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Abstract
Purpose Iron (Fe) oxides play an important role in regulating nitrification and N2O emissions, but there is very little study on the
biological-chemical comprehensive effects of Fe oxides on nitrification and N2O emissions.
Materials and methods A laboratory incubation experiment was performed to evaluate the effect of goethite addition on
nitrification and N2O emissions from acidic and alkaline paddy soils.
Results and discussion The cumulative N2O emissions from alkaline paddy soil were significantly higher than those from acidic
paddy soil, no matter whether goethite had been added or not. Adding goethite decreased the average net rate of soil nitrification in
acidic paddy soil by 33.2% in comparison with the treatment without adding goethite; however, adding goethite scarcely decreased the
average net rate in alkaline paddy soil. Adding goethite increased the maximal N2O emissions by 85.6% in alkaline paddy soil, but had
no obvious effect in acidic paddy soil. Adding goethite significantly increased the abundance of ammonia-oxidizing archaea (AOA)
and bacteria (AOB) amoA genes in both alkaline and acidic paddy soils. High-throughput pyrosequencing of 16S rRNA gene showed
that adding goethite significantly increased the relative abundance of Nitrosomonadaceae in alkaline paddy soil and that the dominant
species of AOB and AOA were Nitrosomonadaceae and Nitrososphaeraceae, respectively.
Conclusions N2O emissions in alkaline paddy soil were higher than those in acidic paddy soil. The enhancement of N2O
emissions by goethite was more significant in alkaline paddy soil than in acidic paddy soil. Goethite stimulated the abundance
of amoA gene (both of AOB and AOA) and participated in nitrification process via chemical reaction with intermediates.
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1 Introduction

Nitrous oxide (N2O) has about 298 times global warming
potential higher than that of carbon dioxide over a 100-year
time scale (IPCC, 2013; Zhu-Barker et al. 2015). Agricultural
lands are one of the major N2O sources because of intensive
nitrogen fertilization, especially in paddy soils with specific
redoximorphic features (Hoben et al. 2011; Liu et al. 2011).
The total annual N2O emissions from paddy soils in China
were about 29.0 Gg N2O–N over the period of 1992–2002
(Zou et al. 2007). Deeper insight into the process and mecha-
nism involved in N2O emissions is important for paddy soils
(Wang et al. 2016). There are much high emissions of N2O
during pre-flooding period (Zhao et al. 2011), and the dry-wet
cycles can increase N2O emissions in paddy soils (Zou et al.
2007). Therefore, the fact that nitrification can produce N2O,
especially under non-flooded conditions, should not be
overlooked (He et al. 2016; Xin et al. 2016).

Highlights
(1) Fe oxide–enhanced N2O emissions was more significant in alkaline
paddy soil.
(2) Fe oxides increased the abundance of AOA and AOB amoA and thus
promoted N2O emissions.
(3) Fe oxides mainly increased Nitrosomonadaceae-AOB in alkaline
paddy soil.
(4) Fe oxides might participate in nitrification via chemical reaction to
generate N2O.
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Nitrification is a biological process that spans all oxidation
states of nitrogen from NH4

+ to NO3
−, including compounds

with intermediary oxidation states such as hydroxylamine
(NH2OH) and nitrite (NO2

−) (Huang et al. 2016). In general,
the factors that regulate the activity of nitrogen cycling micro-
organisms such as pH, soil water content, and iron and man-
ganese oxides are assumed as the same factors that regulate
nitrification and N2O emissions (Beaumont et al. 2002;
Venkiteswaran et al. 2014; Jiang et al. 2015). It is widely
recognized that nitrification is highly sensitive to pH (Curtin
et al. 1998; Jiang et al. 2015). For example, it was reported that
lime, rather than ammonium amendment, stimulated the
growth of ammonia-oxidizing bacteria (AOB) and their nitri-
fying activity in acid forest soil. The net nitrification rate was
increased by 3 times in the soil with lime application (pH 3.8)
in comparison with the soil without lime application (pH 2.8)
(Nugroho et al. 2007). In general, nitrification is an important
pathway of N2O emissions in low-moisture soil (≤ 60%
water-filled pore space) (Bateman and Baggs. 2005), whereas
under the condition of deficiency oxygen, denitrification is the
main way of N2O production (sequential enzymatic reduction
of NO2

− to NO and N2O). However, those dissimilatory pro-
cesses can occur simultaneously in different microsites within
the same soil (Hink et al. 2017). Fe and Mn oxides can act as
electron acceptors or donors to play a critical role of influenc-
ing nitrification or denitrification under different soil moisture
(Melton et al. 2014; Ding et al. 2014).

