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ABSTRACT

Nitrous oxide (N,O) is a potent greenhouse gas that significantly contributes to climate change and stratospheric
ozone depletion. This study explores the genomic potential of bioaugmentation using microorganisms pos-
sessing nitrous oxide reductase (N,O reductase) to mitigate greenhouse gas emissions. We retrieved and ana-
lyzed 78 bacterial and archaeal N,O reductase protein sequences from 12 different phyla. Our phylogenetic tree
and pairwise heatmap analyses identified several promising microorganisms, including previously studied
strains such as Pseudomonas stutzeri DCP-Ps1, Pseudomonas stutzeri PCN-1, and Anaeromyxobacter dehalo-
genans 2CP-C, and newly identified groups such as Euryarchaeota and Chloroflexota based on high growth
kinetics and efficient N,O reduction rates. Pathogenicity screening confirmed their safety for bioaugmentation
applications. The study emphasizes the importance of leveraging microbial functions to combat climate change
and calls for future research to explore the practical applications of bioaugmentation using these newly identi-
fied microorganisms.

Introduction

The introduction of rapid industrialization prompted the development of many innovations and conveniences
with benefits after a long period of stagnation due to the outbreak of World War. However, in recent years,
mass pollution and contamination surged due to global warming, which has led to diverse detrimental effects,
especially in the environment. Greenhouse gas emissions are the key cause of global warming, including carbon
dioxide (CO,), methane (CHy), and nitrous oxide (N>O). These greenhouse gases can pose a serious threat to
the environment as they can disrupt the balance of nature by keeping the heat, which leads to the rise of sea
level, and altering biodiversity and current ecosystems.

Among these greenhouse gases, N,O is particularly detrimental due to its potent effects, being 265
times more impactful in terms of global warming potential than CO,, despite comprising only 6.1% of total
greenhouse gas emissions in the U.S. (US EPA, 2024). Additionally, N>O plays a critical role in depleting the
stratospheric ozone layer, which protects the planet from harmful ultraviolet radiation. Recent studies under-
score the urgency of addressing N,O emissions, which have surged from 270 parts per billion by volume (ppbv)
in 1750 to 332 ppbv in 2019 (Pan et al., 2022). The rising levels of N>O have been linked to climatic warming
and the formation of an ozone hole that impacts both oceanic and terrestrial temperatures (Pan et al., 2022).

Most of the N>O emissions originate from biological reactions (85%), including agricultural soil man-
agement (75%), manure management (4%), and wastewater treatment (6%) (US EPA, Overview of Greenhouse
Gas, 2024). In the agricultural sector, a significant portion of N>O emissions comes from soil fertilizers used in
farming and considerable quantities of N,O are also generated through manure management processes, where
the gas forms from the nitrification and denitrification of nitrogen within the manure (IPCC, 2019). According
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to a USDA report, N,O production between 1990 and 2018 increased from 95.8 to 99.4 MMT CO, eq. in grass-
land, from 18.7 to 26.1 MMT CO eq. in wastewater treatment, and from 14.0 to 19.4 MMT CO, eq. in managed
manure (USDA, 2020).

Figure 1 illustrates the nitrogen cycle and specifically the role of N,O reductase, highlighting the key
processes of nitrogen fixation, nitrification, and denitrification. It shows the transformation of nitrogen from N,
gas to ammonia NH3, then to nitrate NO;, and finally back to N» gas. The role of N»O reductase in this cycle is
emphasized, showing its importance in the reduction of N,O to N». Unlike other greenhouse gases, N,O under-
goes a process of nitrification and denitrification, which involves the oxidation of ammonia to nitrate and nitrite
and the removal of nitrogen compounds. During nitrification, ammonia NHj is first oxidized to nitrite (NO,)
and then to nitrate (NOs;), a process facilitated by nitrifying bacteria. This phase of the nitrogen cycle involves
the transfer of electrons, which plays a critical role in the overall nitrogen dynamics in the environment. The
denitrification process is equally crucial, as it involves the reduction of nitrate back to nitrogen gas N, or nitrous
oxide N,O, facilitated by denitrifying bacteria. This step is essential in regulating the amount of nitrogen avail-
able in ecosystems and mitigating nitrogen pollution. The presence of N,O reductase in certain microorganisms
determines their ability to reduce N,O to N, thus completing the nitrogen cycle and influencing the levels of
N,O emissions in the atmosphere.

