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Abstract

Purpose NO;™-N reduction is the main way of soil nitrogen (N) loss, especially in saline-alkaline soil, and NO;™-N-reducing
Fe(II) oxidation (NRFO) is an important but less known process for NO;™-N reduction. An anoxic cultivation experiment
was carried out on coastal saline-alkaline paddy soil to determine the effect of the external environment on NRFO process
and microbial community composition.

Methods A laboratory cultivation experiment was studied to elucidate the effect of pH and acetate on NRFO in saline-
alkaline soil. Nine different treatments were designed with two factors: (1) three pH levels: 7.5, 8.0, and 8.5; (2) three acetate
concentrations: 15 (C1), 20 (C2), and 25 mM (C3). Concentration of Fe(Il), Fe(Ill), NO;~-N, NO,™-N, and NH,* and dynamic
changes in microorganisms were assessed within 36 days.

Results The reduction of NO;™-N showed a positive correlationship with Fe(II) oxidation and Fe(III) formation. In addition
to Fe(Il), acetate also participated in NO;™-N reduction as an electron donor. The reduction rate of NO;™-N was the highest
in pH 8.5 + C3 treatment, in which the contribution of Fe(II) was 46.10%. The loss of NO; -N was the least in pH 7.5 +C2
treatment, and the contribution of Fe(Il) was 37.03%. Illumina high-throughput sequencing showed that the phyla of Pro-
teobacteria and Firmicutes were enriched in all treatments. The classes of Alphaproteobacteria, Bacilli, and Gammapro-
teobacteria were found to be the dominant in all treatments. Pseudomonas, a NO;™-N reduction bacteria, was dominant in
pH 8.5+ C3 treatment, in which the relative abundance was 24%. Meanwhile, a Fe(II) oxidizing bacteria, Acidovorax, was
dominant in the pH 8.5+ C1 treatment, and the relative abundance was 15%.

Conclusion In coastal saline-alkaline paddy field, high C input and high pH (pH 8.5 + C3 treatment) could increase NO;™-N
reduction, which might be the important reasons for N loss. Therefore, proper application of organic fertilizer and N fertilizer
should be paid attention to in actual production in the Yellow River Delta.

Keywords Nitrate reduction - Fe(II) oxidation - Saline-alkaline paddy soil - Acetate - Microbial community

1 Introduction

The Yellow River Delta (YRD) has the advantages of flat ter-
rain, sufficient illumination, and abundant water resources,
but the soil salinization restricts the development of efficient
ecological agriculture and regional economy in the YRD
(Liu et al. 2012). Salinization resulted in low soil organic
matter (SOM) content and poor soil fertilizer fixation in the
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YRD, and the local traditional planting habits aggravated
the risk of nitrogen (N) loss from paddy soil. Therefore,
how to improve the stability of N has become an issue of
growing concern.

NO;™-N reduction is the main way of soil N loss. The
metabolic pathway of microbial nitrate reduction is divided
into denitrification (NO;"-N—NO, -N—N,0 —N,) and
dissimilar nitrate reduction (NO;™-N—NO, -N — NH,*),
in which microbial denitrification is the main process con-
trolling NO;™-N reduction (Weber et al. 2006). Fe(Il) is
ubiquitous in paddy soil. In the N and Fe biogeochemical
cycling, nitrate-reducing Fe(II) oxidation (NRFO) plays an
important role, in which the process is shown in the follow-
ing equation (Liu et al. 2019; Zhao et al. 2017).
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10Fe(Il) + 2NO3 + 24H,0 — 10Fe(OH); + N, + 18H*