Fe oxides are abundant in many soils (Melton et al. 2014).
The redox reaction of Fe is often related to the redox potential
of the nitrogen, and affects nitrification and N2O emissions
(Melton et al. 2014). Thus, knowing the relationship between
Fe oxides and soil nitrification is especially significant for
understanding their influence on N cycling process (Yang
et al. 2012; Ding et al. 2014; Jiang et al. 2015; Huang et al.
2016). The direct participation of Fe in nitrification was first
proposed by Li et al. (1988) as the Feammox reaction, which
means anaerobic NH4

+ oxidation coupled to Fe3+ reduction.
Feammox usually occurs under anoxic condition in saturated
soil, suggesting that Fe oxides can act as an electron acceptor
and play a critical role in influencing N reactions (Park et al.
2009; Shrestha et al. 2009). In addition, Fe2+ oxidation
coupled with denitrification via biotic and abiotic pathways
is also observed in wetland soils, sediments, or anoxic
microsites (Davidson et al. 2003; Straub et al. 2004;
Smolders et al. 2010). Moreover, reactive nitrification inter-
mediates such as NH2OH and NO2

− may be coupled with
biological process, in which one reactant can be produced
enzymatically and then will undergo further biological reac-
tions with Fe oxides to produce N2O or other products (Zhu
et al. 2013; Zhu-Barker et al. 2015).

Fe oxides can affect microbial groups and their activities
(Cheng et al. 2019). Meiklejohn (1953) found that Fe with low
concentration stimulates the growth of nitrifying bacteria,

whereas Fe with high concentration is toxic to nitrifying bacteria.
Studies on the demand of AOB for Fe showed that when the Fe
concentration in the medium of Nitrosomonas europaea in-
creases from 0.2 to 10 μM, the activities of both amoA and
hydroxylamine oxidoreductase decrease (Wei et al. 2006).
However, Jiang (2015) demonstrated that 5% hematite can de-
crease both AOA and AOB abundance in Cambisols and
Ferralsols. It is largely unknown whether the effect of Fe oxides
on nitrifyingmicroorganism is related to the types of Fe oxides or
not.More andmore evidences have showed that soil pH plays an
essential role in shaping the distinct ecological niches of AOA
andAOB (Erguder et al. 2009; Xi et al. 2017;Wang et al. 2019).
Nitrification is driven by AOB rather than AOA in N-rich grass-
land soil and agricultural soil with pH about 7.0, whereas AOA
controls nitrification in low-nutrient environment, for example,
acidic agricultural soil (Di et al. 2009; Jia and Conrad, 2009).
Moreover, ammonia as the substrate for both AOA andAOB, its
concentration exponentially declines with decreasing pH due to
the ionization of ammonia to ammonium (Jiang et al. 2015). Soil
pH thus most likely determines the chemical form, concentration
and availability of the substrate in association with nitrification
(Kemmitt et al. 2006; Jiang et al. 2015). In addition, Fe oxides
can affect the abundance and activities of AOA and AOB,
thereby affecting the production rate of intermediates from
biological process. For example, Huang (2016) found that 3%
ferrihydrite stimulates net nitrification in low-pH soil (pH 5.1),
while the opposite occurs in high-pH soil (pH 7.8). This implies
that the response of nitrification to Fe oxides addition vary with
different soil pH. Paddy soils are often characterized by Fe prone
to redox reaction under short-term dry-wet alternation (Wang
et al. 2016). Thus, the redox cycle of Fe affects nitrification
and N2O emissions in paddy soils directly by involving in the
chemical reaction (Huang et al. 2016) or indirectly by influencing
microorganisms (Jiang et al. 2015). Therefore, understanding the
relationship among Fe oxides, soil nitrification, and N2O emis-
sions is significant for revealing the influence of Fe oxides on N
cycling process in paddy soils.

N2O as byproduct can be produced biologically via hy-
droxylamine conversion in the process of ammonia oxidation
mediated by AOA and AOB (Hink et al. 2017). In addition,
N2O can directly come from the chemical reaction of Fe with
intermediates such as NH2OH or NO2

− (Zhu-Barker et al.
2015). Obviously, the reaction substrate required for the
chemical process can be provided by the intermediates which
are produced by biological process. In turn, Fe oxides affect
the abundance and activity of AOA and AOB, thereby affect-
ing the forming rate of intermediates produced by biological
process. Thus, the effects of Fe on soil nitrification and N2O
emissions are biological-chemical comprehensive effects.
Some previous studies only focused on the effect of Fe oxides
addition on soil nitrification, but not on the effect of Fe oxides
on N2O emissions from nitrification (Jiang et al. 2015; Huang
et al. 2016). Moreover, there are very few reports on the effect
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of Fe oxides on the diversity of nitrifying microorganisms. In
order to comprehensively consider the chemical and biologi-
cal effects of Fe oxides on soil nitrification and N2O emis-
sions, we did not separate the chemical and biological effects
of Fe oxides in present study. We carried out a laboratory
experiment to study the effects of Fe oxides on nitrification,
N2O emissions, and nitrifying microbial communities in two
paddy soils. The guiding hypothesis of this study was that (1)
the addition of Fe oxides might influence nitrification and
N2O emissions under aerobic condition in paddy soils; (2)
the effect of Fe oxides on N2O emissions might differ in the
two paddy soils with different pH values; and (3) biological-
chemical comprehensive effects might play a significant role
in N2O formation during nitrification.

