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ARTICLE INFO ABSTRACT

Keywords: Wastewater treatment is a major source of global greenhouse gas (GHG) emissions, largely driven by nitrous

Aflammox_ oxide (N20) release during nitrogen removal processes. While anaerobic ammonium-oxidizing (anammox)

g_“rﬁolus oxide bacteria have become widely adopted to optimize nitrogen removal, the pathways governing N,O emissions in
iofilm

anammox systems remain insufficiently characterized. Findings revealed that in aerobic environments with low
dissolved oxygen, nitrifying microorganisms showed pronounced upregulation of N2O synthesis genes, con-
firming their pivotal role in emissions. Conversely, heterotrophic denitrification dominated NyO production in
anaerobic systems. Crucially, anammox-dominated biofilms displayed substantially lower expression of N2O-
related genes compared to suspended sludge, suggesting reduced emission risks in biofilm configurations. Batch
experiments demonstrated a 2.78-fold lower N2O release from biofilms than suspended biomass. This mitigation
was linked to restricted substrate transport within biofilms, which curbed NO3 buildup and subsequently sup-
pressed nitrifier-derived NoO formation. Additionally, the high-density colonization of anammox bacteria in
biofilms efficient scavenging of nitric oxide (NO) and hydroxylamine (NH,OH), critical intermediates in N3O
synthesis. Employing an integrated multi-omics approach, this study investigates N2O production and con-
sumption pathways in diverse anammox systems and unveils the NoO mitigation mechanisms of biofilms, of-
fering fundamental insights for reducing N»O emissions in wastewater treatment.

Sustainable wastewater treatment

1. Introduction treatment technologies.

Anaerobic ammonia oxidation (anammox, AMX) offers a streamlined

Nitrous oxide (N20), a potent greenhouse gas (GHG) with a global
warming potential (GWP) 298 times higher than CO, (Eggleston and
Buendia, 2006), ranks as the third most significant GHG after carbon
dioxide (CO3) and methane (CH4). Atmospheric NyO concentrations
have risen steadily at an average annual rate of ~0.31 % over the past
decade (Rajendra et al., 2014). Wastewater treatment systems
contribute to up to 25 % of global GHG emissions (Kyung et al., 2015),
with biological nitrogen removal processes accounting for up to 80 % of
these emissions (Wu et al., 2020). These findings highlight the critical
need to develop N,O mitigation strategies for sustainable wastewater
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pathway in the nitrogen cycle, bypassing the need for conventional
nitrification/denitrification by directly converting ammonium (NHZ)
and nitrite (NO3) to nitrogen gas (N3) (Lackner et al., 2014; Liang et al.,
2025). Owing to its energy efficiency, anammox has emerged as a key
technology for treating ammonium-rich wastewater, with configura-
tions such as single- and two-stage partial nitrification/anammox (PNA)
(Lackner et al., 2014), partial denitrification/anammox (PDA) (Wu
et al., 2020), and simultaneous nitrification/anammox/denitrification
(SNAD). By 2014, over 200 full-scale wastewater treatment plants
(WWTPs) had adopted anammox-based systems, and adoption continues
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to expand globally (Cao et al., 2017).

N2O emissions in these systems stem primarily from three microbial
pathways: nitrification, nitrifier denitrification, and heterotrophic
denitrification (Ma et al., 2017). While denitrifying bacteria uniquely
mitigate N2O reduction by reducing it to N (Lin et al., 2022), the
coexistence of nitrifying and denitrifying microorganisms in anammox
systems can drive substantial NoO production through these pathways,
posing a major challenge to sustainable implementation (Wu et al.,
2020; Lin et al., 2022). A critical advantage of anammox bacteria lies in
their natural propensity to form dense aggregates, enabling their
enrichment in biofilms or granular sludge (Fernandez et al., 2008; Wu
etal., 2020; Lin et al., 2022; Zhang et al., 2023). These biomass retention
strategies-attached biofilms and suspended granules-enhance process
stability under fluctuating conditions and are central to mainstream
anammox technologies (Chen et al., 2022; Wang et al., 2022). Despite
extensive research on optimizing nitrogen removal and broadening
application scenarios, NyO emissions remain poorly understood,
undermining efforts to develop effective mitigation strategies. The
mechanisms and potential for N3O emissions differ significantly be-
tween biofilms and suspended sludge. A key driver is substrate mass
transfer limitation within biofilms, which directly affects microbial
processes (He et al., 2023a; Hong et al., 2025). Consequently, these
metabolic differences contribute to the establishment of distinct mi-
crobial communities. We therefore hypothesis that divergent N,O
emission potentials stem largely from differences in the abundance and
activity of N2O consuming microbes between the two sludge types.