NRFO has been found to have chemical and biologi-
cal mechanisms (Chen et al. 2020). Previous studies have
been confirmed to present both Fe-rich and NO;™-N NRFO
processes, such as in paddy soils (Wang et al. 2016) and
sediment—water interface (Wang et al. 2015). Jamieson et al.
(2018) found that 60-75% of Fe(II) oxidation in NRFO was
a contribution from biological reactions. Organic carbon
(OC) plays an important role in NO;™-N reduction, because
NO;™-N-reducing microorganisms are mostly heterotrophic
microorganisms that require organic carbon as a nutrient
substrate to survive (Siemens et al. 2003). OC in soil can
improve microbial activity and affect the composition of
denitrifying microorganisms’ community (Miller et al.
2008, 2012). In the presence of OC, the NRFO process
has been proven to be regulated by NO; -reducing Fe(II)
oxidation bacteria such as Acidovorax and Dechloromonas
(Chakraborty and Picardal 2013). Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, and Archaea
are NO; ™ -reducing Fe(II)-oxidizing microorganisms, which
indicated their environmental importance (Kappler and
Straub 2005).

Although the biological redox cycles of Fe and N under
neutral pH conditions have been extensively studied (Zhao
et al. 2015; Chen et al. 2018), few studies were concen-
trated on the reactions of Fe and N and microbial changes
in alkaline environment, especially saline-alkaline soil. The
saline-alkaline soil structure was poor, the pH was high,
and the SOC content was pretty low (Wu, et al. 2019). The
weaker N stabilization in this region was associated to the
low C and high pH (7.5-8.5). It is necessary to explore the
influence of different alkaline pH and OC on the process of
the reactions of Fe and N. Therefore, a cultivation experi-
ment was carried out with different pH and OC to explore
(i) the carbon source and pH impact of the NRFO process in
saline-alkaline paddy soil and (ii) the changes of abundance
and diversity of microbial communities during NRFO in
saline-alkaline paddy soil.

2 Materials and methods
2.1 Soil sampling

Soil sample (0-20 cm) was collected from a paddy field in
October 2020 from Liwang Village, Kenli County, Shandong
Province, China, where the soil type is mildly saline coastal
tidal soil (Wu et al. 2020). Five samples were mixed into a
composite sample, which were brought back to laboratory for
cultivation experiment (within 48 h). The soil physicochemi-
cal properties were as follows: pH 8.64, SOM 12.78 g-kg™!,
total nitrogen (TN) 0.97 g-kg™!, available potassium (AK)

104.24 mg-kg™!, available phosphorus (AP) 17.61 mg-kg ™",
NO,™-N 1.33 mg-kg™!, NH,"-N 10.83 mg-kg ™", total Fe (Fe,)
16.34 g-kg™!, citrate-bicarbonate-dithionite extractable Fe
(Fey) 5.61 g'kg™!, and ammonium-oxalate extractable Fe
(Fe,,) 1.65 g’kg™.

2.2 NO;™-N reduction incubation experiment

The NO;™-N reduction rate by Fe(II) under different ace-
tate concentrations from 15 to 25 mM and different pH of
7.5 to 8.5 was determined by batch culture method. So the
incubation experiment was conducted with two factors: (1)
three pH levels: 7.5, 8.0, and 8.5; (2) three acetate concen-
trations: 15 (C1), 20 (C2), and 25 mM (C3). 2-Amino-2-
(hydroxymethyl)-1, 3-propanediol (Trizma base, >99%)
was purchased from Sigma-Aldrich (USA). NaNO; (=99%),
FeCl,-4H,0 (>99%), and sodium acetate (>99%) were pur-
chased from the Tianjin Chemical Company.

Adjust the solution pH between 7.5 and 8.5 with 50 mM
Trizma base buffer. All treatments were carried out in an
anoxic Trizma base buffer; 40 mL of buffer was added to
100-mL serum bottles, and each serum bottle was added
0.4 g paddy soil, and sterilized in an autoclave at 121 °C
for 60 min. To ensure anaerobic conditions, all solutions
were injected with N, (99.999%) for 30 min. The bottles
were transferred to the anaerobic chamber and sealed with
butyl stoppers. Fe(Il) and other stock solutions were pre-
pared with anoxic (99.999% N, headspace) distilled deion-
ized water in the anaerobic chamber (Li et al. 2015). The
initial concentration of NO; -N and Fe(II) was 10 and
5 mM, respectively. The detailed information of all treat-
ments is presented in Table 1. And 24 replications were
designed in each treatment. The time at which incubation
bottles were sealed was recorded as 0 days. All experiments
were repeated in triplicate; then, incubation and sampling
were done in the anaerobic chamber at 25 °C in the dark
for 36 days. Butyl rubber septa has been inserted by sterile

