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Simple Summary: Anammox microorganisms are beneficial for use in wastewater treatment reactors.
However, the application is limited due to the slow growth, high sensitivity, and the lack of a pure
culture. To expand the sources of anammox bacteria, we used terrestrial soils from rice paddy fields
to enrich and detect the anammox bacteria. This approach revealed potential anammox activities in
both microaerobic and anaerobic soil conditions.

Abstract: Anammox, a reaction in which microorganisms oxidize ammonia under anaerobic condi-
tions, is used in the industry to remove ammonium from wastewater in an environmentally friendly
manner. This process does not produce intermediate products such as nitrite or nitrate, which can act
as secondary pollutants in soil and water environments. For industrial applications, anammox bacte-
ria should be obtained from the environment and cultivated. Anammox bacteria generally exhibit a
slow growth rate and may not produce a large number of cells due to their anaerobic metabolism.
Additionally, their habitats appear to be limited to specific environments, such as oxidation-reduction
transition zones. Consequently, most of the anammox bacteria that are used or studied originate
from marine environments. In this study, anammox bacterial evidence was found in rice paddy soil
and cultured under various conditions of aerobic, microaerobic, and anaerobic batch incubations
to determine whether enrichment was possible. The anammox-specific gene (hzsA) and microbial
community analyses were performed on the incubated soils. Although it was not easy to enrich
anammoX bacteria due to co-occurrence of denitrification and nitrification based on the chemistry
data, potential existence of anammox bacteria was assumed in the terrestrial paddy soil environment.
For potential industrial uses, anammox bacteria could be searched for in rice paddy soils by applying
optimal enrichment conditions.

Keywords: anammox in paddy soil; bacterial community; anammox-specific gene; batch incubation

1. Introduction

Due to high nitrogen input to terrestrial and aquatic ecosystems from human activities
such as the application of industrial nitrogen-based fertilizers, contamination with inorganic
nitrogen compounds has been found and is an important issue in the agricultural and
freshwater environments [1,2]. Highly accumulated inorganic nitrogen in the environment
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can be a serious pollution source and directly and/or indirectly influence human health [3,4].
For drinking water and wastewater treatments, nitrogen removal has been a central topic
and microbial transformations of nitrogen compounds have been applied for the removal
of inorganic nitrogen compounds [5-7]. Microorganisms transform nitrogen compounds
via redox reactions including nitrification, denitrification, dissimilatory nitrate reduction to
ammonia (DNRA), anaerobic ammonium oxidation (anammox), etc. [8—10]. In conventional
wastewater treatment systems, the removal of nitrogen compounds is mainly achieved via
microbial nitrification and denitrification processes. In general, ammonium in wastewater
is oxidized to nitrite and nitrate by ammonium-oxidizing bacteria and nitrite-oxidizing
bacteria. Then nitrate is anaerobically reduced to dinitrogen gas by denitrifying bacteria.
Since the discovery of the anammox reaction [11], which is the anaerobic oxidation of
ammonium and nitrite to dinitrogen gas, technologies using anammox reaction have been
widely applied for nitrogen removal from wastewater treatment bioreactors [12-14]. For
the full-scale bioreactors to treat wastewater using anammox reactions, enrichment or large-
scale incubation of the bacterial cells would be one of the major issues, due to the known
slow growth and high sensitivity of anammox bacteria [15-17]. Anammox microorganisms
are highly sensitive to environmental factors and have a long doubling time of 2-3 weeks,
resulting in an extended start-up period. These challenges hinder the large-scale application
of anammox technology. The slow growth rate and high sensitivity of anammox bacteria,
coupled with the absence of a pure culture, present significant obstacles to their efficient
enrichment [18]. Consequently, developing effective techniques for enriching anammox
bacteria is of considerable theoretical and practical importance [19].