2 Materials and methods

2.1 Soils and sampling

Paddy soil samples were collected from the top layer (0–20
cm) of rice-rape rotation fields in Jingmen (30° 51′ N, 121° 6′
E) and Qianjiang (30° 41′ N, 121° 69′ E), Hubei Province,
China. That region belongs to a subtropical monsoon climate
and has a mean annual temperature of 16.1 °C and a mean
annual rainfall of 949.4 mm. In order to study the response of
nitrification to Fe oxides addition in soils with different pH,
we selected acidic and alkaline paddy soils. The samples col-
lected from Jingmen are acidic paddy soils (pH 5.5) developed
on quaternary red earth, and the samples collected from
Qianjiang are alkaline paddy soils (pH 7.9) developed on al-
luvial parent material.

Soil samples (0–20 cm) were taken with a 5-cm diameter
soil core sampler from three field plots (5 m ×5 m). Five soil
cores, about 2.0 kg soil, were collected from each plot. The
soil samples were mixed thoroughly to reduce heterogeneity.
Then, the soil samples were air-dried and ground to pass
through a 20-mesh sieve and stored at 4 °Cfor the later incu-
bation experiments. The physical and chemical properties of
the soils are presented in Table 1. The pH value of the acidic
paddy soil is 5.5 (H2O) and that of the alkaline paddy soil is
7.9. The organic matter and NO3

−–N content in the acidic

paddy soil is higher than that in the alkaline paddy soil. The
concentration of active Fe (0.5 mol L−1 HCl extractable) in the
acidic soil is significantly higher than that in the alkaline soil.
However, the total Fe in the acidic soil is significantly lower
than that in the alkaline soil, which may be mainly attributed
to the different parent materials. In addition, the different
leaching potential of the two soils with different pH may be
another important reason (Huang et al. 2018).

2.2 Preparation of goethite, treatments, and
replicates

Goethite was prepared using the procedure of Atkinson et al.
(1968). Briefly, at first, an Fe solution (72.7 g Fe(NO3)3·9H2O
in 400 mL distilled deionized water) was added to a base
solution (23.5 g NaOH in 400 mL distilled deionized water)
to form Fe hydroxide. Then, the pH value of the mixture was
adjusted to 12with 2.5 mol L−1 NaOH.With periodic shaking,
the suspension was aged at 60 °C for 72 h, during which the
suspension’s color changed from red to orange. The precipi-
tate was centrifuged at 3900 rpm for 10 min, and then washed
with ultrapure water until the conductivity of the supernatant
was less than 20 mS m−1. After that, it was freeze-dried and
ground again to pass 1-mm sieve to store at 4 °C for later use.
The obtained goethite was identified by X-ray powder diffrac-
tometer (XRD), as shown in Fig. S1.

For each soil, we set up two treatments, one without goe-
thite amendment (control) and the other with goethite amend-
ment (Fe treatment). Goethite was added at 3% (by weight).
The acidic paddy soil and alkaline paddy soil without or with
goethite amendment was designated as pH 5.5 (control), pH
5.5 + 3% goethite, pH 7.9 (control), and pH 7.9 + 3% goethite,
respectively. The four treatments were then stored at 4 °C for
later incubation study.

2.3 Incubation experiment

The incubation experiment was conducted at 25 °C under
laboratory-controlled conditions. The samples (all the 4 treat-
ments) were pre-incubated at 20% water holding capacity
(WHC) for 7 days for activation and stabilization of the micro-
organisms. After pre-incubation, aliquots (corresponding to 25 g

Table 1 The geochemical properties of the two paddy soils

Location Soil type pH Organic matter
(g kg−1)

Total N (g kg−1) NH4
+-N

(mg kg−1)
NO3

−-N
(mg kg−1)

Total Fe
(g kg−1)

0.5 mol L−1 HCl-extracted
Fe (g kg−s1)

Jingmen Acid paddy soil 5.5 (0.03) 51.5a (0.89) 2.5a (0.00) 11.9a (0.62) 50.6a (0.91) 33.1b (1.24) 3.5a (0.16)

Qianjiang Alkaline paddy soil 7.9 (0.01) 37.3b (0.18) 2.2a (0.07) 11.7a (0.63) 26.6b (0.55) 58.2a (0.85) 2.1b (0.09)

Standard errors (n = 3 replicate samples) are shown in parentheses. Different letters represent statistically significant differences between treatments at p <
0.05
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dry soil) of the activated soils were placed into 250-mL culture
bottles, which were covered with polyethylene film having
needle-punctured holes to maintain aerobic conditions.
Subsequently, (NH4)2SO4 was added into the bottles to make
the N concentration reach 100 mg kg−1 dry soil (corresponding
to 225 kg N ha−1 year−1), and the soil moisture was adjusted to
60% WHC. Then, each of the four treatments was made into 6
replicates, in which 3 were used for gas analysis and 3 for soil
analysis. All the 24 samples were incubated in dark at 25 °C for
14 days, during which the loss of water through evaporation was
compensated by adding distilled water every day.