Table 1 Experimental setup of the nine treatments with different pH
and acetate concentrations, and 24 replicates were conducted for each
treatment

Treatment Soil (g pH NO;-N Fe(II) (mM) Acetate
(mM) (mM)
pH7.5+C1 04 7.5 10 5 15
pH7.5+C2 04 7.5 10 5 20
pH7.5+C3 04 7.5 10 5 25
pH8.0+C1 04 8.0 10 5 15
pH8.0+C2 04 8.0 10 5 20
pH8.0+C3 04 8.0 10 5 25
pH8.5+C1 04 85 10 5 15
pH8.5+C2 04 85 10 5 20
pH8.5+C3 04 85 10 5 25
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needles for sampling of the solution. Samples were taken to
determine the NO;™-N, NO,™-N, NH,*, Fe(Il), and Fe(III)
at1,3,5,7,9, 12, 24, and 36 days, respectively. At 36 days,
sediment samples were collected to determine the microbial
community composition.

2.3 Chemical analysis

1,10-Phenanthroline method determined the dissolved Fe and
extractable Fe concentration (Chen et al. 2018). The Fe(II)
concentration and total Fe concentration in the extracted
solution were determined by a UV-Vis spectrophotom-
eter (UV-6000PC, Shanghai, China) at 510 nm with 0.1%
o-phenanthroline reagent. Before adding the o-phenanthroline
reagent, the sample was reduced with 10% hydroxylamine
hydrochloride to determine the total Fe concentration in the
extract. Subtraction of the total Fe concentration with the
Fe(II) concentration could obtain Fe(III) concentration in a
single sample.

NO,;™-N, NO,™-N, and NH,* concentrations were quanti-
fied by a continuous flow analyzer, in which Fe was removed
by dialysis membrane and EDTA disodium salt solution
(Chen et al. 2020).

2.4 DNA extraction and high-throughput
sequencing

Depending on the manufacturer’s instructions of the Pow-
erSoil™ DNA Isolation Kit (MO BIO Laboratories, USA),
the soil genomic DNA was extracted from serum bottles and
stored at —45 °C for the following analytical steps. Univer-
sal primer set of F338 (50-ACTCCTACGGGAGGCAGC
A-30) and R806 (50-GGACTACVSGGGTATCTAAT-30)
was used. Three replicates were amplified for each DNA
sample in a 30-mL reaction mixture using the following PCR
procedure: initial denaturation at 95 °C for 3 min; 35 cycles
at 94 °C denaturation for 30 s, primer annealing at 50 °C for
1 min, extension at 72 °C for 1 min, and a final extension of
10 min at 72 °C. The purified PCRs from each sample were
combined in approximately equal quantities to produce a
composite sample, which was then sequenced using a 250-
bp pair sequencing kit on the Illumina HiSeq 2500 platform
(Illumina, San Diego, CA, USA).

2.5 Analysis of microbial community composition
and diversity

Bacterial 16S rRNA gene amplicon sequencing and MiSeq
library construction were performed by Personalbio Bio-
technologies Inc. (Shanghai, China). In this study, Illumina
platform was used to perform double-ended sequencing on
community DNA fragments. Then, Flash software (Mago¢
et al. 2011) was used to combine end reads to obtain the
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complete V3eV4 hypervariable region. The Quantitative
Insights Into Microbial Ecology (QIIME) software pipeline
was used to process the obtained sequences (Caporaso et al.
2010). Classification of OTUs was done using the Riboso-
mal Database Project classifier (Wang et al. 2007). Chaol,
Shannon, and Simpson abundance-based indices were used
to estimate the a-microbial biodiversity of the samples.