Most cultures of anammox bacteria were enriched from sludges and marine origins
using sequencing batch reactors (SBRs) [20]; however, anammox activities and molecular
evidence have been repeatedly reported from terrestrial environments including rice paddy
soils [21]. To expand the sources of anammox microorganisms for various applications, it is
essential to explore enrichment possibilities from less-studied environmental media. In this
study, we investigated suitable conditions for anammox enrichment from rice paddy soils.
To simplify anammox enrichment using batch incubations without a sequencing batch
reactor (SBR), we conducted several batch incubations and compared various conditions
for anammox enrichment, focusing on the presence of oxygen, by incubating rice paddy
soils in growth media with NO,~ and NH4" under microaerobic and anaerobic conditions.
Our goal was to develop effective anammox enrichment methods and compare three
different experimental setups to identify the optimal conditions for enrichment using
rice paddy sediments. Throughout the experiments, we monitored specific genes and
microbial community structures over time to observe enhanced enrichment of anammox
microorganisms in the three different incubation types. This study explored strategies to
enrich and/or accelerate the activity of anammox bacteria using natural soil samples rather
than activated sludges from wastewater treatment bioreactors.

2. Materials and Methods
2.1. Experimental Setups
2.1.1. Experiment 1: Anaerobic Batch

Rice paddy soil (156 g) collected from approximately 20-30 cm depth of a local rice
field (Figure S1A) was inoculated to 1 L of the anammox medium, composed of (per liter)
350 mg NaHCOj3, 6 mg KHyPOy, 12 mg MgSO4-7H,0, 48 mg CaCl,-2H,0, 2 g HEPES,
69 mg NaNO;, 66.07 mg (NH4),5O4, 1 mL trace element solution I, and 1 mL trace element
solution II (Figure S1B). The trace element solution I was composed of (per L) 5 g EDTA
and 5 g FeSO,4-7H,0 and the trace element solution II included (per L) 0.43 g ZnSO4-7H,0,
0.24 g CoCl,-6H;0, 0.99 g MnCl,-4H,0, 0.25 g CuSO4-5H,0, 0.22 g NaMoO,4-2H,0, 0.19 g
NiCl,-6H,0, 0.21 g NaSeO4-10H,0O, and 0.014 g H3BO3;. The medium-containing 2-L
Wheaton bottle was purged with 100% N gas for both the headspace and the solution at
least for 30 min and was sealed with a chlorobutyl-isoprene rubber stopper. All the soil
samples were sampled from the rice paddy field site, located inside the Rural Development



Biology 2024, 13, 548

30f12

Administration, Jeonju, South Korea (latitude 35°49'42.4” N and longitude 127°02/38.4" E;
Figure S1A) [22]. The flow chart of this study is presented in Figure 1.

Experiment 1 Experiment 2 Experiment 3
Anaerobic Microaerobic Aerobic &
incubation incubation Anaerobic

(4 mo) (3 mo) (1 mo)

4

¥ ¥

+ specific genes + specific genes

* amplicon « specific genes + amplicon
sequencing « chemistry data sequencing

* chemistry data + chemistry data

compare the conditions for anammox enrichment

Figure 1. Flow chart of this study including the different incubation schemes.

The slurry samples were analyzed for concentrations of nitrite, nitrate, and ammonium.
Nitrate concentration was measured via the cadmium reduction method using Hach
NitraVer 5 reagent (Loveland, CO, USA) at a wavelength of 400 nm and nitrite concentration
was measured via the diazotization method using Hach NitriVer 3 reagent (Loveland, CO,
USA) at 507 nm. Ammonium concentration was measured via the Nessler method using
Hach Ammonia-Nitrogen reagent (Loveland, CO, USA) at 425 nm.

The gene copy number of the hydrazine synthase subunit A, hzsA gene, which is one
of the central enzymes for anammox reactions [23], was monitored via quantitative PCR
analysis using the Bio-Rad CFX Connect Real-Time System (Hercules, CA, USA) during the
incubation period. A standard curve of hzsA gene was prepared for absolute amount gene
copy number analysis. The DNA was inserted into a plasmid, quantified, and measured
for generating a standard curve presenting the correlation between the Cq values and the
number of gene copies. The primer set of hzsA_382F and hzsA_1857R used for this analysis
is presented in Table S1.