In each treatment, 3 replicates were destructively sampled on
day 0, 1, 3, 5, 7, and 14 for determiningNH4

+-N,NO3
−-N, Fe(II),

Fe(III), pH, and Eh. Right after the 7th day of incubation, their
DNA was extracted for further analysis. The other 3 replicates
were nondestructively sampled at the same sampling interval
(day 0, 1, 3, 5, 7, and 14) for analyzing their N2O concentration
in the headspace gas. N2O flux was determined as the change of
N2O concentration in the headspace gas within 2 h.

2.4 Chemical analysis

N2O concentration of the gas samples was analyzed by GC
(Agilent 7890A, Agilent Technologies Inc., Santa Clara, CA,
USA) with an electron capture detector (ECD). Soil Eh was
measured with an oxidation-reduction potentiometer (Nanjing
Jaoyuan Analytical Instrument Company limited, China)
using a platinum composite electrode. The pHwas determined
with a pHmeter (Sartorius, Basic pHMeter PB-10, Germany).
Ammonium was analyzed by the phenol hypochlorite method
(Scheiner, 1976), and nitrate was analyzed by the ultraviolet
spectrophotometry method (Cawse, 1967). Fe(II) and Fe(III)
were extracted with 0.5 mol L−1 HCl from the soils. The
extracted Fe(II) was analyzed by the ferrozine method
(Viollier et al. 2000). The total extracted Fe was determined
by the same procedure with the exception that hydroxylamine
hydrochloride was added to the soil extracts to transform
Fe(III) to Fe(II). The amount of Fe(III) was calculated as the
difference between total extracted Fe and Fe(II).

2.5 Nucleic acid extraction and real-time quantitative
PCR

The nucleic acid in soil was extracted from 0.5 g soil using a
FastDNA spin kit (MPBIO Laboratories, Carlsbad, CA, USA).
The quality and abundance of the extracted DNA was measured
by gel electrophoresis (0.8% agarose) and NanoDropTM One
Spectrophotometer (Thermo Fisher Scientific, MA, USA), and
the extracted DNA was stored at −20 °C. The gene copy num-
bers of amoA genes of AOA and AOB were determined using
real-time PCR (Bio-Rad Laboratory, CA, USA). The primers
amoA-1 F (GGG GTT TCT ACT GGT GGT) and amoA-2 R
(CCC CTC KGS AAA GCC TTC TTC) were used for

ammonia-oxidizing bacteria for generating a 491 bp fragment
(Francis et al. 2005); Arch-amoA F (STA ATG GTC TGG
CTT AGA CG) and Arch amoA R (GCG GCC ATC CAT
CTG TAT GT) were used for generating a 635 bp fragment
(Rotthauwe. 1997), which are listed in Table S1 (see
Supplementary information for details).

2.6 Pyrosequencing analysis and bioinformatics
analysis

The 16S rRNA gene of the V4 regions was analyzed by py-
rosequencing on an Illumina Hiseq2500 (Guangdong
Magigene Biotechnology Co., Ltd. Guangzhou, China).
Sequences were analyzed using the Quantitative Insights
Into Microbial Ecology (QIIME) data analysis package.
Based on specific sample barcodes, the reads were assigned
to each sample, and then the barcodes and primer sequences
were removed. Low-quality sequences were removed; only
reads longer than 250 bp without ambiguous base pairs and
with high average quality score were retained for further anal-
ysis. Sequences were clustered into operational taxonomic
units (OTUs) with a 97% similarity threshold. The OUT rich-
ness, Shannon, Chao1, and PD whole_tree were analyzed
using the QIIME software package. Principal component
analysis (PCA) was conducted using the weighted UniFrac
distance to evaluate the community similarity from the gene
sequence data. Soil DNA quantitative PCR and pyrosequenc-
ing analysis were conducted by Magigene (Guangzhou,
China). Genera and OTUs with more than 0.5% of the relative
abundance and related to nitrogen cycle were selected.