2.6 Statistical analysis

SPSS Statistics 20.0 was used for statistical analyses. Nine
treatments were taken as experimental units to study the
treatment effects. Two-way ANOVA was used to analyze
the variance of the data with different treatments. In order to
explore the relationship of NO;™-N, NO,™-N, NH4+, Fe(1l),
and Fe(IIl), Pearson correlation analysis was used. The plots
in this work were generated using Origin Lab version 2018.

3 Results
3.1 Nitrate reduction

Within 36 days, NO;™-N concentration in all treatments
showed a decreasing trend (Fig. 1). The reduction rate of
NO;™-N in pH 8.0 was faster than that in pH 7.5 and pH
8.5. Under pH 8.5, the NO;™-N reduction rate in the C3
treatment was higher than that in C1 and C2 treatments,
while in pH 8.0 it was highest in the C1 treatment; there was
no significant difference among the three C treatments in
pH 7.5. After 9 days of the reaction, NO; -N concentration
was about 6 mM, and it continued to decrease, while the
Fe(II) was almost completely consumed. The consumption
of NO;7-N was the fastest in the pH 8.5+ C3 treatment,
which was changed from 6 to 1.18 mM in 36 days (Fig. 1c).

During the first 5 days of the reaction, almost no NO,™-N
in all treatments was detected (Fig. 2). From day 6, few
NO, -N were detected, while on day 24, NO,™-N concen-
tration in the pH 7.5+ C1 treatment was as high as 5.26 mM,
and less than 2 mM of NO, -N was also detected in the three
acetate treatments in pH 8.5 (Fig. 2d, f). During the first
5 days, NH4Jr concentration in all treatments was decreased
(Fig. 2). After the 5th day, the increase and decrease of NH,*
fluctuated a little. At the end of the reaction, the concentra-
tion of NH, " in all treatments was about 0.5 mM.

Since denitrification was the main process under flood-
ing conditions, it was assumed that soil N loss was mainly
emitted as N,O and N,. In this study, the gas products (such
as N,O and N,) generated in denitrification process were not
directly measured. The difference of NO;™-N, NO,™-N, and
NH," concentrations before and after cultivation represents
the generation of gas products. The change of soil NO;™-N,
NO,™-N, and NH," concentration after cultivation is shown
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Fig. 1 Reduction of nitrate as a function of time in different pH and acetate addition. a pH 7.5; b pH 8.0; ¢ pH 8.5, respectively

in Fig. 3. Compared with the initial N concentration, the N
loss of all treatments was 59 ~83% at the end of cultivation.
After 36 days, soil N loss in pH 8.5 level was higher than
that in pH 7.5 and pH 8.0 levels. Under pH 8.0 and pH 8.5,
soil N loss in the C3 treatment was higher than that in C1
and C2 treatments, while it was the highest in the C1 treat-
ment under pH 7.5 (Fig. 3).

3.2 Fe(ll) oxidation

Under the three pH levels, Fe(II) concentration was sharply
decreased from day O to day 3 in Cl1, C2, and C3 treat-
ments, while from day 3 to day 5, it was increased, and then
decreased again from day 5 to day 24 (Fig. 4a—c). In all treat-
ments, more than 80% of the Fe(Il) was completely oxidized
within 9 days. On day 36, Fe(II) concentration in the C3