Bacterial community structures of the soils were monitored using bacterial 165 rRNA
gene amplicons analyzed via Illumina MiSeq (San Diego, CA, USA) along with the incu-
bation times at 1 day, 15 days, and 56 days. Soil genomic DNA was extracted from 0.25 g
soil for each sample using a DNeasy PowerSoil kit (Qiagen, Hilden, Germany) and three
individual tubes were pooled into one sample. The genomic DNAs were subjected to
PCR using 341F and 805R primers to amplify the v3—v4 region of 16S rRNA gene for the
predicted length of 428 bp, and adapters and indices were attached to the gene fragments
by the library preparation procedures for the Illumina MiSeq sequencing. Paired-end
sequencing (250 bp x 2) was performed, and the raw data of the DNA sequence (fastq)
were analyzed using Mothur version 1.44.3 [24]. The data analysis was performed with a
series of procedures including constructing contigs and quality controls such as removing
sequencing errors, chimeric sequences using VSEARCH, and nonbacterial reads. Sequences
were aligned using the Silva database (v. 132) [25], and clustered to operational taxo-
nomic unit (OTU) via 3% dissimilarity. Taxa were assigned and classified using the RDP
database [26].
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2.1.2. Experiment 2: Microaerobic Column Batch

To mimic a submerged rice paddy field, the same paddy soil (30 g) was added to
the anammox medium (100 mL) contained in a 100-mL column type cylinder to let the
oxygen gradient develop naturally along with the depth (Figure S1C). The soils were
subsampled aseptically at the depths of 3 cm and 7 cm by using 10-mL serological pipettes
for up to 80 days. For anammox activity, concentrations of ammonium and nitrite were
analyzed along with the incubation times, and certain genes specific for nitrification and
anammox were monitored via quantitative PCR analysis. Along with the hzsA gene, amoA
and nxrB genes, encoding ammonium monooxygenase [27] and nitrite oxidoreductase [28],
respectively, were monitored with incubation time for their absolute copy numbers. The
primer sets for the amoA and nxrB genes are shown in Table S1.

2.1.3. Experiment 3: Comparison of Aerobic and Anaerobic Incubations

To compare the development of anammox bacteria in the rice paddy soils between
aerobic and anaerobic conditions, the same soils were incubated in the anammox media
under aerobic and anaerobic conditions in two individual 1 L bottles (Figure S1D). Each
50 g of paddy soil was added to 90 mL of anammox medium; one culture was prepared
aerobically, and the other culture was prepared anaerobically by purging with 100% N,. The
sediment samples were collected from both the cultures at day 0 and day 30. Concentrations
of nitrite and ammonia were analyzed to detect potential anammox reaction. Together with
the hzsA gene, bacterial 165 rRNA gene was quantitatively analyzed for its absolute copy
numbers to compare the ratios of anammox bacteria to total bacteria. The primer set of 165
rRNA gene (27F and 519R) is listed in Table S1. Also, to compare the aerobic and anaerobic
enrichment incubations, bacterial community structures of both soils were analyzed via
INlumina MiSeq sequencing of v3-v4 regions of 16S rRNA gene. The sequenced data were
deposited at NCBI Sequence Read Archive (SRA) with the BioProject accession numbers of
PRJNA1060457 and PRINA1062134.

