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Abstract: In rice paddy soil, biological nitrogen fixation is important for sustaining soil nitrogen
fertility and rice growth. Anaeromyxobacter and Geobacteriaceae, iron-reducing bacteria belonging to
Deltaproteobacteria, are newly discovered nitrogen-fixing bacteria dominant in paddy soils. They
utilize acetate, a straw-derived major carbon compound in paddy soil, as a carbon and energy source,
and ferric iron compounds as electron acceptors for anaerobic respiration. In our previous paddy field
experiments, a significant increase in soil nitrogen-fixing activity was observed after the application
of iron powder to straw-returned paddy field soil. In addition, combining iron application with
60–80% of the conventional nitrogen fertilizer rate could maintain rice yields similar to those with
the conventional nitrogen fertilization rate. It was thus suggested that iron application to paddy soil
increased the amount of nitrogen fixed in the soil by enhancing nitrogen fixation by diazotrophic iron-
reducing bacteria. The present study was conducted to directly verify this suggestion by 15N-IRMS
analysis combined with 15N-DNA-stable isotope probing of iron-applied and no-iron-applied plot
soils in an experimental paddy field. In no-iron-applied native paddy soil, atmospheric 15N2 was
incorporated into the soil by biological nitrogen fixation, in which diazotrophic iron-reducing bacteria
were the most active drivers of nitrogen fixation. In iron-applied paddy soil, the amount of 15N
incorporated into the soil was significantly higher due to enhanced biological nitrogen fixation,
especially via diazotrophic iron-reducing bacteria, the most active drivers of nitrogen fixation in
the soil. Thus, our previous suggestion was verified. This study provided a novel picture of active
nitrogen-fixing microorganisms dominated by diazotrophic iron-reducing bacteria in paddy soil, and
directly proved the effectiveness of iron application to enhance their nitrogen fixation and increase
the incorporation of atmospheric nitrogen into soil. The enhancement of biological nitrogen fixation
in paddy fields by iron application may lead to novel and unique paddy soil management strategies
to increase soil nitrogen fertility and ensure rice yields with reduced nitrogen fertilizer input and
lower environmental nitrogen burdens.

Keywords: nitrogen-fixing bacteria; iron-reducing bacteria; amount of fixed nitrogen; iron application;
rice paddy soil

1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops and feeds more than
half of the population in the world [1]. Since the green revolution in the 19th century,
chemical nitrogen fertilizers have been developed and applied to rice paddy fields to
increase rice yields [2]. However, long-term or excessive nitrogen fertilization leads to
the release of nitrogen loads, i.e., ammonium volatilization, nitrous oxide emission, and
nitrate leaching from paddy soils into the natural environment [3]. This contributes to
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increased environmental problems such as global warming, water eutrophication, and
nitrate pollution of groundwater [4,5]. Reduced nitrogen fertilizer use is necessary for
environmentally friendly and sustainable rice production.

In addition to nitrogen fertilizers, biological nitrogen fixation (BNF) can incorporate
nitrogen into soil under rice paddy field conditions [6]. Flooded paddy soils possess higher
nitrogen-fixing activity than upland agricultural soils, and this is important for sustainable
soil nitrogen fertility and rice growth [7–9]. Therefore, diazotrophic bacterial communities
in paddy soils have been studied for a long time. In particular, photosynthetic bacteria and
cyanobacteria have been extensively studied as important diazotrophs [10]. The application
of these diazotrophs as biofertilizers was also investigated with the aim of lowering the
amount of nitrogen fertilizer used and reducing nitrogen pollution [11–13].