treatment was higher than that in C1 and C2 treatments; the
latter two of which showed no significant difference (Fig. 4).
In the first 3 days of the reaction, Fe(IlI) concentration
showed an increasing trend, and from the 3rd to 5th day, it
was decreased rapidly, which might be due to the reduc-
tion of Fe(IIl) by acetate (Fig. 4d—f). In pH 8.0 and pH 8.5,
Fe(III) was increased with the process of Fe(Il) oxidation,
while it was not equal to the decrease in Fe(Il) (Fig. 4e, f).
Due to the simultaneity of NO;™-N reduction and Fe(II)
oxidation, day O to day 9 of soil were selected as a specific
period of Fe(Il) oxidation, because of almost no Fe(IT) was
detected after day 9. We assumed that the NO;™-N reduction
during day O to day 9 was due to Fe(II) oxidation; after day
9, it was due to other electron donors. Thus, the contribution
of Fe(II) oxidation to NO;™-N reduction in all treatments
was calculated to be 29.64%, 37.03%, 23.91%, 39.94%,
44.55%, 28.52%, 40.35%, 47.03%, and 46.10%, respectively.
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Fig.3 The changes of NO;™-N,
NO,™-N, and NH," in nine
treatments during the 36 days. 24
N concentration variations

were calculated as the end N
concentrations minus the begin-

[ No, -N|
NO,™-N
N, |

ning values. The columns below
the horizontal axis indicate

N decrease, and those above

the horizontal axis indicate N
increase

Nitrogen concentration variation (mM)

-10 T T

Cl C2

pH 7.5

3.3 Dynamic changes in microorganisms

During the reaction period, Illumina high-throughput
sequencing generated 591,178 high-quality sequences from
9 analysis samples, and the sequence range of a single sam-
ple was 78,523 to 104,302. In the complete data set, 10,518
consensus OTUs were identified, with an average of 1169
OTUs per sample (Table S1). The average length of the
analyzed sequences was 408 bases, and about 97% of the
analyzed sequences were assigned at the phylum level, 95%
at the order level, and 60-80% at the genus level.

In the original soil samples (0 days), the dominant phyla
were Proteobacteria, Firmicutes, Chloroflexi, Acidobac-
teria, and Gemmatimonadetes. On day 36, Proteobacteria
and Firmicutes dominated in all treatments (Fig. S1). Under
pH 7.5, the relative abundance of Proteobacteria decreased
from 78.71 to 34.50% and 46.78% in C1 and C2 treatments,
respectively, while it increased from 78.71 to 82.04% in the
C3 treatment (Fig. S1). Firmicutes was increased from 1.59
t0 59.5%, 37.1%, and 10.1% in C1, C2, and C3 treatments,
respectively. On day 36, the abundance of Actinobacteria
and Bacteroidetes increased first and then decreased with
the increase of C level (Fig. S1). Under pH 8.0, Proteo-
bacteria showed no significant differences, which was all
above 78% (Fig. S1). Firmicutes was increased from 1.59
to 8.84%, 2.37%, and 6.96% in C1, C2, and C3 treatments,
respectively. Under pH 8.5, the relative abundance of

I I
C3 Cl C2 C3 Cl C2 C3

pH 8.0 pH 8.5

Proteobacteria decreased from 78.71 to 55.3%, 44.7%, and
32.1% in C1, C2, and C3 treatments, respectively (Fig. S1).
Meanwhile, Firmicutes showed an opposite trend, which was
increased from 1.59 to 41.2%, 49.0%, and 64.0% in C1, C2,
and C3 treatments, respectively.

At the class level, the dominant classes in the original
soil samples were Alphaproteobacteria, Gammaproteobac-
teria, Clostridia, Bacteroidia, Deltaproteobacteria, Acidimi-
crobiia, and Gemmatimonadetes (Fig. S2). Under pH 7.5,
Alphaproteobacteria dominated with a high relative abun-
dance of 35%, 73%, and 59% in C1, C2, and C3 treatments
at 36 days, respectively (Fig. S2). The relative abundance of
Gammaproteobacteria increased from 19 to 52% and 26%
in C1 and C3 treatments, respectively, while it decreased
from 19 to 12% in the C2 treatment. Deltaproteobacteria
was decreased from 13.8 to 0.19%, 0.68%, and 1.0% in C1,
C2, and C3 treatments, respectively (Fig. S2). Under pH
8.0, Alphaproteobacteria was increased from 5.6 to 21.6%,
43.6%, and 49.4% in C1, C2, and C3 treatments, respectively
(Fig. S2). Meanwhile, the relative abundance of Alphapro-
teobacteria showed the same trend under pH 8.5 (Fig. S2).