3. Results and Discussion
3.1. Anaerobic Batch Culture of the Rice Paddy Soil (Experiment 1)

To examine whether anammox bacteria can be enriched from the paddy soil in anaer-
obically prepared batch culture, the soil was incubated anaerobically in the anammox
medium for approximately 4 months. The pH of the soil batch was stable during the whole
period of the incubation (Figure 2A). Concentrations of nitrite and nitrate decreased to
almost below detection from the initial 0.85 mM and 2.5 mM, respectively after 29 days,
and ammonia decreased gradually from the initial 0.86 mM to 0.63 mM by 90 days with a
rebound up to 0.78 mM by 109 days (Figure 2A). The overall anammox reaction usually
consumes ammonium and nitrite at a 1:1 ratio, resulting in dinitrogen [11]. However, in
this incubation, nitrite consumption (0.85 mM) was three times larger than ammonium
consumption (0.23 mM) (Figure 2A). This may not be only due to anammox reaction but
possibly the denitrification reaction included as well in the soils/sediments. Probably the
nitrate consumption (2.5 mM) indicated the presence of denitrification, which also reduces
nitrite. The gene encoding hydrazine synthase subunit A, hzsA, which is one of the central
enzymes for anammox reactions, was quantitated from the incubation soils via quantitative
PCR (Figure 2B). The hydrazine synthase (HZS) combines ammonium (NH4") with nitric
oxide (NO) to generate hydrazine (NHy4), which is eventually oxidized to dinitrogen gas
(N2) by hydrazine dehydrogenase [29]. The absolute copy number of the hzsA gene per
gram of soil increased by nearly double to 9.0 x 10° genes/g after 15 days of incubation
from the initial 4.5 x 10° genes/g and maintained approximately 7.0 x 10° genes/g for the
rest of the incubation period (Figure 2B). A decrease in the amounts of anammox-specific
hzsA gene and nitrite used as an electron acceptor along with the gradual decrease in
ammonia indicated potential enrichment of anammox bacteria from the anaerobic batch
culture of the soil.
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Figure 2. Anaerobic batch incubation. (A) Concentrations of nitrite, nitrate, and ammonium.
(B) Absolute copy numbers of hzsA gene during the incubation period.

To compare the bacterial community changes in the anaerobic batch by time of cul-
ture, the 165 rRNA gene of the culture samples on days 1 (BR_DO01), 15 (BR_D15), and 56
(BR_D56) was analyzed via MiSeq sequencing. At each time point two soil suspension
samples (_a and _b) were prepared (a total of six samples), and genomic DNAs were
extracted, followed by the gene library preparation for the Miseq sequencing. Data process-
ing including contig assembly, quality controls, chimera removal using Mothur-moduled
Vsearch [30], and nonbacterial sequence removal was performed by using Mothur, resulting
in a reduction of sequence numbers from the initial 959,826 to the total final reads of 162,907
with the total OTU number of 13,497.

The smallest sequence number from the BR_D56_a was used for normalization of all
the samples for alpha-diversity analysis (Table S2). The Good’s coverage values ranged from
0.90 to 0.93 among the six samples, suggesting that approximately more than 90% of the
indigenous bacteria were sequenced. The OTU number and Chaol index showed gradual
decreases with the incubation time, though the differences were not large, indicating an
overall decrease in species number along with time (Table S2). The diversity indices of
Shannon and inverse Simpson showed rather complicated patterns of decreases at 15 days
and then increases at 56 days (Table S2). Since these indices represent species evenness as
well as species richness, some of dominant bacteria became relatively evenly enriched, less
skewed with the incubation progressed.

From the bar chart of relative sequence abundance, the dominant phyla Acidobacte-
ria, Chloroflexi, Proteobacteria, Parcubacteria, Actinobacteria, and Firmicutes showed notice-
able variations during the incubation time at the points of day 1, 15 days, and 56 days
(Figures 3A and S2). The communities of day 15 and day 56 were distinctively separated
with distant groups via the dendrogram using Bray—Curtis dissimilarity in the heatmap
(Figure S2), suggesting changes in the communities over time. The phylum Planctomycetes
to which anammox bacteria belong appeared up to 0.5-0.9% of each sample.