N,O
Reductase
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2 N,O
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Figure 1. The nitrogen cycle and the role of N,O reductase

Efforts to curb N,O emissions have included the utilization of fertilizers that contain less nitrogen with
split applications that increase the efficiency of plants, the use of legume crops, the prevention of waterlogging,
and the implementation of nitrification inhibitors (Sudmeyer et al. 2014). In replacement to nitrogen fertilizers,
genome editing in crops and the CRISPR method are utilized to increase nutrient levels and develop disease
resistance in various plants without interfering with their biodiversity (Yadav et al. 2023). This method is prom-
ising to reduce greenhouse gas emissions through the use of fertilizers while maximizing the benefits of the
crops.

N,0 + 2e~ + 2H* » N, + H,0
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Mitigating N,O production can be facilitated by harnessing the N,O reductase enzyme or utilizing
microorganisms containing this enzyme as biological agents for bioaugmentation. In this process, specifically,
the nitrous oxide reductase (nos) gene, which encodes for N,O reductase in these organisms biologically trans-
forms N,O into N,. This reaction is the kinetically favorable but inert reaction, resulting in N,O accumulations
in the agricultural areas. However, multiple studies have demonstrated that certain bacterial groups possess
higher kinetics for converting N>O to N, (Yoon et al. 2016) and the conversion occurs more favorably under
specific conditions (Robertson and Groffman. 2015). Prior screening of these microorganisms for pathogenic
or other environmentally harmful traits allows their enzymes to be used as bioaugmentation agents in areas of
agriculture that produce high levels of N,O.

In this study, we propose a comprehensive genomic analysis of the N,O reductase (nos) gene across
78 archaeal and bacterial genomes in 12 different phyla that can reduce N,O emissions in agricultural sectors.
The underlying hypothesis is that analyzing N,O reductases for their growth kinetics, living environments, and
harmful traits in diverse microorganisms will identify more candidates of N,O reductases. This will support the
feasibility of bioaugmentation in agricultural sectors to create organic fertilizers and implement N,O reductase-
producing microorganisms in animals’ digestive systems to minimize the greenhouse gas produced from their
manure. The implications of these findings for agricultural practices are also discussed and highlighted for
future applications.

Literature Review on Microorganisms with N>O reductases

Table 1 summarizes published studies that investigate N,O reductases and the microorganisms that possess
them. In this table, N,O reductases included in our phylogenetic tree and pairwise sequence analyses are marked
with an asterisk (*) next to the microorganism's name.

Recently, He et al. (2024) demonstrated that Desulfosporosinus sp. PR can sustain bacterial N,O re-
duction at acidic pH, highlighting its potential for applications in acidic environments.Notably, a bioaugmen-
tation study for N>O reduction in wastewater treatment using Pseudomonas stutzeri PCN-1 showed promising
results, with N,O emissions reduced by an average of 36.6% in aerated zones and 41.43% in non-aerated zones
(Tian et al, 2021). Hong et al. (2019) discovered that Methylobacterium gregans DC-1 is effective in nitrate
removal without producing nitrous oxide, making it a candidate for environmentally friendly nitrogen manage-
ment. The biokinetics of N>O-reducing bacteria were characterized by Suenaga et al. (2018), who identified
strains such as Pseudomonas stutzeri JCM5965, Paracoccus denitrificans NBRC102528, and Azospira sp. 113
under various oxygen levels.

The genomics and ecology of novel N>O-reducing microorganisms were reviewed, noting the diversity
of microbial groups involved in this process (Hallin et al., 2018). In their study, Siqueira et al. (2017) compared
Bradyrhizobium japonicum and Bradyrhizobium diazoefficiens, highlighting that only the former lacks N,O
reductase and the latter possesses it. Yoon et al. (2016) distinguished bacteria harboring Clade I and Clade II
NosZ based on their nitrous oxide reduction kinetics, identifying Pseudomonas stutzeri DCP-Ps1 and Anaer-
omyxobacter dehalogenans 2CP-C respectively. Similarly, Liu et al. (2016) isolated Marinobacter sp. NNAS,
an efficient aerobic denitrifier with zero N20 emission, underscoring its potential for mitigating nitrous oxide
emissions.