At the genus level, there were also significant differences in
microbial composition between different treatments (Fig. 4).
At pH 7.5, Paenisporosarcina, Microvirga, and Ensifer were
enriched at the end of culture. The relative abundance of Pae-
nisporosarcina in the C1 treatment was 41.45%, which was
higher than that in C2 and C3 treatments, while Microvirga
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extractable Fe(III) in different pH and acetate addition. d pH 7.5, e pH 8.0, and f pH 8.5, respectively

@ Springer



Journal of Soils and Sediments (2022) 22:2720-2730

2727

showed an opposite trend, which was increased from 16.52
to 41.09% (Fig. 4). When pH was 8.0, the dominant bacte-
ria were Devosia, Lysobacter, Pseudomonas, Ensifer, and
Allorhizobium—Neorhizobium—Pararhizobium—Rhizobium.
Among them, the relative abundance of Devosia was 47.82%
in the C2 treatment (Fig. 4). Under pH 8.5, the Paenisporo-
sarcina relative abundance in C1, C2, and C3 treatment was
37.85%, 34.37%, and 61.23%, respectively (Fig. 4). The Pseu-
domonas relative abundance in the pH 8.0+ C3 treatment was
24.28%, while it was pretty low (1%) and showed no differ-
ence in the other treatments. Acidovorax was detected in pH
8.0 and pH 8.5, and the highest relative abundance was found
in the pH 8.0+ Cl1 treatment, which was 14.97%. However,
the relative abundance of anammox bacteria (e.g., Candidatus
Scalindua and Candidatus Kuenenia Stuttgartiensis) was less
than 1%, so anammox process could be excluded (Fig. 5).

4 Discussion
4.1 NO;™-N reduction coupled with Fe(ll) oxidation

This study simulated the process of NRFO in paddy soil.
Denitrification results in the decrease of NO;™-N concen-
tration during the incubation stage (Fig. 1). Denitrifica-
tion was related to the reducing capacity of soil, which
was mainly contributed by electron donors such as OC
and Fe(Il). Compared with C1, the higher concentra-
tion of acetate in C2 and C3 treatments accelerated the
denitrification. In addition, the consumption of NH,* also

100

80

=N
(=}
1

Relative Abundance (%)
B
(=}

20

C1 C2 C3 C1 C2 C3 Cl C2

Table 2 Correlation matrix of the chemical properties in all soil sam-
ples

NO,-N  NO,-N NH,* Fe(Il) Fe(III)
NO,-N 1
NO,™-N  0.086 1
NH,* -0.820"  -0227 1
Fe(I) —0404" -0.135 0.486" 1
Fe(I1I) 0.503" 0.232 —0.783" —0.513" 1

Sample size: n=27
“p<0.05; =p<0.01

suggested the occurrence of nitrification (Fig. 2). This was
consistent with previous studies that showed simultaneous
nitrification and denitrification in paddy soils (Reddy and
Patrick 1986). NH,* concentration was positively corre-
lated with Fe(III) concentration but negatively correlated
with NO;7-N and Fe(Il) in all treatments (Table 2), which
proved that dissimilation into NH,* process also occurred.
The process of dissimilar NO;™-N reduction to NH,* was
also part of NRFO. NO, -N was intermediate in both meta-
bolic pathways of NO;™-N reduction. Each direction deter-
mines whether N was lost or becomes a nutrient that other
plants could use. NH,* could be absorbed and assimilated
by rice and other crops, which has a certain promoting
effect on agricultural production.