The most abundant 50 genera among the total 337 were used for the sequence
abundance-based heatmap with dendrograms using the Bray—Curtis dissimilarity (Figure 3B).
A few genera including unclassified Anaerolineaceae, unclassified Gp1, unclassified Gp3,
unclassified Parcubacteria, unclassified Chloroflexi, unclassified Acidobacteria Gp3, and un-
classified Rhizobiales accounted for a large proportion of the bacterial communities across
the samples (Figures 3B and S3). As in the phylum level heatmap, the communities of
day 15 and day 56 were grouped separately in the genus level heatmap (Figure 3B). In
particular, the genus Tepidisphaera belonging to the phylum Planctomycetes was ranked 28th
among 337 genera (Figure S3). Since little is known about this genus and its function with
only one species [31], a potential linkage with the anammox reaction can be considered.
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Figure 3. Anaerobic batch incubation. (A) Relative sequence abundance at phylum level over selected
time points. (B) Sequence abundance-based heatmap with dendrograms using the Bray—Curtis
dissimilarity. (C) Nonmetric multidimensional scaling (NMDS) of distances among the samples
based on Yue and Clayton’s dissimilarity.

Distances among the samples were calculated based on the Yue and Clayton’s dis-
similarity and analyzed for nonmetric multidimensional scaling (NMDS) (Figure 3C). The
formed clusters of the two replicate samples at each time point indicate the changes in
microbial communities over time.

3.2. Microaerobic Column Batch (Experiment 2)

In a sedimentary environment submerged in water such as paddy soil, there is a big
difference in the dissolved oxygen concentration in the shallow (a few centimeters) and
deep (tens of centimeters) sedimentary soils, and accordingly there is a big difference in the
oxidation/reduction potential. Therefore, it can be expected that nitrifying bacteria that
oxidize ammonia aerobically act in the shallow depth of sedimentary soil, and the nitrite
(NO, ™) generated from the nitrification reaction can be used as the electron acceptor for
anammox bacteria, anaerobically oxidizing NH,* at deeper soils. Since nitrite, which is
essential for anammox reaction, exists in a transient state in the environment, nitrifying
bacteria may induce anammox reaction.

To mimic aqueous sedimentary environments such as streams and riverbeds, the
previously anammox-enriched paddy soils were submerged in the column-type of fresh-
water media with natural oxygen gradient over the depth (Figure S1C). The pH, nitrite
(NO;7), and ammonium (NH4") were monitored over time (Figure 4A). A decrease in
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pH was observed as the culture progressed, which was presumed to be due to the pro-
duction of NO, ™ and NO3 ™ via nitrification and/or oxidation of NH;* provided in the
culture medium at the initial concentration of 0.5 mM. Nitrite concentration decreased
along with ammonia, which may be the result of denitrification and/or anammox reaction
(Figure 4A). Specific genes mediating the reactions of nitrification and anammox were
detected over time and along with the depths (Figure 4B-D). Nitrification is characterized
mostly by two-step reactions using amoA gene encoding ammonia monooxygenase subunit
A, which oxidizes ammonia to nitrite, and nxrB gene encoding the beta subunit of nitrite
oxidoreductase, which oxidizes nitrite to nitrate. Absolute gene copy number of amoA
in the unit soil increased at a depth of 3 cm only in the early period (20 days), whereas
it increased gradually toward the latter part of the reaction (60 days) at a depth of 7 cm
(Figure 4B). This might suggest that ammonia oxidation to nitrite increased in the sediment
more actively in the deeper sediment at 7 cm, which was consistent with the decrease in
ammonia in the media (Figure 4A). Similarly, the nxrB gene also showed a gradual increase
in the sediment, but more actively in the upper parts at 3 cm, indicating oxidation of nitrite
to nitrate, concomitantly with oxidation of ammonia (Figure 4C). On the contrary, at the
depth of 7 cm, there was not much increase in nxrB, which may suggest nitrite utilization
not by aerobic nitrification, but potentially by anaerobic reaction of anammox. The hzsA
gene, which is a subunit of the hydrazine synthase, representing a unique phylogenetic
marker for anammox bacteria, was found to exist across the depths, despite relatively low
absolute amounts in both the depths compared to amoA and nxrB genes (Figure 4D).
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Figure 4. Microaerobic column batch incubation. (A) Chemistry data during the incubation period.
(B-D) Absolute gene copy numbers of amoA, nxrB, and hzsA gene, respectively, at the sediment
depths of 3 cm and 7 cm.
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3.3. Comparison of Aerobic and Anaerobic Incubations (Experiment 3)

To compare the development of anammox bacteria in the rice paddy soils between
aerobic and anaerobic conditions, the same soils were incubated in the anammox media
under aerobic and anaerobic conditions. It was found that the initial amounts of nitrite were
mostly consumed by 30 days in both the aerobic (AES) and anaerobic (ANS) incubations
(Figure 5A), whereas ammonium decreases were minor compared to the nitrite decreases
in both the conditions. This may suggest that denitrification was dominant rather than
nitrification and /or anammox in both the AES and ANS incubations.