2.7 Statistical analysis

The total N2O emissions were calculated by linear interpola-
tion between measured values. The emission rate was
expressed as the arithmetic mean of the three replicates. The
changes in NO3

−-N content with incubation period were
modeled with a first-order reaction kinetic model, which is
expressed as NNO3 = N0 + NP (1 − exp. (−K1∗t), or by a
zero-order reaction kinetic model, which is expressed as
NNO3 = N0 = K0∗t, where NNO3 is NO3

−-N content at incuba-
tion time, t; N0 is NO3

−-N content after pre-incubation (t = 0);
Np is nitrification potential; andK1 andK0 are rate constants of
the first- and zero-order reactions, respectively. The potential
nitrification rate (Vp) was calculated from first-order kinetics
as Vp = k1 * Np (Oorts et al. 2007).

Data (measured or calculated) were subjected to one-way
ANOVA and mean values were analyzed using Duncan’s
New Multiple Range Test at p < 0.05. All statistical analyses
were conducted using SPSS statistical package. Principal
component analysis (PCA) was conducted to analyze
denitrifying community structure based on soil properties
using the software CANOCO 5.0.
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3 Results

3.1 Soil N2O emissions

The N2O emission rate changed significantly during incuba-
tion, and it was significantly affected by the application of
goethite in the alkaline paddy soil. The rate presented distinct
difference in the acidic and alkaline paddy soils (Fig. 1). For
instance, the N2O emission rate rapidly peaked on the first day
after N fertilization, then declined gradually to a relatively low
level within 5 days, and fluctuated at a lower level until the
end of incubation in the alkaline paddy soil. Both the maximal
rate and the cumulative amount of N2O emissions in the alka-
line paddy soil were much higher than those in the acidic
paddy soil. The N2O emission rate peaked at 8.5 and 4.6 μg
N kg−1 h−1 for the alkaline paddy soil with and without adding
3% goethite, respectively, while the maximal N2O emission
rate in the acidic paddy soil was very low for both treatments

(0.19 and 0.17 μg N kg−1 h−1, respectively). The total N2O
emissions from the alkaline paddy soil reached 446.7 μg N
kg−1 during the 14 days of incubation after adding 3% goe-
thite, which was significant higher than the total emissions
(258.5 μg N kg−1) from the treatment without goethite addi-
tion. Similarly, the addition of goethite increased the cumula-
tive N2O emissions in the acidic paddy soil (from 33.6 up to
59.5 μg N kg−1), but the increase was not significant.

3.2 Soil inorganic nitrogen

During the 14-day incubation, NO3
−-N concentration in-

creased significantly with the incubation time for both the
acidic and alkaline soils (Fig. 2a). Under the treatment without
goethite addition, the concentration of NO3

−-N increased by
79.5 mg N kg−1 and 68.3 mg N kg−1 for the acidic soil and the
alkaline soil at the end of incubation, respectively. In the al-
kaline soil, the concentration of NO3

−-N under the treatment
with goethite addition slightly decreased as compared with the
treatment without goethite addition; however, in the acidic
soil, the concentration of NO3

−-N under the treatment with
goethite addition showed no changes as compared with the
control. Net nitrification kinetic was fitted best by a first-order
model for both soils, and simulated parameters of nitrification
are listed in Table 2. The potential rate of nitrification (Vp) in
the acidic paddy soil with goethite addition was 16.1 mg N
kg−1 day−1, which slightly decreased as compared with that of
the control. Similarly, Vp decreased from 25.5 to 16.2 mg N
kg−1 day−1 in the alkaline soil with and without goethite ad-
dition. Compared with the control, the addition of goethite
decreased the average net rate of soil nitrification in the acidic
soil by 33.2%, while the addition of goethite had little increase
of the rate in the alkaline soil.

The concentration of NH4
+-N decreased significantly with

the increasing incubation time for both soils (Fig. 2b). For
example, within the first 3 days of incubation, the concentra-
tion of NH4

+-N decreased sharply from 176.4 to 75.1 mg N
kg−1 in the acidic soil and from 96.1 to 22.1 mg N kg−1 in the
alkaline soil without goethite addition. The average NH4

+-N
concentration was 18.58 mg N kg−1 for the acidic soil and
15.45 mg N kg−1 for the alkaline soil under the treatments
without goethite addition at the end of the incubation.
Similar trends were also found for the treatments with goethite
addition, and the concentrations of NH4

+-N decreased signif-
icantly with the increasing incubation time for both two soils.

3.3 Dynamics of Fe production

The contents of Fe2+ and Fe3+ were measured during the 14-
day incubation. The concentration of active Fe (0.5 mol L−1

HCl extractable) in the acidic soil was significantly higher
than that in the alkaline soil (Fig. 3). Moreover, the average
concentration of Fe3+ in the acidic soil was approximately 1.8
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Fig. 1 N2O emission rate (a) and cumulative emission (b) from two
paddy soils with and without Fe oxide application (control and +Fe).
Values are means of three replicates, and the error bars represent
standard errors. Different letters above the columns denote significant
differences at p < 0.05
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times higher than that in the alkaline soil during incubation,
while the average concentration Fe2+ concentration in the
acidic soil was less than half of that in the alkaline soil. The
concentration of Fe2+ increased rapidly in the earlier incuba-
tion stage, and peaked on the third day of incubation in the
alkaline soil and the fifth day in the acidic soil, and then
fluctuated slightly in subsequent days. On the whole, the in-
crease periods of Fe2+ concentration in both soils were in

agreement with the periods of N2O emissions. The addition
of goethite had no remarkable effect on Fe2+ concentration.