In this study, metagenomic and metatranscriptomic analyses were
applied to various anammox-driven wastewater treatment systems using
eight widely used nitrogen removal technologies. By combining nitro-
gen cycle gene profiles with metatranscriptomic data, we reconstructed
the intricate N2O metabolic networks driven by microbial functional
groups within these systems. Furthermore, batch cultivation in a single-
stage PNA reactor were employed to evaluate the N3O production
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dynamics of two biomass growth forms: suspended sludge versus
attached biofilm. To our knowledge, this study provides the first
comprehensive analysis of microbial nitrogen cycling pathways and N,O
emission mechanisms across multiple anammox-based systems, vali-
dated through biochemical batch cultivation experiments.

2. Materials and methods
2.1. Global metagenomic and metatranscriptomic data collection

Publications reporting metagenomic and metatranscriptomic ana-
lyses of anammox-driven wastewater treatment systems were retrieved
from Google Scholar (https://scholar.google.com) and Web of Science
(https://www.webofscience.com) on February 8, 2023, using the search
query: TS = “anammox AND metagenome AND metatranscriptome” (Xu
etal., 2025; Xu et al., 2025). Studies were filtered based on the following
criteria: (1) published in English in Science Citation Index (SCI)-indexed
journals, (2) anammox-driven reactors operated for >3 months, and (3)
availability of both metagenomic and metatranscriptomic raw data in
public repositories. Thirteen articles meeting these criteria were selected
(Fig. 1). Key operational and physicochemical parameters—including
aggregate type (suspended sludge or attached biofilm), reactor config-
uration (sole anammox, PNA, SNAD, or PDA), dissolved oxygen (DO),
pH, influent NHZ, NO3 and nitrate (NO3), and carbon-to-nitrogen (C/N)
ratio—were extracted from the selected studies.

All metagenomic and metatranscriptomic data were download from
the NCBI Sequence Read Archive (SRA). Raw SRA files were converted
to FASTQ format using the fasterq-dump tool in sra-tools (https://github
.com/ncbi/sra-tools). Raw reads were quality-filtered and trimmed
using the Read_QC module of metaWRAP v1.3.2 with the default set-
tings (Uritskiy et al., 2018). For metatranscriptomic data, residual ri-
bosomal RNA (rRNA) sequences were removed using SortMeRNA v4.3.7
with the SILVA 138 SSURef NR99 database as the reference (Kopylova
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Fig. 1. PRISMA flow diagram for systematic review.
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et al., 2012). Metagenomic assemblies were constructed de novo using
the metaWRAP (v1.3.2) pipeline with the metaSPAdes assembler,
retaining contigs longer than 1000 bp. Metagenome assembled genomes
(MAGs) were subsequently reconstructed with Metabat2 (v2.0) (Kang
et al., 2015), CONCOCT (v1.0.0) (Alneberg et al., 2014), and MaxBin2
(v2.0) (Wu et al., 2016) using contigs longer than 1500 bp. Only MAGs
with >50 % completeness and <10 % contamination were retained for
downstream phylogenomic analysis. Open reading frames (ORFs) were
predicted from assembled scaffolds and MAGs using Prodigal (v2.6.3)
(Hyatt et al., 2010). Trimmed metagenomic and metatranscriptomic
reads were aligned to assembled contigs and predicted ORFs using
Bowtie2 (v2.3.5.1) (Langmead and Salzberg, 2012). Gene and transcript
abundances were quantified via the covern conting using CoverM
(v0.6.1) (https://github.com/wwood/CoverM) from metagenomic and
metatranscriptomic alignments, respectively. To enable cross-sample
comparisons, read counts were normalized as CPM (Counts Per
Million) for metagenomic data and TPM (Transcripts Per Millon) for
metatranscriptomic data, ensuring that the sum of normalized values per
sample equals one million (Segata et al., 2012; Debeljak et al., 2023).