(B)
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Figure 5. Comparison of short-term incubations. (A) Concentrations of nitrite and ammonium, and
(B) absolute gene copy numbers of 165 rRNA gene and hzsA gene from the compared aerobic and
anaerobic incubations for selected times.

From the same incubations, bacterial 165 rRNA gene and hzsA gene were quantita-
tively analyzed. The initial number of 16S rRNA gene (1.51 x 10'° +2.70 x 10° copy/g
soil) decreased to 1.14 x 10! £ 2.11 x 10° copy/g soil and 8.02 x 10? 4 1.92 x 10° copy/g
both in the AES and ANS, respectively, after 30 days of incubation (Figure 5B). The hzsA
gene also showed a similar tendency to the 16S rRNA gene, and the gene copy num-
bers were reduced from the initial number of 3.98 x 10° & 1.10 x 10° copy/g soil to
3.57 x 10° £ 1.14 x 10° copy/g soil and 1.68 x 10° + 2.75 x 10* copy/g soil, respectively,
for the AES and ANS at 30 days (Figure 5B). Although the absolute amounts of the genes
decreased over time, the ratios of hzsA gene to 165 rRNA gene increased over time, from
the initial 4.02 to 5.95 and 5.51, respectively, for the AES and ANS (Table S3). The decrease
in bacterial abundances inferred by 16S rRNA gene copies was probably due to the incuba-
tion conditions without continuous feeding or added organic materials. However, as the
incubations progressed, the ratios of hzsA gene increased, indicating that conditions were
changing favorably for anammox rather than many types of heterotrophs. The aerobic
incubation, AES showed a higher ratio of hzsA gene rather than the anaerobic incubation,
ANS, which may suggest that the gradual consumption of dissolved oxygen may have
developed a microaerobic or oxic-anoxic transition zone, probably favored by anammox, in
the AES incubation. The oxygen in the initial atmosphere and the medium of the AES incu-
bation may have been consumed over time, and a microaerobic environment would have
been created as it progressed. Although it was difficult to estimate the anammox response
using only the chemistry data of nitrite, ammonium, etc., the presence of anammox bacteria
could be estimated to some extent due to the relative increase in the anammox-specific
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gene. Also, the chemistry data could be explained by combined reactions of anammox and
(de)nitrification, specifically at the redox boundary.

The bacterial community was analyzed for the initial soil (ACT00), aerobic soil at
30 days (AES30), and anaerobic soil at 30 days (ANS30) by amplifying bacterial 165 rRNA
gene v4 region using the Illumina MiSeq System. The final sequence read was 37,384
for the whole three samples, and the total number of OTUs was 4442. Looking at the
diversity indices of bacterial communities, the observed species (or OTU) and Chaol index,
indicating the species richness or number of species, showed a larger decrease in the aerobic
soil than the anaerobic soil (Table 54). Shannon and inverse Simpson indices, indicating
both species abundance and evenness, decreased similarly with the OTU numbers and
Chaol index.

The whole bacterial community across the samples was classified into 24 phyla
(Figure S4A). The major phyla included Chloroflexi, Acidobacteria, Proteobacteria, Firmicutes,
etc., (Figure S4B) and phylum Planctomycetes, to which anammox bacteria belong, occupied
approximately 2% of the sequence abundances (2.1%, 1.7%, and 1.9%, respectively, for
ACTO00, AES30, and ANS30). Phyla Chloroflexi and Proteobacteria increased rather in the
aerobic incubation (AES30) than ANS30, and in the phylum Chloroflexi, there are many
types of phototrophs, possibly suggesting paddy soil conditions.