A comprehensive review of nitrogen transformations, including denitrification across diverse micro-
bial groups, was provided by Robertson and Groffman (2015). Methods to detect nitrous oxide reductase (nosZ)
genes in soil metagenomes were developed, emphasizing their role in the nitrogen cycle (Orellana et al., 2014).

Table 1. Published Articles on Microorganisms Containing N,O Reductase Genes
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Source
(Journal, Authors, Year)

Title

Microorganisms that contain
NO reductase

Nature Communications,
He et al., 2024

Sustained bacterial N,O reduction at acidic pH

Desulfosporosinus sp. PR*

Bioresource Technology
Tian et al., 2021

Mitigating NO and N,O emissions from a pilot-
scale oxidation ditch using bioaugmentation of
immobilized aerobic denitrifying bacteria

Pseudomonas stutzeri PCN-1

Bioresource Technology
Hong et al., 2019.

Efficacy of zero nitrous oxide emitting aerobic
denitrifying bacterium, Methylobacterium gre-
gans DC-1 in nitrate removal with strong auto-
aggregation property.

Methylobacterium gregans DC-1

Frontiers in Microbiology,
Suenaga et al., 2018

Biokinetic Characterization and Activities of
N,O-Reducing Bacteria in Response to Various
Oxygen Levels

Pseudomonas stutzeri JICM5965%,
Paracoccus denitrificans*
NBRC102528, Azospira sp. 113*

Trends in Microbiology,
Hallin et al., 2018

Genomics and Ecology of Novel N,O-Reducing
Microorganisms

Diverse microbial groups

Microbes and Environ-
ments,
Siqueira et al., 2017

Anaerobic Reduction of Nitrate to Nitrous Oxide
Is Lower in Bradyrhizobium japonicum than in
Bradyrhizobium diazoefficiens

Bradyrhizobium japonicum (lacks
N,O reductase), Bradyrhizobium
diazoefficiens*

Applied and Environmen-
tal Microbiology, Yoon et
al., 2016

Nitrous Oxide Reduction Kinetics Distinguish
Bacteria Harboring Clade I NosZ from Those
Harboring Clade II NosZ

Pseudomonas stutzeri DCP-Ps1*
(Clade 1), Anaeromyxobacter
dehalogenans 2CP-C* (Clade II)

Bioresource Technology,
Liu et al., 2016

Marinobacter strain NNAS, a newly
isolated and highly efficient aerobic denitrifier
with zero N,O emission.

Marinobacter sp. NNAS5*

Soil Microbiology, Ecol-
ogy, and Biochemistry,
Robertson and Groffman.
2015

Chapter 14 Nitrogen Transformations,
(5) Denitrification

Diverse microbial groups

mBio, Orellana et al., 2014

Detecting Nitrous Oxide Reductase (n0sZ) Genes
in Soil Metagenomes: Method Development and
Implications for the Nitrogen Cycle

Diverse microbial groups

PNAS, Sanford et al., 2012

Unexpected nondenitrifier nitrous oxide reductase
gene diversity and abundance in soils

Anaeromyxobacter dehalogenans
2CP-C*

Science, Galibert et al.,
2001

The composite genome of the legume symbiont
Sinorhizobium meliloti

Sinorhizobium meliloti 1021*
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Journal of Inorganic Bio-
chemistry, McGuirl et al.,
1998

The nos (nitrous oxide reductase) gene cluster
from the soil bacterium Achromobacter cy-
cloclastes: Cloning, sequence analysis, and ex-

Achromobacter cycloclastes
ATCC 21921=IAM 1013*

pression

We also reviewed expressed enzyme structures of N,O reductases from various microorganisms. No-
tably, Pseudomonas nauticus 617, Paracoccus denitrificans, Achromobacter cycloclastes, Pseudomonas stut-
zeri P1, and Shewanella denitrificans have been reported to harbor N,O reductases. These structures are pub-
lished in the Protein Data Bank (PDB) under accession numbers 1QNI, IFWX, 2IWF, 3SBR, and 5I5I, respec-
tively. Figure 1 illustrates the crystal structure of N»O reductase from Pseudomonas nauticus 617 (Brown et al.,
2000).