At 36 days, the lower Fe(II) concentration in all treat-
ments indicated that NO;™-N drove the oxidation of Fe(II)
(Fig. 3). This finding was consistent with previous research
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that demonstrated NO;™-N-driven Fe-redox cycle could
solve the problem of excessive NO;™-N in groundwater
(Roden 2012). These results indicated that NRFO exists in
paddy soil (Ratering and Schnell 2001; Weber et al. 2006).
In our study, Fe(IIT) concentration increase after 36 days of
the reaction was not equivalent to the Fe(II) concentration
decrease (Fig. 3). This phenomenon might be due to the oxi-
dation of Fe(II) to produce insoluble Fe mineral products in
flooded soil by NRFO microorganisms (Weber et al., 2006).

4.2 Effects of pH and acetate in NRFO

Three pH values (7.5, 8.0, and 8.5) were tested to examine
the influence of solution pH on NRFO process and micro-
bial change. The research on biological denitrification is
mainly focused on circumneutral pH and previous studies
have obtained contradictory results on the effect of pH on
chemodenitrification. For example, Buchwald (2016) found
that the rate of NO, -N reaction was significantly increased
when pH increased from 7 to 8, while Dhakal et al. (2013)
reported that NO, -N was reduced by Fe(II) and magnet-
ite more rapidly at pH 5.5 than at pH 7.5. At higher pH,
NO;™-N reduction rate was increased, but the accumula-
tion of NO, -N was decreased (Fig. 2d—f), which might be
caused by the chemodenitrification of NO,-N and Fe(II)
(Klueglein and Kappler 2013). NO,™-N further reacted
with Fe(II) to form N,O, N, or NH,*, which reduced the
accumulation of NO, -N in the system (Fig. 2). The deni-
trification rate increased with the pH. In this study, soil N
loss increased with the soil salinization. It was necessary to
restore the degraded saline-alkaline soil.

Fe(IT) oxidation strongly affected denitrification in anaer-
obic environment (Wang et al. 2016). Denitrifying bacteria
could oxidize Fe(II) with the N,/N,O and other gas products
(Wang et al. 2016). Most denitrifying bacteria require OC
such as acetate, which is a carbon source to oxidize Fe(II)
(Muehe et al. 2009). At the same pH level, the contribution
of Fe(Il) oxidation to NO;™-N reduction in the C2 treat-
ment was higher than in the C1 treatment, which was proved
that OC could serve as a carbon source to promote NRFO
process (Figs. 1 and 3). But OC could not only promote the
reaction as a carbon source, but also compete with Fe(II)
as an organic electron donor. A study of microbial-driven
NRFO reported that the reduction of NO;™-N was greater
than the amount required for Fe(II) oxidation (Chen et al.
2018). In present research, almost no Fe(II) was detected
in the system after day 9, while the NO;™-N concentration
was still decreased during day 9 to day 36, which was due to
other electron donors (Fig. 3). The amount of NO;™-N con-
sumption implies that in addition to Fe (II), other electron
donors reduce and consume NO;™-N, which may come from
the OC stored in microbial cells during culture (Chen et al.
2018). Many NO;™-N-reducing bacteria could use organic
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electron donors to reduce NO;™-N (Muehe et al. 2009;
Chakraborty and Picardal 2013). OC and Fe(II), as electron
donors in paddy soil, competed with NO;™-N as electron
acceptors, thus inhibiting their reaction with NO;™-N.