3.4 Abundances of AOA and AOB amoA genes

The addition of goethite strongly enhanced the AOA and
AOB abundance (Fig. 4). In the acidic soil, the copy numbers
of AOB amoA gene under the treatment with goethite addition
was 19 × 105 copies g−1 soil, which was significantly higher
than that under the control (9.9 × 105 copies g−1 soil) (p <
0.05). In the alkaline soil, the copy number of AOB amoA
gene was 2.0 × 105 and 0.22 × 105 copies g−1 soil under the
treatments with and without goethite addition, respectively.
Similarly, the addition of goethite significantly increased the
copy number of AOA amoA gene in both soils (p < 0.05). In
the acidic soil, the addition of goethite increased the abun-
dance of AOA and AOB amoA genes by 155.2% and 86.8%
in comparison with that under the control; in the alkaline soil,
the increase of the copy numbers was as high as 595.6% and
804.5%, respectively. In the acidic paddy soil, the AOA/AOB
ratio was 0.60 and 0.83 under the treatments without and with
goethite addition, respectively. Conversely, in the alkaline
soil, the abundance of AOA amoA gene was higher than that
of AOB amoA gene, and the AOA/AOB ratio was 2.53 and
1.94 under the treatments without and with goethite addition,
respectively.

3.5 Variation in microbial diversity and community
based on 16S rRNA gene

Based on 97% sequence similarity cutoff, the number of 16S
rRNA gene OTUS ranged from 3130 to 3745 (Table S2).
Compared with the control, the treatments with goethite addi-
tion increased the richness (Chao 1), observed species, phylo-
genetic diversity (PD_whole_tree), and Shannon (except for
the pH 7.9 soil) indices calculated on the basis of 16S rRNA in
both the soils (Fig. S2).

The principal component analysis (PCA) based on 16S rRNA
gene was used to evaluate variations in communities. The anal-
ysis demonstrated that the bacterial community composition
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Fig. 2 Effects of 3% goethite addition on (a) NO3
−-N concentration and

(b) NH4
+-N concentration for pH 5.5 and pH 7.9 soils during the 14-day

incubation. Error bars represent standard deviation, n = 3

Table 2 Parameters of the fitting of first-order kinetics to NO3
−-N accumulation during the 14-day incubation

Soils Treatments Np (mg N kg−1) K1 (day
-1) R2 Vp (mg N kg−1 d−1) Va (mg N kg−1 d−1)

Acid paddy soil pH 5.5 + 3% goethite 89.60 0.18 0.93 16.13 9.65

Control 81.10 0.25 0.99 20.28 14.46

Alkaline paddy soil pH 7.9 + 3% goethite 39.50 0.41 0.94 16.20 18.67

Control 45.60 0.56 0.96 25.54 18.23

Mean values of nitrate-N of three replicates were used in fitting first-order kinetics model. Np was the potential nitrification; K1 was the rate constant of
first-order kinetics model;Vp was the potential nitrification rate calculated from first-order kinetics asVp =K1*Np; and Va was the average net nitrification
rate
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shifted between different treatments (Fig. S3). The first principal
component axis (89.0% of contribution rate) showed variance in
microbial community composition in the two soils, indicating
different soil types can indeed affect microbial community com-
position. The second principal component axis (4.5% of contri-
bution rate) showed variance of bacterial community composi-
tion between the treatment with goethite addition and the treat-
ment without goethite addition.

Figure 5 shows the effect of goethite addition on the rela-
tive abundance of the dominant genera related to nitrogen
cycle in the two soils. The relative abundance of
Nitrososphaeraceae, Nitrosomonadaceae, Thermomonas,
Gemmatimonadaceae, and Terrimonas in the alkaline soil
was higher than that in the acidic paddy soil. In contrast, the
relative abundance of Blastocatellaceae, Anaerolinea,
Pseudolabrys, and Gemmatimonas in the alkaline soil was
lower than that in the acidic soil. The addition of goethite
significantly increased the relative abundance of Terrimonas

and Nitrosomonadaceae in the alkaline soil and
Gemmatimonas in the acidic soil.