Figure 1. The three-dimensional structure of N,O reductase from Pseudomonas nauticus 617. The structure
model was obtained from PDB under accession number 1QNI.

Methods

In order to collect and analyze the N,O reductase as protein sequences, we retrieved 78 bacterial and archaeal
N,O reductase protein sequences from 12 different phyla, including Actinomyceota, Aquificota, Chloroflexota,
Cyanobacteria, Deinococcota, Firmicutes, Proteobacteria, Spirochaetes, Verrucomicrobiota, Crenarchaeota,
Euryarchaeota, and Thaumarchaeota, from the National Center for Biotechnology Information (NCBI) Gen-
Bank by searching all bacterial and archaeal phyla.
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The phylogenetic tree was constructed using MEGA (Molecular Evolutionary Genetics Analysis) to
determine the evolutionary relationships among microorganisms and their direct connection to their unique
ancestry. In MEGA, we analyzed and aligned the protein sequences using the ClustalW algorithm to compare
their similarities and differences in the ancestry tree. The phylogenetic tree was inferred using the Neighbor-
Joining method. After trimming the sequences, the gene lengths ranged approximately from 600 to 700 amino
acids, and there were a total of 710 positions in the final alignment file. The tree was subsequently edited using
Microsoft PowerPoint software, where the color code for phyla was created and embedded into each microor-
ganism.

The pairwise heatmap was derived from the same aligned protein sequences used for the phylogenetic
tree to compare pairwise sequence similarities among all 78 N,O reductase sequences. The pairwise heatmap
analysis was performed using Python 3. Various libraries, including Biopython 1.83, NumPy, Seaborn, Mat-
plotlib, Pandas, and SciPy, were employed to facilitate sequence manipulation, similarity calculation, and data
visualization.

Figure 1 and Figure 4 were created using Microsoft PowerPoint.

Results and Discussion

Phylogeny of Deep-Branching N,O Reductases in Diverse Microorganisms

Figure 2 demonstrates the evolutionary relationship of 78 representative microorganisms that contain N,O re-
ductase. This phylogenetic tree provides an overview of the diversity of bacteria and archaea with the potential
to reduce N>O in the atmosphere through bioaugmentation.

We identified diverse N,O reductases across 12 different bacterial and archaeal phyla, noted on the
right of the phylogenetic tree. Some microorganisms used in previous kinetics and bioaugmentation studies are
dispersed throughout the tree. Notable Proteobacteria strains such as Pseudomonas stutzeri DCP-Ps1, Pseudo-
monas stutzeri PCN-1, Paracoccus denitrificans, Bradyrhizobium diazoefficiens, Sinorhizobium meliloti 1021,
and Achromobacter cycloclastes ATCC 21921=IAM 1013 are closely related to Euryarchaeota strains such as
Natronococcus, Halomontanus, Haloplanus, Halopiger, Halovivax, Natronorubrum, Natrinema, and
Salinirubrum.

Among these, Pseudomonas stutzeri PCN-1 showed promising bioaugmentation results for N,O re-
duction, with an average reduction of 36.6% in aerated zones and 41.43% in non-aerated zones (Tian et al.,
2021). Pseudomonas stutzeri DCP-Ps1 exhibited a Ks (half-saturation constant) of 35.5 £ 9.3 uM and a Vmax
(maximum specific growth rate) of 4.16 + 0.44 umol/min/mg biomass, the highest Vmax in the absence of
dissolved oxygen among tested organisms, demonstrating a high capacity for N,O reduction (Yoon et al., 2016).
The similar evolutionary history between these Proteobacteria and Euryarchaeota groups possibly indicates
similar functional metabolisms in their growth kinetics and bioaugmentation applications.