2.2. Genome de-replication and taxonomic analysis

The completeness and contamination of all recovered MAGs were
assessed using CheckM v1.0.6 (Parks et al., 2015). Species-level clus-
tering was performed with dRep v3.2.0 (Olm et al., 2017) using an
average nucleotide identity (ANI) threshold of 95 % (-pa 0.95 option)
(Konstantinidis and Tiedje, 2005). Resulting species-level genome
operational taxonomic units (gOTUs) were retained for downstream
analyses. Taxonomic classification of filtered MAGs was assigned using
GTDB-Tk v2.3.2 (Chaumeil et al., 2020) with the GTDB reference
database (release R214). A phylogenomic tree was reconstructed with
IQ-TREE (Nguyen et al., 2015) using 43 marker genes identified by
CheckM (default parameters) and visualized in iTOL (Letunic and Bork,
2019).

2.3. Construction of nitrogen cycle networks and N20 metabolisms
pathways

Custom protein databases for NjO-related enzymes—cytochrome
P460 (CytL), copper-containing nitrite reductase (NirK), and nitric oxide
reductase (NorB)—were constructed using 99 published ammonia-
oxidizing bacteria (AOB) genomes (Supplementary Table 1). Represen-
tative sequences were retrieved via BLASTP (E-value <10_10) against
NCBI RefSeq and UniProtKB/Swiss-Prot, followed by phylogenetic
validation with IQ-TREE (default settings) (Nguyen et al., 2015).
Sequence clustering at 90% identity was performed using USEARCH
v8.1.186 (Forster et al., 2016), with representative sequences compiled
into databases via NCBI's makeblastdb.

The predicted protein then functionally annotated using BLASTP
against both a previously published nitrogen cycle gene database (Yang
et al., 2020) and a newly built CytL, NirK, and NorB databases. The
initial hits were filtered using an E-value cutoff of <1071, a minimum
amino acid identity of 60 %, and a query coverage of >50 %. Curated
sequences were incorporated into functional gene databases to recon-
struct nitrogen cycle networks, integrating gene abundance and tran-
script levels. Spearman correlations between physicochemical
parameters and nitrogen cycle genes were calculated using R packages
corrplot and dplyr, while Mantel tests (via http://mem.rcees.ac.
cn:8080) evaluated linkages among gene expression, nitrogen trans-
formation processes, and operational variables.

2.4. Phylogenetic analyses of key functional genes
Hydrazine synthase (HZS), ammonium monooxygenase (AMO),

NirK, heme-containing nitrite reductase (NirS), nitric oxide reductase
(NorB), and nitrous oxide reductase (NosZ) sequences retrieved from
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assemblies were aligned using MAFFT (Yamada et al., 2016), followed
by trimming of ambiguous regions with trimAl with the setting ‘-gt 0.1’
(Capella-Gutiérrez et al., 2009). Unrooted maximum-likelihood phylo-
genetic trees were reconstructed using IQ-TREE v2.2.0.3 (Nguyen et al.,
2015), with modelFinder (Kalyaanamoorthy et al., 2017) for best-fit
substitution model selection and UFboot2 (Hoang et al., 2018) (1000
replicates) for branch support estimation. Gene sequences were taxo-
nomically classified via BLASTP against the NCBI RefSeq protein data-
base (E-value <107 %and >95 % species-level identity). Final trees were
annotated and visualized in iTOL (Letunic and Bork, 2019).

2.5. Single-stage PNA reactor setup and operation

A 5-L single-stage PNA reactor (10 cm diameter x 60 cm height) was
constructed, with anammox-enriched activated sludge from a landfill
leachate treatment plant serving as the inoculum in the bottom
compartment. Seventy-five-centimeter flexible fiber bundles were sus-
pended in the upper section to facilitate biofilm attachment. Hydraulic
retention time (HRT) was maintained at 24 h via continuous feeding of
synthetic ammonium-rich wastewater containing (per liter): 6 mM of
NH4Cl, 6 mM of NaNO,, 1 g L™! of NaHCO3, 27.2 mg L™} of K,HPO,,
300 mg L™! of MgS0O4, 180 mg L' of CaCl, and 1 mL of trace element
stock solution. The trace element stock solution comprised (per liter):
0.43 ZnS04.7H30, 0.24 CoCly:6H30, 0.99 MnCly-4H20, 0.25
CuS04-5H,0, 0.22 NapMo04-2H»0, 0.19 NiCly-6H,0, 0.014 H3BOs, 5
FeSO4-2H50 and 5 EDTA.