Our recent shotgun sequencing analysis (metagenome/metatranscriptome) of paddy
soil DNA/RNA suggested that Anaeromyxobacter and Geobacter, predominant bacteria in
paddy soil, are the major drivers of nitrogen fixation in paddy soils [14]. Anaeromyxobac-
ter and Geobacter are known as metal-reducing bacteria in general [15,16] and active
iron-reducing bacteria in paddy soil [17]. We confirmed the nitrogen-fixing ability of
Anaeromyxobacter and Geobacter strains isolated from paddy soils by cultivation studies.
They utilized acetic acid as a carbon and energy source (electron donor) and ferric iron as
an electron acceptor for anaerobic respiration [18–24]. Based on whole-genome analysis
of the isolates, the taxonomic position of bacteria belonging to the family Geobacteraceae
was revised, and the conventional genus Geobacter was divided into the genera Geobacter,
Geomonas, Oryzomonas, Geotalea, Geomobilimonas, Geomobilibacter, and Geoanaerobacter [20]. It
was strongly suggested that in paddy soils, Anaeromyxobacter and Geobacteraceae (conven-
tional Geobacter) grow by utilizing rice straw-derived acetic acid as an electron donor, ferric
iron compounds as an electron acceptor, and nitrogen fixation.

We hypothesized that the addition of ferric iron compounds and rice straw could
enhance the nitrogen-fixing activity of Anaeromyxobacter and Geobacteraceae in paddy soils.
In fact, nitrogen-fixing activity of soil and nifD transcripts of Anaeromyxobacter and Geobac-
teraceae significantly increased after the addition of ferrihydrite or Fe2O3 together with rice
straw to laboratory soil microcosms [25]. In our field experiment, a significant increase
in soil nitrogen-fixing activity was also observed after the application of iron powder to
straw-returned paddy field soil [25]. Another field experiment in China demonstrated that
a combination of iron application with 60–80% of the conventional nitrogen fertilization
rate could maintain rice yields similar to those of the conventional nitrogen fertilization rate
while reducing critical nitrogen losses in flooded paddy fields [26]. These studies strongly
suggested that iron application to paddy soil increased the amount of nitrogen fixed in
the soil by enhancing nitrogen fixation by iron-reducing bacteria. However, these claims,
i.e., the amount of nitrogen incorporated into soil and the incorporation of nitrogen into
iron-reducing bacteria, must be demonstrated in direct ways.

Consequently, with special reference to nitrogen fixation by iron-reducing bacteria, in
this study, we performed 15N-IRMS analysis together with 15N-DNA-stable isotope probing
(SIP) of iron powder-applied and nonapplied (native) plot soils of the experimental paddy
field mentioned above to directly (i) quantify the amount of nitrogen fixed in the soils,
(ii) identify the active diazotrophs in the soils, and (iii) confirm whether iron application to
paddy soil increased the amount of nitrogen fixed in the soil by enhancing nitrogen fixation
by iron-reducing bacteria.

2. Materials and Methods
2.1. Experimental Field and Soil Sampling

Soil samples were collected from iron-applied (Fe) and no-iron-applied native (Con)
plots of the experimental paddy field established in 2018 at the Niigata Agricultural
Research Institute, Nagaoka, Niigata Prefecture, Japan (37◦44′ N, 138◦87′ E) [25]. The
physicochemical properties of the field soil and field management schedule were described
previously [25]. Iron application was performed as follows [25]: Prior to the initiation of wa-
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terlogging in spring 2018, iron powder for agricultural use (zero-valent iron, >92% purity;
JFE Steel Corporation, Tokyo, Japan) was applied to the soil surface at 500 g/m2 and left to
oxidize, which is equivalent to a 0.5% increment in the free iron oxide content of the soil
(from 1.5% to 2.0%). The generation of oxidized iron compounds from the applied iron
powder several days after application was visually confirmed [25]. Waterlogging, puddling,
and transplanting were conventionally performed in the field plots. Iron application to
paddy soil did not affect soil physicochemical properties, including soil pH [25]. The paddy
soils used in this study were collected at 0–20 cm depth from the surface in Con and Fe
plots in June 2020, immediately sealed into 50 mL sterile centrifuge tubes, and transported
to the laboratory.