4 Discussion

N2O is produced mainly from nitrification, nitrifier denitrifi-
cation, and denitrification (Zhu-Barker et al. 2015; Chen et al.,
2019), and nitrification is the principal pathway of N2O emis-
sions under the oxic condition (Liu et al. 2019). The effects of
Fe oxides on nitrification and N2O emissions, including stim-
ulation, retardation, and inhibition, were reported in many
ecosystems (Blaise et al. 1997; Jiang et al. 2015; Huang
et al. 2016). Our results showed that N2O emissions rapidly
peaked on the first day of incubation, and that was consistent
with previous researches (Wang et al. 2016; Xin et al. 2016). It
suggests that ammonium oxidation occurs immediately after
NH4

+ is added, and chemical ammonium oxidation contrib-
utes to the production of N2O in the initial stage (Wang et al.
2016). The addition of 3% goethite increases N2O emissions
in both the soils, but the promoting effect is more significant in
the alkaline paddy soil.

Firstly, Fe oxides can be utilized as terminal electron ac-
ceptors by many microorganisms, thus influencing microbial
community structure and their activities (Meiklejohn 1953;
Laufer et al. 2016; Zhang et al., 2019). Our results showed
that both amoA genes of AOA and AOBwere increased in the
two soils with goethite addition (Fig. 4), and that was consis-
tent with the promoting effect of goethite addition on the N2O
emissions. That indicates goethite addition increases N2O
emissions by promoting the abundance of AOA and AOB
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amoA genes. In the acidic soil, the addition of goethite in-
creased the abundance of AOA and AOB amoA genes by
155.2% and 86.8% as compared with that under the control;
in the alkaline soil, the increase was as high as 595.6% and
804.5%, respectively. The absolute increase in amoA genes
was greater in the acidic soil, but the proportional increase was
greater in the alkaline soil (Fig. 4). The results indicates that
goethite addition has different promotion effects on the abun-
dance of AOA and AOB amoA genes in the two soils, and has
a stronger enhancement on N2O emissions from alkaline pad-
dy soil than from acidic paddy soil. The copy number ratio of
AOA/AOB amoA genes ranged from 0.60 to 0.83 in the acidic
soil and from 1.94 to 2.53 in the alkaline soil, respectively.
Some studies indicated that AOA may be the major member
in aerobic ammonia oxidation both in acidic or near neutral
soils (Li et al. 2015; Hink et al. 2018). However, AOB rather
than AOA is a more active ammonia oxidizer in agricultural
soil (Li et al. 2015). Those contrasting results imply that the
relative importance of AOB and AOA may vary with envi-
ronmental conditions (Huang et al. 2016). Hink et al. (2018)
found that the amount of N2O emissions from ammonia oxi-
dation dominated byAOAwas only one-third of that byAOB.
However, in our study, the AOA/AOB ratio is higher in the
alkaline soil, implying that AOA is also dominant, but it is
accompanied with higher N2O emissions. AOB generates
N2O via enzymatic conversion of hydroxylamine to N2O,
and also via the sequential reduction of NO2

− to NO and
N2O. In contrast, there is no genomic or physiological

evidence for enzymatic production of N2O by AOA, and it
is believed that NH3 oxidation associated N2O emissions re-
sults from an abiotic reaction between hydroxylamine and NO
or NO2

− (Kozlowski et al. 2014; Hink et al. 2017). This sug-
gests abiotic process may also contribute to N2O emissions
during ammonia oxidation dominated by AOA in alkaline
paddy soil (Hink et al. 2017).

Furthermore, the addition of goethite altered the relative
abundance of some genera in the two paddy soils (Fig. 5).
Nitrosomonadaceae is ammonia-oxidizing bacteria (AOB)
(Zeng et al., 2018), and the addition of goethite significantly
increased the relative abundance ofNitrosomonadaceae in the
alkaline paddy soil. Nitrososphaeraceae in the ammonia-
oxidizing archaea (AOA) community was also increased un-
der the treatments with goethite addition in both the soils.
These results indicate that the dominant species of AOB and
AOA are Nitrosomonadaceae and Nitrososphaeraceae, re-
spectively. The addition of goethite tends to mainly increase
Nitrosomonadaceae of AOB, thus promoting ammonia oxi-
dation to produce N2O in the alkaline paddy soil. Moreover,
Terrimonas is known as aerobic-denitrifying bacteria and con-
sidered being capable of performing aerobic-denitrifying pro-
cess (Xie and Yokota, 2006), and it produces N2O at the
optimal pH of neutral or alkalescency (7.0 ~ 8.0) (Ji et al.,
2015). The abundance of Terrimonas was significantly in-
creased in the alkaline paddy soil by goethite addition, indi-
cating that goethite might also increase N2O production by
stimulating the aerobic-denitrifying process. Gemmatimonas
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is obligate aerobic bacteria related to reduction of N2O (Park
et al., 2017), and the addition of goethite significantly in-
creased the relative abundance ofGemmatimonas in the acidic
paddy soil. Therefore, N2O may undergo further reduction
process in the acidic soil, and that may be the reason why
the promotion effect of goethite addition on N2O emissions
in acidic soil is not as significant as that in alkaline soil.