Interestingly, Azospira sp. 113 in Proteobacteria is not clustered with other Proteobacteria strains but
with deep-branching microbial groups such as Chloroflexota, Actinomyceota, and Cyanobacteria. Since
Azospira sp. 113 showed the highest N,O-reducing activity in a previous study (Suenaga et al., 2018), Chlor-
oflexota, Actinomyceota, and Cyanobacteria could also be candidates for fast N,O reduction in bioaugmenta-
tion applications. Similarly, Anaeromyxobacter dehalogenans 2CP-C in Proteobacteria is grouped with Acti-
nomyceota and Chloroflexota and closely clustered with many Verrucomicrobia strains. Sanford et al. (2012)
reported high N>O reduction activity for Anaeromyxobacter dehalogenans 2CP-C, with a cell yield of about 6.4
mg dry weight per mmol N,O reduced, indicating highly efficient N,O-reducing metabolism. This efficiency
suggests similar N,O reductase activities in closely related microbial groups in the tree.
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Figure 2. Phylogenetic Tree of N,O reductase genes in diverse microorganisms. The color code represents 12
different phyla and is embedded next to each microorganism to identify its phylum. Microorganisms' names in
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red indicate those with N,O reductases identified in previous studies, as shown in Table 1. NCBI GenBank
accession numbers are provided in parentheses.
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Figure 3. Pairwise heatmap based on the alignment file for the phylogenetic tree in Figure 2. Microorganisms’
names are shown on the X-axis from left to right, and the same list on the Y-axis from top to bottom. The list
on the Y-axis is omitted in the graph. Genus names are provided. If the genus is the same, species or strain
names are given. Microorganisms' names marked with red dots indicate N,O reductases identified in previous
studies, as shown in Table 1. Dendrograms are placed on the left and top of the pairwise heatmap to display the
evolutionary history based on sequence similarity. The square boxes in the top left corner explain the color key
for similarity: red indicates a value of 1 (identical), and blue indicates a value of 0 (distinct).

As Figure 3 illustrates, we analyzed the pairwise sequence similarities of N»O reductases to find sim-
ilarities and distinctions between two N,O reductases. The heatmap delineated the relationship of N,O reduc-
tases' protein sequence similarities between 78 microorganisms. In addition to the phylogenetic tree that indi-
cated the connection in their N,O reductases' evolutionary relationships, we looked for their pairwise similari-
ties or dissimilarities. This was similar to the relationship between Proteobacteria such as Pseudomonas stutzeri
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DCP-Ps1 and Pseudomonas stutzeri PCN-1, and Euryarchaeota such as Haloplanus and Natronococcus. As
shown on the top left, the two groups, Proteobacteria and Euryarchaeota, shared relatively high similarity of
approximately 60 to 70%. Similar to Pseudomonas stutzeri DCP-Ps1 and Pseudomonas stutzeri PCN-1 that
were used for bioaugmentation and microbial kinetics studies, which indicated promising growth rates and
bioaugmentation efficiency, those Euryarchaeota strains could be a platform for bioaugmentation based on
N,O reductase protein sequence similarities. Another notable microorganism was Azospira in the Proteobacte-
ria phylum, which was identified adjacent to non-Proteobacteria such as Actinomycetota and Chloroflexota in
the phylogenetic tree. This microorganism also showed high sequence similarities with them, represented in
green, yellow, and orange colors, indicating approximately 40 to 70% similarity. Moreover, Anaeromyxobacter
dehalogenans 2CP-C indicated significantly high N,O reductase sequence similarity with two other microor-
ganisms, Acidimicrobiia and Limnocylindrales, showing yellow to red, approximately 70 to 80% of protein
sequence similarity.

Bioaugmentation with N>,O Reductase-Harboring Microorganisms in Agricultural Sectors

N, (Nitrogen)
- Atmospheric gas
-Harmless to the
environment

N,O (Nitrous Oxide)

- Greenhouse gas
- Detrimental to the
environment

Nitrogen Fixation
(Harber Process)

5
4

Bioaugmentation

’ with N,O Reductases

uoneayliuag

NH,* Nitrification
(Ammonium) ” NO, (Nitrate)

Figure 4. Conceptual design of bioaugmentation using microorganisms with N,O reductase in agricultural sec-
tors

The conceptual diagram in Figure 4 illustrates how bioaugmentation can be employed in agricultural sectors.
As reviewed in the nitrogen cycle, the ultimate product is the harmless, atmospheric gas N,. Fixed nitrogen
from the Haber process undergoes nitrification and denitrification processes, as well as plant consumption. N,O
is produced during the denitrification process and converted to N, by N,O reductases in diverse microorgan-
isms. As the diagram shows, denitrification is essential for the removal of N,O and the reduction of greenhouse
gas emissions in agricultural fields.