2.6. Microbial community analysis

Suspended sludge and attached biofilm samples were collected from
the PNA reactor after 740 days of stable operation. Total genomic DNA
was extracted from both biomass types using the PowerSoil DNA Isola-
tion Kit (QIAGEN, Germany) following manufacturer protocols. DNA
concentration was quantified with a Nanodrop spectrophotometer
(Thermo Fisher Scientific, USA) and stored at —80 °C until processing.
16S rRNA gene amplicon sequencing targeting the V4 hypervariable
region (primers 515f1 GTGCCAGCMGCCGCGGTAA; 806r: GGAC-
TACHVGGGTWTCTAAT) (Huws et al, 2007) was conducted by
Guangdong Magigene Technology Co., Ltd. (China). Sequencing was
performed on the Illumina NovaSeq 6000 platform, which yielded
approximately 60,000 raw paired-end reads (2 x 300 bp). Raw
sequencing reads were processed and denoised using QIIME 2 (Caporaso
et al., 2010). Briefly, demultiplexed reads were set as follows: -p-trim--
left-f 18 and —p-trim-left-r 20 to remove the 515F and 806R primer se-
quences, respectively; —p-trunc-len-f 0 and —p-trunc-len-r 0 for no
truncation; —p-max-ee 5.0 for quality filtering; and —p-min-overlap 20 to
enable merging. Amplicon sequence variants (ASVs) were inferred
through a process of denoising and error correction with the DADA2
algorithm. This method corrects Illumina-sequenced amplicon errors to
infer true biological sequences, providing single-nucleotide resolution.
The analysis was performed using the dada2 denoise-paired command in
QIIME 2. Representative sequences from each ASV were aligned against
the SILVA v138 SSU rRNA reference database (Quast et al., 2013) for
taxonomic classification.

2.7. Batch cultivation experiments on N2O production

Batch experiments quantified N3O production rates from suspended
sludge versus attached biofilm in the single-stage PNA reactor after two
years of stable operation. Triplicate biological replicates were prepared
by collecting 1 L of mixed liquor (suspended sludge) and 15-cm biofilm-
attached flexible fiber bundles per replicate. After centrifugation, su-
pernatants discarded, and pellets resuspended in 1.5 L of synthetic
medium within 2.5-L bioreactors. Anoxic conditions were established by
continuous argon (Ar) sparging (0.1 L min ) until DO reached <0.1 mg
L. Each 50-min cycle consisted of a 10 min aeration phase followed by
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40 min anoxic phase, with air and Ar as 0.1 L min~, respectively, such
that a low-aeration condition with a DO level of 0.7 + 0.2 mg L™! was
maintained. Temperature was automatically maintained at 30 + 1 °C
with continuous mixing 80 rpm min~!l. The synthetic medium was
performed prepared as described with ~5 mM NHJ as the substrate.

Liquid samples collected every 10 min were filtered (0.22-pm
membrane) and analyzed for NH, NO3 and NO3. NHj was measured
photometrically as described previously (Hood-Nowotny et al., 2010).
NOj3 was reduced to NO3 by vanadium chloride, and NOz and NO3 were
determined photometrically (Miranda et al., 2001). Gas-phase N2O
concentrations were quantified wusing a gas chromatograph
(GC9790Plus, Fuli) equipped with an electron capture detector (ECD).
The system was calibrated using a single-point method with certified
N2O standard gas mixture (0.289 ppmv, balanced in Nj), and the
method's limit of detection (LOD) was 1 x 1013 g mL L. The N>O
emission factor was calculated as the ratio of the total mass of N,O
emitted to the mass of removed nitrogen, based on equations (1) and (2)
(He et al., 2023b).

-Mp,0P = [Cnq + C,
Mo~ RT Z{ 3 H'At} W
2
m
EFNZO = #O (2)
M7N_removal

where Q is the pumping gas flow rate from the reactor headspace for the
N>O concentration detection (L min’l), P is the atmospheric pressure (1
atm), R is the gas constant (0.082 L atm K! mol’l), T is the temperature
(K), C,, is the concentration of N3O of the collected sample (ppmv), At is
the time interval of logged data (10 min), myn.removal denoted the total
mass of amount of nitrogen removal.