In addition, Fe oxides can also participate in nitrification
process via chemical reaction with intermediates, thus affect-
ing N2O emissions. In this study, we observed goethite addi-
tion stimulated N2O emissions, indicating that Fe affects some
steps of the nitrification process (Yu et al. 2010; Wunderlin
et al. 2012). Bremner et al. (1980) detected a correlation be-
tween the formation of N2O by the chemical decomposition of
NH2OH and oxidized iron. The finding could be attributed to
the following reaction (Eq. (1)) (Butler and Gordon, 1986):

4Fe3þ þ 2NH2OH→4Fe2þ þ N2Oþ H2Oþ 4Hþ ð1Þ

In this study, we found a positive relation between Fe2+

and cumulative N2O emissions (r = 0.900, p < 0.01) and a
negative correlation between Fe3+ and cumulative N2O
emissions (r = −0.941, p < 0.01) (Table S3). The relation-
ships may signify the occurrence of Fe3+ reduction to Fe2+

accompanying with nitrous oxide formation. The N2O
emission rate increased significantly in the alkaline soil
and slightly in the acidic soil (Fig. 1), indicating that
N2O emissions are promoted by Fe oxides under oxic
conditions. It was demonstrated from Eq. (1) that the ox-
idation of hydroxylamine coupled with Fe3+ reduction is
accompanied with the formation of hydrogen ions, and
that could be proved by the pH decrease in early stage
of incubation (Fig. S4). Therefore, this reaction is more
favorable to occur in the alkaline paddy soil than in the
acidic paddy soil, resulting in the promotion effect of
goethite addition on N2O emissions in the alkaline soil
is stronger than in the acidic soil (Fig. 1). That indicates
alkaline soil is more sensitive to the effect of goethite on
N2O emissions. As forgotten drivers of N2O production
(Zhu et al. 2013), Fe oxides play an important role in
regulating N2O emissions through nitrification, especially
in alkaline paddy soil. It is a feasible soil management
measure to regulate the redox of iron through controlling
the soil water condition to reduce N2O emissions. Zhao
(2011) indicated that during pre-flooding period, there
was much high emissions of N2O, which mainly came
from nitrification. Therefore, it is possible to control the
redox process of Fe by appropriately shortening the pre-
flooding period and irrigating in advance to reduce the
effect of Fe on N2O produced by nitrification, and that
method is effective, especially in alkaline soils. However,
in addition to feasibility and cost, that method requires
consideration of potential effects on crop yield, and the

potential effects will inevitably affect N2O emissions from
other pathways. In any case, this study provides the basis
for better understanding the important role of Fe in regu-
lation of N2O emissions from nitrification of paddy soils.

Moreover, N2O emissions are also controlled in general by
soil redox potential (Peng et al. 2011). The slight decrease and
increase of Fe2+ and Fe3+ concentration (Fig. 3) as well as the
fluctuation of Eh (Fig. S5) indicate that oxidation of Fe2+ and
reduction of Fe3+ occurs during the experiment. It suggests
that there are some anaerobic microsites in the incubation soils
in which Fe2+ oxidation coupled with denitrification may oc-
cur. Cooper et al. (2003) found that goethite increases N2O
production because of the reduction of NO2

− and the simulta-
neous oxidation of Fe2+ to Fe3+. Similarly, we believe that
iron-oxidation coupled denitrification also contributes to
N2O emissions in our experiment. Thus, Fe oxides acting as
electron acceptors through abiotic effect may affect the pro-
cess that generates N2O.

It can be seen that goethite addition affects the abundance
and activity of nitrifying microorganisms (e.g., AOA and
AOB). At the same time, it can be demonstrated from the
relation between Fe (including Fe2+ and Fe3+) and cumulative
N2O emissions that Fe oxides, through reacting with nitrite or
hydroxylamine, affect the nitrification process and N2O emis-
sions. In turn, nitrifying microorganisms affect the production
of nitrification intermediates, thus affecting the reaction pro-
cess between Fe and nitrification intermediate. So, it can be
inferred that Fe oxides affect the N2O emissions in the two
paddy soils through the biological-chemical comprehensive
effects. However, the deep mechanism may be more compli-
cated and needs further exploring, especially to distinguish the
contribution of the biotic and abiotic effects of Fe oxides.

5 Conclusions

The study indicates that addition of 3% goethite can increase
N2O emissions in acidic and alkaline paddy soils. The en-
hancement of N2O emissions by goethite is more significant
in alkaline paddy soil than in acidic paddy soil. The mecha-
nisms possibly include the promotion effect of Fe oxides on
microorganisms under oxic conditions and the effect of Fe
acting as an alternate electron receptor to participate in the
process of oxidizing ammonia to hydroxylamine. These re-
sults imply that Fe can be a potential regulator of N2O emis-
sions from nitrification in paddy soils, especially in alkaline
paddy soils.
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