2.2. Soil Incubation

Each 4.0 g of fresh paddy soil was placed in a 20 mL glass serum vial. Each vial was
sealed with a butyl rubber stopper and aluminum crimping, and the air in the bottle was
exchanged with 14N2 (Nippon Sanso, Tokyo, Japan)/He (80:20, v/v) or 15N2 (98 atoms%,
Isotec, Miamisburg, OH, USA)/He (80:20, v/v). Four treatments were established: (1) Con
plot soil with 15N2 (15N-Con); (2) Con plot soil with 14N2 (14N-Con); (3) Fe plot soil with
15N2 (15N-Fe); and (4) Fe plot soil with 14N2 (14N-Fe). All vials were incubated at 30 ◦C for
6 days according to our previous soil microcosm study [25]. Soil samples were destructively
collected in triplicate on Days 2, 4, and 6 and stored at−80 ◦C for the following experiments.

2.3. Quantification of 15N in Soil

The 15N incorporated into the incubated soil by biological nitrogen fixation was
quantified using an isotope ratio mass spectrometer (IRMS). Each 2.0 g collected soil
sample was freeze-dried (FDM-1000, EYELA, Tokyo, Japan) and ground with a mortar
and pestle. Measurements of the N concentrations in soil samples and IRMS analysis were
performed following the methods described previously [27]. In brief, the N concentrations
of soil samples were determined using a CN analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany). Twenty-four milligrams of soil were accurately weighed and wrapped
in tin foil (LUDI SWISS AG, Flawil, Switzerland), and N isotope ratios were measured
by a Delta V Advantage equipped with an elemental analyzer (Thermo Fisher Scientific,
Bremen, Germany). The amount of nitrogen introduced into the soil was calculated with
the obtained values of soil N concentration and 15N/14N abundance (δ15N/δ14N [‰]).

2.4. Soil DNA Extraction for SIP Analysis

Soil DNA was extracted from each incubated soil (2 days, 4 days, and 6 days) follow-
ing a method described previously [28], with some modifications. Each 0.4 g soil sample
was placed in a 2 mL tube and mixed with 1.0 g zirconia/silica beads (0.1 mm, Biospec,
Bartlesville, OK, USA), 375 µL phosphate buffer (PB), 500 µL phenol/chloroform/isoamyl
alcohol (25:24:1), and 125 µL Tris-sodium chloride/sodium dodecyl sulfate buffer (TNS) and
then homogenized using a cell destroyer (PS2000, Bio Medical Science, Tokyo, Japan) for
30 s at a frequency of 6.5 m/s. After repeating this process twice, the collected supernatant
was treated with 1 volume of phenol/chloroform/isoamyl alcohol and then 1 volume of
chloroform/isoamyl alcohol for purification. One microliter of aqueous glycogen solution
(20 mg/mL) and 1 mL of polyethylene glycol solution were used for nucleic acid precipita-
tion. The raw nucleic acids were washed using 75% ethanol and resuspended in 100 µL TE
buffer. The collected nucleic acid solution was purified to remove the PCR inhibitors using
a OneStep PCR inhibitor Removal kit (Zymo Research, Orange, CA, USA) according to
the manufacturer’s protocol. RNA removal was carried out using 10 µL RNase I (Thermo
Fisher Scientific, Waltham, MA, USA) in 100 µL extract under an incubation temperature
of 37.8 ◦C for 1 h. The RNA-free DNA solution was then obtained using a QIAquick PCR
Purification Kit (Qiagen, Venlo, The Netherlands) and quantified using a NanoDrop One
(Thermo Fisher Scientific).
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2.5. SIP Gradient Fractionation

Isopycnic gradient centrifugation and fractionation were performed according to
a previously reported method [29]. The extracted DNA solution containing 2.4 µg DNA
was mixed with the CsCl and gradient buffer in an OptiSeal polyallomer tube (Beckman
Coulter, Indianapolis, IN, USA) with a final density of 1.69 g/mL. The mixture was then
ultracentrifuged at 55,000 rpm for 66 h using an Optima MAX-TL Ultracentrifuge (Beckman
Coulter) equipped with a TLA 110 rotor. The resulting DNA gradient solutions were
fractionated into 15 fractions with equal volumes. The buoyant density (BD) value of each
fraction was measured by a digital refractometer (LLG-Labware, Meckenheim, Germany).
The DNA recovered from each fraction corresponding to densities between 1.695 and
1.739 g mL−1 was precipitated using a polyethylene glycol solution (30% PEG, 1.6 M NaCl)
with 20 µg glycogen and then resuspended in 30 µL TE buffer (pH 8.0).