3. Results and discussion
3.1. Operation parameters of distinct anammox-driven systems

This global meta-analysis synthesized data from 13 genomic studies
(including three prior investigations from our group) spanning 12 sus-
pended sludge and 7 biofilm-based anammox systems (Supplementary
Table 2). We systematically evaluated critical operational parameters
known to influence N,O emissions, such as DO, pH, T, NH4, NO3, and
COD (Lin et al., 2022). DO levels ranged from 0 to 1.4 mg L™}, indicating
the prevalence of anaerobic or hypoxic conditions for anammox appli-
cations. The pH was maintained between 6.7 and 8.62, which aligns
with the neutral to slightly alkaline conditions preferred by anammox
bacteria (Oshiki et al., 2016a). Inorganic nitrogen concentrations
exhibited significant variability, with NH{-N levels spanning 25-462
mg L™, NO3z-N ranging from 0 to 424.8 mg L™}, and NO3-N concen-
trations between 0 and 546.4 mg L~! (Supplementary Table 2). PNA and
sole AMX systems achieved optimal efficiency when treating
ammonium-rich wastewaters with low C/N ratios (C/N < 0.5) (Pan
etal., 2020; Parde et al., 2025). In contrast, PDA and SNAD systems were
more effective for municipal or livestock wastewaters characterized by
higher C/N ratios (Chen et al., 2022). Specifically, SNAD systems
operated at C/N ratios of 2.1-53.3, while PDA systems functioned at
lower C/N ranges of 0.4-2.4. These results underscore the adaptability
of anammox-driven technologies to diverse wastewater matrices and
nitrogen loading regimes, highlighting their potential for tailored ap-
plications across livestock and municipal treatment scenarios.

3.2. Microbial communities associated with nitrogen removal

Following quality control, we obtained 1,087.96 Gb of metagenomic
data and 702.7 Gb of metatranscriptomic data, enabling the identifica-
tion of 18,231,823 ORFs from all assemblies. Microbial communities
driving nitrification, anammox, and denitrification—the three core
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nitrogen removal pathways—were characterized through phylogenetic
analyses of AmoA (ammonia monooxygenase), HzsA (hydrazine syn-
thase), NirK and NirS sequences, respectively (Fig. 2, Supplementary
Fig. 1, Supplementary Fig. 3 and Supplementary Fig. 4). These analyses
revealed intricate microbial interactions governing nitrogen removal
efficiency, N2O emissions, and mitigation strategies in anammox-driven
systems.

Anammox bacteria detected in freshwater bioreactors included
Candidatus (Ca.) Brocadia, Ca. Jettenia, Ca. Kuenenia, and Ca. Loos-
drechtia, while Ca. Scalindua dominated saline systems (Supplementary
Fig. 1a). Notably, Ca. Loosdrechtia, a novel genus, was recently identi-
fied in a granular activated carbon (GAC) biofilm system treating landfill
leachate (Yang et al., 2022). Ca. Brocadia and Ca. Kuenenia predomi-
nated in freshwater systems, exhibiting contrasting ecological strategies
Ca. Brocadia (r-strategist) displayed low substrate affinity but high
growth rates, whereas Ca. Kuenenia (k-strategist) exhibited high sub-
strate affinity and slow growth (Oshiki et al., 2016b). Consistent with
this, Ca. Brocadia thrived in systems with elevated NHf and NO3
loading rates (Supplementary Fig. 2a and Supplementary Table 2). No
significant preference for suspended sludge versus biofilm growth was
observed among anammox taxa, suggesting aggregate type does not
drive niche partitioning of anammox bacterial community in these
consortia.

Nitrification, the aerobic oxidation of ammonia to nitrite by
ammonia-oxidizing archaea (AOA) and AOB, and nitrate by nitrite
oxidizing bacteria (NOB) plays a pivotal role in PNA and SNAD systems.
While traditional nitrification requires microbial syntrophy, complete
ammonia oxidizers (comammox), exemplified by Nitrospira, can cata-
lyze both steps independently (Daims et al., 2015). In aerobic reactors,
AOB Nitrosomonas dominated nitrifying communities (Supplementary
Fig. 1b), whereas comammox bacteria Nitrospira and AOA Nitro-
sosphaerota were exclusively detected in TWS treating landfill leachate
(Supplementary Fig. 2b). The scarcity of AOA in WWTPs may reflect
copper limitation caused by organic ligand complexation (Gwak et al.,
2020). Comammox bacteria, however, adapt to oligotrophic and dy-
namic environments (i.e., low NHf or low DO) (Dimitri Kits et al.,
2017). Among AOB, N. europaeae/N. mobilis emerged as the most
abundant and active clade (Supplementary Fig. 1b and Supplementary
Fig. 2b), leveraging high growth rates and low substrate affinity to
dominate ammonium-rich systems (Koops and Pommerening-Roser,
2001).