Bioaugmentation for N,O reduction has been proposed primarily for wastewater treatment plants.
However, our research introduces a novel approach to bioaugmentation in agricultural fields by using (i) organic
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fertilizer or (ii) synthetic food for animals' digestive systems, both amended with N,O-reducing microorgan-
isms. Given that denitrification occurs in anaerobic or low-oxygen conditions, bioaugmentation with Pseudo-
monas stutzeri PCN-1 and Pseudomonas stutzeri DCP-Psl as an organic fertilizer and as a synthetic food
amendment for ruminants could be a promising strategy. Both strains have demonstrated successful bioaug-
mentation and growth kinetics for N,O reduction in low-oxygen conditions (Tian et al., 2021; Yoon et al.,
2016). This is pertinent because both soil environments and the digestive systems of ruminants are typically
considered oxygen-limited or anaerobic.

As identified in our phylogenetic tree and pairwise heatmap analyses, bioaugmentation could be ap-
plied with similarly performing microbial groups, such as Euryarchaeota close to Pseudomonas. Among the
Euryarchaeota, several strains like Halomontanus, Haloplanus, Halopiger, and Halovivax have been studied
as halophiles, which can be cultivated in hypersaline conditions (Mitra et al., 2021). Certain soil environments
are considered moderately saline with higher conductivity (Corwin, 2005). Despite the slower growth kinetics
of Euryarchaeota, they offer the advantage of being cultivable without sterilization in hypersaline conditions
(Mitra et al., 2021), potentially reducing the cost of producing these N,O reductase-producing microorganisms.

Environmental and Human Health Implications of Bioaugmentation

As the final step, we analyzed the potential pathogenicity of microorganisms and their implications for human
health as identifying bacteria containing the nos gene is crucial, but investigating their pathogenicity through
protein sequencing is equally vital. In most cases, microorganisms mitigate N,O without being pathogenic, such
as Pseudomonas stutzeri, known for its safety to human health and its isolation in non-pathogenic contexts.
Consistently, in our study, no pathogenicity was identified in previously studied microorganisms such as Pseu-
domonas stutzeri DCP-Ps1, Pseudomonas stutzeri PCN-1, Paracoccus denitrificans, Bradyrhizobium diazoef-
ficiens, Sinorhizobium meliloti 1021, Achromobacter cycloclastes ATCC 21921 =1AM 1013, Azospira sp. 113,
and Anaeromyxobacter dehalogenans 2CP-C. Similarly, closely related microorganisms and promising strains,
including Euryarchaeota, Chloroflexota, Actinomyceota, Cyanobacteria, Firmicutes, and Verrucomicrobia, did
not exhibit pathogenic traits.

However, the phylum Firmicutes contains several pathogens in the Bacillus genus, such as Bacillus
cereus and Bacillus subtilis, which warrants caution when considering Firmicutes for bioaugmentation appli-
cations. Therefore, pre-cultivation of N,O reductase-producing microorganisms should include thorough ge-
nomic and physiological screenings against pathogenicity. If feasible, enzyme purification processes can be
considered to mitigate potential pathogenic risks and align with economic platform configurations.

Conclusion

Our research has successfully identified several microbial groups with significant potential for bioaugmentation
to mitigate greenhouse gas emissions through N,O reductase activity. Using phylogenetic tree and pairwise
heatmap analyses, we pinpointed both previously studied microorganisms, such as Pseudomonas stutzeri, and
newly identified microbial groups, including Euryarchaeota and Chloroflexota. These microorganisms exhib-
ited high growth kinetics and efficient N,O reduction rates, highlighting their suitability for bioaugmentation
applications in various environmental contexts. Future research should focus on the practical implementation
of bioaugmentation using these microorganisms, particularly in agricultural sectors and animal digestive sys-
tems, ensuring their safety and economic feasibility.
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