2.6. qPCR of 16S rRNA and nifD Gene in SIP Gradient Fractions

Quantitative PCR (qPCR) targeting the bacterial 16S rRNA gene, the nifD gene of the
genus Anaeromyxobacter and the family Geobacteraceae (A&G_nifD), for each SIP gradient
fraction was performed using the StepOnePlus System (Applied Biosystems, Foster city,
CA, USA) with TB Green Premix Ex Taq (Takara Bio, Shiga, Japan). The specific primer sets,
details of the PCR conditions, and the standard curve for each target gene were the same as
those described previously [25].

2.7. 16S rRNA Amplicon Sequencing and Bioinformatic Analysis

Based on the qPCR results, the fractions with the first and second highest relative
abundance in 14N2-treatment (light fraction 1; L1, light fraction 2; L2) and 15N2-treatment
(heavy fraction 1; H1, and heavy fraction 2; H2) from the Con and Fe plot samples (2-day,
4-day, and 6-day) were selected and subjected to amplicon sequencing targeting the V3–V4
region of the bacterial 16S rRNA gene as follows. The first-step PCR amplification was
performed using a 20 µL mixture: 10× Ex buffer, 2.0 µL; dNTPs (each 2.5 mM), 1.6 µL;
forward and reverse primers (10 µM), each 0.5 µL; DNA template, 1 µL; Ex Taq (5 units/µL),
0.2 µL; Milli-Q water, 13.2 µL. The amplification program was initial denaturation at 94 ◦C
for 2 min, followed by 25 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, and
a final elongation step at 72 ◦C for 5 min. The second-step PCR was conducted with primers
2ndF/2ndR [30] under the following amplification program: 94 ◦C for 2 min, followed
by 10 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, with a final extension at
72 ◦C for 5 min. Sequencing was performed using the Illumina MiSeq platform (Illumina,
San Diego, CA, USA) for a 2 × 300 paired-end (PE) configuration at Bioengineering Lab.
Co. (Kanagawa, Japan). All raw sequence data were cleaned in QIIME 2 (ver. 2021.2) using
DADA2 to remove low-quality sequence reads before regenerating the operational taxo-
nomic unit (OTU) tables. The erroneous molecular OTUs were removed using LULU [31].
With a cutoff value of 97%, the clustered sequences corresponding to OTUs were annotated
against the Greengenes database (ver. 13_8). Notably, the genus Geobacter annotated by
the public database is paraphyletic in taxonomy and contains species currently belonging
to several genera in the order Geobacterales [20,32]. Several novel Anaeromyxobacter strains
were isolated from the environment and genome-sequenced [21,23]. Thus, the sequences in
the Geobacter and Anaeromyxobacter-related OTUs were reannotated against the NCBI-nr
database. The 16S rRNA relative abundances for each bacterial genus in the 15N-labeled
DNA combined fraction (H1 and H2) and the 14N-labeled DNA combined fraction (L1 and
L2) were calculated by normalizing the number of amplicon sequence reads using the copy
numbers of 16S rRNA genes obtained by qPCR. Genera with higher relative abundances in
15N-labeled DNA than in 14N-labeled DNA were selected, and a heatmap depicting the
transitions of bacterial community composition incorporating 15N was generated using the
Pheatmap package in R-version 4.2.1 [33].
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2.8. Statistics

To compare the differences in incorporated 15N in paddy soils, a one-way analysis of
variance (ANOVA) with Tukey’s test was used.