The bacterial communities indicated a total of 268 genera, with 20 genera showing
ratios of 1% or more in individual samples (Figure S5). Two genera of unclassified Bacteria
and unclassified Anaerolineaceae occupied approximately 41-42% of each sample. The
family Anaerolineaceae was reported in aquatic sediments and anaerobic digesters as fer-
menters [32], which may be characteristic for long-term anaerobic incubation. There was
no significant difference in taxa between the samples at genus level. Among phylum
Plactomycetes, a taxon, classified as Planctomycetaceae_unclassified which was not classified
below the family, showed the highest sequence abundance ratios at genus level (0.66%,
0.77%, and 0.54%, respectively, for ACT00, AES30, and ANS30). A total of nine genera of
Planctomycetes were identified, including three taxa not classified below certain levels: Phy-
cisphaerae_unclassified, Phycisphaera, Tepidisphaera, Planctomycetes_unclassified, Aquisphaera,
Gemmata, Pirellula, Planctomycetaceae_unclassified, and Zavarzinella. However, no known
anammox bacterium was identified from the sequences.

Analyzing the time-series chemistry data of the microaerobic column incubation, the
nxrB gene, which encodes the beta-subunit of nitrite oxidoreductase, showed an increase
over time compared to the amoA gene at a depth of 3 cm (Figure 4B,C). Additionally, at this
depth, the hzsA gene remained relatively stable compared to its levels at a depth of 7 cm
(Figure 4D). The anammox reaction requires nitrite as the electron acceptor, with nitrite
being reduced to nitric oxide via nitrate reductase (NirS) in the anammox process [33].
However, nitrite reduction can also occur via nitrite oxidoreductase [28]. Therefore, the
simultaneous increase and/or stable levels of the nxrB and hzsA genes at the 3 cm depth
may strongly indicate anammox activity.

Based on these results, anammox activity was more prominent in the microaerobic
depth than in the deeper anaerobic conditions. This could be because nitrite is more readily
available in microaerobic conditions due to the activity of ammonia-oxidizing bacteria, such
as the aerobic nitrifier Nitrosomonas, whereas nitrification does not occur under anaerobic
conditions, where anammox bacteria compete for nitrite with denitrifying bacteria. Studies
have shown that the combination of partial nitrification and anammox creates optimal
conditions for anammox bacteria growth, facilitating enhanced nitrogen removal from
municipal wastewater [34,35]. In such redox (anoxic/oxic) transition zones, the presence of
substrates like nitrite can support the growth of anammox bacteria.

In Experiment 1, nitrite concentration was nearly depleted after one month, coin-
ciding with an increase in the anammox-specific gene hzsA (Figure 2). We speculated
that anammox activity would manifest within one month and thus compared aerobic
and anaerobic incubations over this time frame in Experiment 3. Although the microbial
communities were not directly comparable due to different sampling times, there were
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shared abundances of certain taxa at the phylum level, including Chloroflexi, Acidobacteria,
Parcubacteria, and Actinobacteria, etc. (Figures 3 and S4). Furthermore, both 165 amplicon
sequencing analyses detected the phylum Planctomycetes, suggesting the potential presence
of anammox microorganisms.

4. Conclusions

Although we could not confirm the anammox reaction with chemistry data, based on
the chemistry data and the bacterial specific functional genes, we could speculate reactions
of not only anammox bacteria but also denitrifying bacteria and nitrifying bacteria in the
paddy soils. It might be difficult to completely rule out the anammox reaction with only
physicochemical data. The increase in the ratio of the hydrazine synthetase gene compared
to the 165 rRNA gene may suggest evidence for an active but minor reaction of anammox
bacteria in the paddy soils. Also, there may be the potential for anammox bacteria presence
in the unclassified Planctomycetes identified in the bacterial communities.
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abundance (A) and its heatmap (B) of phyla from the compared aerobic and anaerobic incubations
(Experiment 3); Figure S5. Relative sequence abundance (A) and its heatmap (B) of top 20 genera
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