4.3 Microbial community diversity in NRFO

Denitrifying microorganisms were mainly heterotrophic
anaerobic microorganisms. Under the long-term inundation
and anaerobic environment of paddy soil, the increase of
soil nutrients could greatly meet the demand for nutrients
for the growth and reproduction of denitrifying microor-
ganisms, thus stimulating the mass reproduction of deni-
trifying microorganisms. Consistent with the results of
previous NRFO studies, Proteobacteria and Firmicutes
dominated in all treatments after 36 days in this study
(Fig. S1; Coby et al. 2011; Melton et al. 2014). Fe(II)-
oxidizing bacteria Acidovorax and NO; -N-reducing bac-
teria Pseudomonas (Fig. 4) were detected (Chakraborty
and Picardal 2013), which participated in NRFO. Acidovo-
rax is a Betaproteobacteria that could utilize NO;™-N and
NO,™-N to oxidize Fe(II) in the presence of OC (Straub
et al. 2004). Acidovorax has been reported as an anaerobic
nitrate-dependent Fe(II) oxidant with complete genome
sequence (Byrne-Bailey and Coates 2012). Pseudomonas
is a Gammaproteobacteria, which belongs to autotrophic
microorganisms (Su et al. 2015). The Acidovorax and
Pseudomonas relative abundance was affected by pH and
acetate concentration. Both Acidovorax and Pseudomonas
existed at pH 8.0 and 8.5, and Acidovorax was higher in
the C1 treatment and Pseudomonas was higher in the C3
treatment (Fig. 4). Besides, Microvirga, as a N-fixing bac-
teria (Malhotra et al. 2014), was detected out in this study,
which might be one of the reasons for the increase in NH,*
concentration during the cultivation (Fig. 4). Anammox
bacteria with a relative abundance of more than 1% were
not detected in this study (e.g., Candidatus Scalindua and
Candidatus Kuenenia Stuttgartiensis), so anammox could
be excluded (Kuenen 2008).

4.4 Environmental implications

This study indicated that the reaction of NRFO was wide-
spread in the natural environment. Most dominant genera in
primitive paddy soil were enriched in all treatments, includ-
ing Proteobacteria, Firmicutes, Actinobacteria, Bacteroi-
detes, and Chloroflexi (Fig. S1). This suggested that once
the soil was changed from aerobic state to anoxic state, the
functional microorganisms of NRFO in paddy soil could
be readily developed while Fe(II) and NO;™-N were pre-
sent (Chakraborty and Picardal 2013). OC could provide
abundant material and energy source for the cell growth and
metabolism of denitrifying bacteria, regulate the metabolic
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function and structure of soil denitrifying bacteria commu-
nity, increase the diversity and abundance of denitrifying
bacteria, and improve the denitrifying effect accordingly. On
the other hand, OC could activate microbial respiration and
accelerate the formation of soil anaerobic environment, thus
increasing the rate of denitrification. In practice, excessive
organic fertilizer and N fertilizer in saline-alkaline paddy
soil could increase in the activity and abundance of denitri-
fying microorganisms, thus accelerating N loss. The reduc-
tion process of NO;™-N in saline-alkaline paddy soil was
strongly affected by Fe(II) redox process and the input of
OC, in which the increase of OC could promote NO;™-N
reduction (Fig. 1). We believed that excessive carbon input
in traditional fertilization is also one of the important rea-
sons for N loss in the YRD (Kogel-Knabner et al. 2010). In
actual production, the combination of organic fertilizer and
N fertilizer should be paid attention to in consideration of
the actual situation of the YRD.

5 Conclusions

Our experiments confirmed that under anaerobic condi-
tions, different external conditions could influence response
of NO;™-N and Fe(Il) by affecting the microbial commu-
nity in paddy soil. The reduction of NO;™-N was the fast-
est in the pH 8.5+ C3 treatment, and the slowest in the pH
7.5+ C1 treatment, because acetate, as an electron donor,
participated in NO;™-N reduction. Proteobacteria and Fir-
micutes were the dominant phyla and the Alphaproteobac-
teria, Bacilli, and Gammaproteobacteria were the dominant
classes. NO;™-N reduction bacteria Pseudomonas with the
relative abundance of 24% was detected in the pH 8.5+ C3
treatment, and Fe(Il)-oxidizing bacteria Acidovorax with
the relative abundance of 15% was detected in the pH
8.5+ Cl1 treatment. In conclusion, 25 mM acetate input and
high pH could increase the loss of NO5™-N; hence, high pH
and excessive C input in saline-alkaline soil might be the
important reasons for N loss. Therefore, proper application
of organic fertilizer and N fertilizer should be paid attention
to in coastal saline paddy soil actual production.
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