3. Results and Discussion
3.1. Influence of Fe Application on the Amount of Fixed Nitrogen in Soil

The cumulative amount of incorporated 15N in soil collected from the Con plot on
Days 2, 4, and 6 of incubation was 0.14 ± 0.01, 0.22 ± 0.01, and 0.53 ± 0.01 µg/g-dry soil,
while that in soil collected from the Fe plot was 0.28 ± 0.01, 0.81 ± 0.10, and 1.32 ± 0.07, re-
spectively (Figure 1). The amount of fixed nitrogen in paddy soils with 50% and 75% water
content was reported to be 0.00714 and 0.171 (µg/g-dry soil) per day, respectively [34].
Given that the water content of the soils in this study was approximately 65%, the av-
erage amount of incorporated 15N in the Con plot soil (0.08 µg/g-dry soil/day) seems
reasonable. On all days examined, the amount of incorporated 15N in the Fe plot soil was
significantly higher (2–3.7 times) than that in the Con plot soil. Since biological nitrogen
fixation is the only way atmospheric nitrogen can be incorporated into soil, these results
indicate the occurrence of biological nitrogen fixation in native (Con plot) soil and increased
biological nitrogen fixation in iron-applied (Fe plot) soil. In our previous study on the
same experimental paddy field, enhanced nitrogen-fixing activity, examined by acetylene
reduction assay, of Fe plot soil compared with Con plot soil was observed [25]. This study,
supplementing the results of the previous study, clearly demonstrates an increased amount
of fixed nitrogen in Fe plot soil compared with Con plot soil upon iron application.
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Figure 1. The amount of 15N incorporated in iron-applied (Fe) and non-applied native (Con) plot
paddy soils. Data are presented as means ± standard deviations (SD) from triplicate tests. A different
letter above the bar indicates a significant difference.

3.2. Influence of Fe Application on the Quantity of 16S rRNA and nifD Genes in
Fractionated DNA

In the soil incubated with 15N2, nitrogen-fixing microorganisms incorporate 15N, and
their 15N-labeled DNA becomes heavier than 14N-(15N-unlabeled) DNA. CsCl gradient
ultracentrifugation was used to separate 15N-labeled heavy DNA from 14N-labeled light
DNA based on their different densities.

In the analysis of Con plot soil DNA, the relative abundance of the 16S rRNA gene for
the 14N2-treated samples reached its maximum value at a density of around 1.71, while for
the 15N2-treated samples, apparent peak shifts toward heavier densities were observed at
all incubation periods (Figure 2a–c), indicating that atmospheric nitrogen was incorporated
by bacteria. To confirm whether the genus Anaeromyxobacter and family Geobacteraceae
(A&G) were involved in 15N incorporation, qPCR was performed targeting the nitrogen
fixation genes (nifD) derived from these bacteria in each fraction. Due to the large amount
of pseudo-nifH present in soil environments [35], the nifD gene, a more reliable marker than
the nifH gene, was used in this study. The relative abundances of the A&G nifD showed
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a peak shift similar to that of the 16S rRNA gene in all samples (Figure 2d–f), suggesting
the incorporation of 15N by bacteria belonging to the genus Anaeromyxobacter and family
Geobacteraceae in native (Con plot) paddy soils.
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Figure 2. Relative abundance of the 16S rRNA gene (a–c,g–i) and A&G (Anaeromyxobacter and
Geobacteraceae) nifD (d–f,j–l) in fractionated DNA derived from non-applied native (Con) plot paddy
soils (14N-Con and 15N-Con) on day 2 (a,d), day 4 (b,e), and day 6 (c,f) and iron-applied (Fe) plot
paddy soils (14N-Fe and 15N-Fe) on day 2 (g,j), day 4 (h,k), and day 6 (i,l) of soil incubation. The
open and closed circles show 14N-treated and 15N-treated samples, respectively. L1, L2, H1, and H2
indicate the samples chosen for amplicon sequencing. Data are shown in triplicate.

