NyO production and associated microbial guilds following inorganic N fertilizer application in
maize. Between 2017 and 2019, continuous in situ measurements of N,O fluxes indicated that both zero- and
chisel-till significantly lowered cumulative emissions within the growing season, compared to plow-till, mainly
through shortening the duration and reducing the magnitude of post-fertilization emission events. Conservative
soil management, in particular zero-till, consistently increased the Shannon diversity index of bacterial com-
munity over the growing season, compared with plow-till. High-frequency qPCR analyses further revealed a clear
tillage-induced niche differentiation between nosZI- and nosZII-N,O reducers, as evidenced by the dominant gene
abundance of nosZII compared to nosZI in the conservation tillage soil, which eventually probably contributed to
the transformation of N2O to Na. Moreover, compared to plow-till, zero-till significantly decreased gene abun-
dances involved in N2O production including the nirS, nirK, and narG genes, but increased abundances of N,O
reduction genes such as nosZ during peak N2O emissions. Critically, the abundances of detected species involved
in denitrification, such as Deltaproteobacteria_bacterium spp. and Alphaproteobacteria_bacterium spp. were clearly
inhibited by zero-till. Overall, the reduced soil NyO emissions under reduced tillage positively and strongly
depended on the nosZI-to-nosZII ratio, while increased emissions due to conventional tillage were positively
associated with intensified denitrification. Such improvements in understanding of the responses of N-cycling
gene abundances to tillage intensity can certainly help in the development of updated soil management practices
and adaptative N application strategies to reduce reactive N emissions in agricultural ecosystems.

1. Introduction

soil management practices have demonstrated efficacy toward reducing
N>O emissions. For example, long-term reduced or zero tillage offers the

The application of synthetic nitrogen (N) fertilizers to agricultural
soils has contributed substantially to the enhancement of food produc-
tion and hence alleviation of hunger worldwide (Chen et al., 2018;
Forster et al., 2007). However, the resulting anthropogenic N imbalance
has engendered a series of environmental consequences, particularly
nitrous oxide (N2O) emissions to the atmosphere. Some recommended

* Corresponding author.

potential to increase soil N retention by improving soil health scores and
reducing direct gaseous N release in certain cases (Rochette, 2008). The
dominant sources of soil NoO production, which contribute more than
70% of total emissions, are closely related to belowground microbial
processes (Syakila and Kroeze, 2011; Braker and Conrad, 2011). How-
ever, how different long-term tillage intensities affect in situ N3O
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Conservation tillage has been recommended as one of the effective soil management practices for
mitigating the negative environmental effects of synthetic ammonia application and hence achieving
cleaner agricultural production. However, information about how long-term conservation tillage affects
agroecosystem nitrogen balance in dryland winter wheat-summer maize cropping is limited. Based on a
long-term (>9 yr) field tillage experiment and in-situ observation, we assessed the effects of different
tillage practices (i.e., chisel plough tillage (CPT), zero tillage (ZT), and conventional ploughing tillage (PT))
on soil nitrogen balance and crop productivity in the 2016—2017 and 2017—2018 growing seasons. Each
tillage practice was exposed to a local widely adopted N application rate (240 kg ha~! yr~') in both
seasons. Our results indicated that, compared with PT, CPT and ZT significantly (P < 0.05) reduced N,O
emissions by 39.7% (2.8 kg N ha~! yr~') and 55.3% (3.9 kg N ha~! yr™1), and N leaching by 52.3%
(11.8 kg Nha T yr ~1)and 147.7% (33.3 kg N ha! yr 1) across the two growing seasons, respectively. CPT
significantly enhanced crop aboveground N uptake by 4.0%, and increased the annual crop yield by 5.9
—81% (0.8—1.2 t ha~! yr ). Although CPT and ZT enhanced NHj volatilization by 46.7% (14.6 kg N
ha=1yr~1) and 84.3% (26.3 kg N ha~! yr~1), the total N losses under CPT and ZT were decreased on an
average by 7.4% and 22.4%, respectively. Overall, CPT and ZT significantly increased the accumulation of
soil total nitrogen in the 0—100 cm layer by 34.8 and 54.1 kg N ha~! yr—, respectively. Taking N inputs
and outputs together, CPT achieved a lower N surplus mainly due to increased crop N harvest and
reduced N losses including gaseous emissions and hydrological leaching. Our findings suggest that long-
term chisel plough tillage in dryland agroecosystems could serve as a promising soil management
practice in increasing crop productivity and maintaining sustainability through enhancing N removal
from crop biomass and decreasing N losses via N,O emission and nitrate-N leaching.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

cycling of agroecosystems (Sainju et al., 2012; Tilman, 2001; Zhang
et al., 2019). Drylands account for more than 70% of the total arable