In the analysis of Fe plot soil DNA, peak shifts of the relative 16S rRNA gene
(Figure 2g–i) and A&G nifD (Figure 2j–l) abundance toward heavier fractions were also
observed in all 15N2-treated samples compared to corresponding 14N2-treated samples.
These results indicate atmospheric nitrogen fixation by bacteria, including those in the
genus Anaeromyxobacter and the family Geobacteraceae, in the Fe plot soil as well. Peak shifts
in both the 16S rRNA gene and A&G nifD qPCR were greater in Fe plot soil DNA analysis
than in Con plot soil DNA analysis, suggesting increased nitrogen fixation by bacteria,
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particularly by the genus Anaeromyxobacter and the family Geobacteraceae in iron-applied
(Fe plot) paddy soil.

3.3. Influence of Fe Application on the Diazotrophic Communities in Soil

Amplicon sequencing of the 16S rRNA gene in the L1,2 and H1,2 fractions was per-
formed to clarify the active nitrogen fixing bacteria in native (Con plot) and iron-applied
(Fe plot) paddy soils, particularly to confirm whether the bacteria belonging to the genus
Anaeromyxobacter and the family Geobacteraceae were the most active diazotrophs. Soil
samples collected on days 2, 4, and 6 were subjected to this analysis to cover a wide variety
of diazotrophic bacterial communities containing bacteria with different growth rates. In
some cases of qPCR targeting A&G nifD (Figure 2d,k,l), 15N-incorporated Anaeromyxobac-
ter/Geobacteraceae DNA was present in heavier fractions than top-peak fractions of the 16S
rRNA gene. Therefore, in addition to using the highest peaks of the 16S rRNA gene (L1 and
H1), we performed amplicon sequencing of the L2 and H2 fractions (Figure 2). Bacteria
with increased relative abundance in the 15N treatments compared to the 14N treatments
are shown as a heatmap (Figure 3).
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Figure 3. Bacterial community composition based on 16S rRNA gene sequencing at the genera with
higher relative abundances in 15N-labelled DNA(15N-Con and 15N-Fe) than in 14N-labelled DNA
(14N -Con and 14N-Fe) of non-applied native (Con; a–c) and iron-applied (Fe; d–f) plot samples on
day 2 (a,d), day 4 (b,e) and day 6 (c,f) of soil incubation. (U) indicates unclassified bacteria. Data are
shown as the average of triplicates.

In the 16S rRNA gene sequence analysis of Con plot soil, Geomonas, Anaeromyxobacter,
and Geobacter, all of which are iron-reducing bacteria, were most frequently detected in 15N
treatments with higher abundance than in 14N treatments (Figure 3a–c). This result suggests
that Geobacteraceae and Anaeromyxobacter are the primary drivers of nitrogen fixation in the
native (Con plot) paddy soil. Anaerolinea (days 2, 4, and 6), Cyanobacteria (days 2 and 4),
and Rhodoplanes (days 2 and 4) were also frequently detected, suggesting that they are
active nitrogen fixers as well. Cyanobacteria are well-known nitrogen-fixing bacteria in
paddy soils [6]. Within the genus Rhodoplanes, some strains, e.g., R. roseus, R. piscinae, and
R. elegans, possess a nitrogenase gene cluster in their genome, while R. sp. Z2-YC6860
does not (NPEX01000005.1, NPEW01000030.1, NPEU01000442.1, and NZ_CP007440.1).
Thus, some bacteria belonging to Rhodoplanes likely have nitrogen-fixing abilities. On the
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other hand, bacteria belonging to the genus Anaerolinea have rarely been isolated, and
only genomic information on Anaerolinea thermophila, which does not possess nitrogenase
genes, is available in the NCBI database “https://www.ncbi.nlm.nih.gov (accessed on
14 June 2023)”. Given the presence of a partial nitrogenase gene in the genome of Anaerolin-
eae bacterium isolate ANRL2 (CAG0970598.1), Anaerolinea harboring nitrogenase may be
found as the number of isolates increases.

In the 16S rRNA gene analysis of Fe plot soil, Geomonas, Anaeromyxobacter, and Geobacter
were most frequently detected, indicating that these iron-reducing bacteria are primary
drivers of nitrogen fixation in the iron-applied (Fe plot) paddy soil as well (Figure 3d–f). In
addition to these bacteria, Bacteroides spp., which were not detected in Con plot soil, were
frequently detected, indicating that they are another primary driver of nitrogen fixation
in iron-applied paddy soil. Although the nitrogen-fixing ability of Bacteroides spp. has
not been verified, nitrogenase gene clusters are present on the genomes of Bacteroides
graminisolvens (BAJS01000002.1), Bacteroides reticulotermitis (NZ_BAIV01000007.1), and
B. luti (FQTV01000005.1), suggesting diazotrophic ability in some Bacteroides spp. Bacteriodes
were only detected in Fe plot soil, which suggests their nitrogen fixation was enhanced
by iron application, i.e., they are iron-reducing bacteria. Bacteoides strains harboring iron-
reducing abilities were reported [36]. Cyanobacteria (days 2, 4, and 6) and Anaerolinea (days
2, 4, and 6) were also frequently detected in the Fe-applied soil as well as in the Con plot
soil. Since the iron-reducing ability of these bacteria has not been reported thus far, they
are likely to be active nitrogen fixers in both plot soils, irrespective of iron application.
Candidatus Solibacter was detected on all the days examined, as well as on day 2 in the Con
plot soil. Although there are no nif genes registered in the NCBI database, it is strongly
suggested that they are active nitrogen fixers in soils.

Overall, 16S rRNA gene amplicon sequence analysis revealed that iron-reducing
bacteria belonging to the genera Anaeromyxobacter, Geomonas, and Geobacter are the most
active diazotrophs in native and iron-applied paddy soils. In addition to these bacteria,
Bacteroides, most likely consisting of iron-reducing bacteria, are active diazotrophs in iron-
applied paddy soil. Iron application to the soil might stimulate the nitrogen-fixing activity
of these iron-reducing diazotrophs and lead to increased nitrogen incorporation into the
soil. Anaerolinea, Cyanobacteria, and Candidatus Solibacter are active nitrogen fixers in paddy
soils, irrespective of iron application.

4. Conclusions

Overall, the IRMS and DNA-SIP analyses clearly demonstrated the predominance of
iron-reducing bacteria as the primary drivers of nitrogen fixation in native paddy soil and
the enhancement of their nitrogen fixation by iron application. To be specific, (1) in native
paddy soil, atmospheric nitrogen was incorporated into the soil primarily by diazotrophic
iron-reducing bacteria belonging to Geomonas, Anaeromyxobacter, and Geobacter. (2) In the
paddy soil treated with iron, the amount of nitrogen incorporated into the soil increased
as a result of enhanced biological nitrogen fixation. (3) Nitrogen fixation by iron-reducing
bacteria belonging to Geomonas, Anaeromyxobacter, and Geobacter and possibly by iron-
reducing Bacteroides was enhanced by iron application, and these bacteria were the primary
drivers of nitrogen fixation in iron-applied paddy soil. (4) In addition to these iron-reducing
bacteria, Anaerolinea, Cyanobacteria, and Candidatus Solibacter are active nitrogen fixers in
paddy soil. This study provided a novel picture of active nitrogen-fixing microorganisms
dominated by diazotrophic iron-reducing bacteria in paddy soil, and directly proved the
effectiveness of iron application to enhance their nitrogen fixation and to increase the
incorporation of atmospheric nitrogen into soil. The enhancement of biological nitrogen
fixation in paddy fields by iron application may lead to novel and unique paddy soil
management strategies to increase soil nitrogen fertility and ensure rice yields with reduced
nitrogen fertilizer input and lower environmental nitrogen burdens. To achieve this, further
studies are necessary to clarify the effects of iron application on rice growth and yields and
the possible reduction of nitrogen fertilizer in paddy fields with different types of soil and

https://www.ncbi.nlm.nih.gov
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environmental conditions. It will also be important to investigate the persistence of the
effects of iron applied to soil.
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