Over the last several decades, synthetic nitrogen (N) fertilizer
use has greatly contributed to the enhancement of food production
and hence alleviation of hunger in China (Chen et al., 2018; Xia
et al.,, 2017). However, decades of N fertilizer overuse, especially
in dryland agriculture systems, have resulted in serious environ-
mental damages, mainly through disturbing the balance of N
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area in China and thus play a key role in ensuring national food
security (Li, 2004). In order to meet the demand of more food for an
ever-growing population, more sustainable dryland farming prac-
tices should be implemented in the future. Conservation tillage, as
one of the sustainable soil management techniques, has been
increasingly promoted in dryland crop production systems of China
(Jin et al., 2007). Through minimum mechanical disturbance of the
soil, conservation tillage can be expected to improve soil structure
and nutrient conditions (Arshad et al., 1999). However, after de-
cades of conservation tillage application, its impacts on the crop
productivity and N balance in agroecosystem remains uncertain
(Miao et al., 2011; Van den Putte et al., 2010).
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ABSTRACT

Conservation tillage is considered a promising strategy for the reduction of farmland nitrous oxide (N,O)
emissions. Soil microbial ammonia oxidation and denitrification are key factors in N,O emissions. However,
studies on the effects of tillage practices on soil ammonia oxidation and denitrification by microbes are scarce.
This study was based on a 7-year fixed-site field experiment on different tillage practices, including conservation
[chisel plough tillage (CPT) and zero tillage (ZT)] and conventional tillage [ploughing tillage (PT)]. Compared
with PT, CPT and ZT significantly reduced cumulative soil N>O emissions by 45.82% and 73.58%, respectively.
The abundance of functional genes in soil microbes was quantified by real-time PCR, revealing that the archaea
amoA, nirK, and nirS genes were less abundant in conservation tillage than in conventional tillage soils, while
nosZ gene abundance was greater in conservation tillage than in conventional tillage soils. A significant positive
correlation was found between N,O emission flux and archaea amoA, nirS, and nosZ gene copy number under
agricultural soil conditions for ammonia oxidation and denitrification. This finding will improve the methods
used for mitigating N>O emissions from agricultural soil.

1. Introduction

Agricultural production, which has increased to meet the food re-
quirements of the world population, has become a significant source of
greenhouse gas emissions. With increased nitrogen (N) fertilizer ap-
plication, nitrous oxide (N,O) released from agricultural soil, especially
related to dryland farming, has become an important anthropogenic
greenhouse gas (Reay et al., 2012). Studies have shown that 70% of the
N,0 produced in soil is due to agricultural activities such as fertilization
and soil disturbance. (Syakila et al., 2011).

Microbial ammonia oxidation and denitrification in agricultural
soils contribute the vast majority of N,O emissions (Braker et al., 2011;
Loescher et al., 2012). Ammonia oxidation is the first step in nitrifica-
tion (Hink et al., 2016; Jin et al., 2014). In this process, N5O is chiefly
generated by ammonia-oxidizing bacteria (AOB) and archaea (AOA),
which are involved in ammonia monooxygenase enzymatic oxidation of
ammonium (NH,") to hydroxylamine (NH,OH) (Baggs et al., 2010;
Conrad et al., 1996; Shaw et al., 2006). Studies on AOB and AOA re-
vealed that they have the ability to oxidize NH,* and produce N,O
(Loescher et al., 2012; Theodorakopoulos et al., 2017). Hink et al.

(2016) showed that AOA- and AOB-driven ammonia oxidation strongly
correlated with nitrification rate and N,O emission. Lin et al. (2017)
demonstrated in an incubation experiment that biochar addition in-
creased N,O emissions by enhancing the diversity of AOA and AOB.
The denitrification process includes a series of reactions that re-
duces nitrate (NO3 ) to nitrogen gas (N5) using N,O as an important
intermediate (Rosch et al., 2002). In complete denitrification, NO3- is
first reduced to N,O and then to N,. When the conversion of N,O to N,
is impaired, N,O is generated (Harter et al., 2014; Liu et al., 2014; Stein
et al.,, 2017). Nitrate reductase, which is the key enzyme for NO3;~
reduction to N0, is the major contributor for N,O production during
denitrification (Braker et al., 2011). The functional genes nirK and nirS
encode nitrate reductases. Studies on different types of soil revealed
that higher abundance of nirK and nirS were associated with increased
N,O emissions (Li et al., 2016; Szukics et al., 2009; Yang et al., 2017).
The reduction of N,O to N is catalysed by nitrous oxide reductase,
which is encoded by nosZ (Schulz et al., 2017). The lack or inhibition of
nosZ may result in incomplete denitrification (Stein et al., 2017; Zhang
et al., 2017), and the regulation of nosZ level is considered an effective
approach for N,O reduction by controlling the released N,O/N, ratio
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