Denitrification biomarkers, NirK and NirS, revealed distinct taxo-
nomic distributions of diverse denitrifiers. NirK-dependent denitrifiers
spanned Proteobacteria, Bacteroidota, Chloroflexota, and seven other
phyla, whereas NirS-dependent denitrifiers were largely restricted to
Chloroflexota and Proteobacteria (Supplementary Fig. 3). This disparity
likely stems from evolutionary constraints: NirS maturation involves a
multi-gene operon with at least three or four subunits, while NirK
maturation does not require additional subunit genes and exhibits
higher mutation rates (Helen et al., 2016).

N-O serves as an intermediate in denitrification, with a portion
escaping reduction to Np, and some denitrifiers also directly produce
N0 as an end product, leading to significant N3O emission (Pan et al.,
2012). NOR catalyzes the NO reduction to N5O, was predominantly
associated with Proteobacteria and Planctomycetota in these systems
(Supplementary Fig. 4a). Microbial N»O reduction to N, catalyzed by
NOS, represents a major sink for this potent GHG (Kuypers et al., 2018).
NosZ is divided into two lineages based on the phylogenetic analysis,
clade I and clade II, with the relative abundance and phylogenetic di-
versity of clade II NosZ positively correlating with N2O sink capacity
(Sanford et al., 2012; Jones et al., 2013). In anammox-driven systems,
clade I NosZ was mainly encoded by Proteobacteria, while clade II NosZ
organisms exhibited higher diversity and abundance (Supplementary
Fig. 4b), suggesting significant N»O sink potential through denitrifica-
tion in these systems.
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3.3. Complex nitrogen transformation networks in distinct systems

The typical sole AMX systems (DSF and FBA) were designed for the
application of anammox in the second reactor of two-stage PNA systems
(Guo et al.,, 2021; Zhuang et al., 2022). In these systems, the anammox
process (NH; + NO; — Nj) was the dominant nitrogen removal
pathway. The DSF reactor, with influent NH4-N and NO3-N concen-
trations of 100 mg L™}, achieved a nitrogen removal rate of 486.8 mg-N
L' d~L. The FBA reactor, with influent NHf-N and NO3-N concentra-
tions of 48.2 mg L ™! and 62 mg L™}, respectively, maintained a nitrogen
removal rate of 800 mg-N L' d~!. High transcriptional levels of
anammox genes were detected in both DSF (suspended sludge) and FBA
(attached biofilm), indicating active anammox participated in nitrogen

removal (Fig. 3). Under organic carbon-limited conditions, electrons
were prioritized for NIR in the denitrification process (Pan et al., 2019).
Consistently, only NIR was the only highly expressed denitrifying
enzyme in these sole AMX systems, particularly in the DSF reactor, with
low organic carbon (COD <120 mg L™Y) (Fig. 3). The highly produced
NO by denitrifying NIR might be used by the highly enriched anammox
bacteria as it has been proved that they can directly use NO as the sole
electron acceptor for anaerobic NH4 oxidation (Hu et al., 2019) and
anammox activity can be stimulated by the cross-fed NO from nitrifi-
cation or denitrification (Soler-Jofra et al., 2020; Zhang et al., 2024).
Two typical PNA systems (THK and IAB) were established to treat
ammonium-rich wastewater with low C/N ratios (Wang et al., 2019;
Soler-Jofra et al., 2020; Pan et al., 2021; Zhang et al., 2024). In these
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systems, nitrogen removal was achieved through partial-nitrification
(NH3 — NO3) and anammox. The influent NHZ-N concentrations in
THK and IAB were 250 mg L™! and 14.9 mg L}, respectively. Low DO
levels (0.1-0.8 mg L~! in THK) were maintained to achieve partial
nitrification. High transcriptional levels of AMO and hydroxylamine
oxidoreductase (HAO) genes in THK and IAB, particularly in THK with
suspended sludge (Fig. 3), indicated efficient NH; oxidation to NO3 by
AOB. The resulting NO5 and remaining NH4 were simultaneously con-
verted to N by highly active anammox bacteria (Fig. 3). The rapid
consumption of limited DO by AOB minimized oxygen inhibition on
anammox and suppressed NOB activity, as evidenced by weak nxr gene
transcription in IAB (Fig. 3). Additionally, comparable to the high
transcriptional levels of ammonia oxidizing genes, low DO conditions
(0.45 mg L1 in THK) likely stimulated the transcription of nirK and nor
genes related to nitrifier-denitrification (Peng et al., 2015). The accu-
mulated NO3 from ammonia oxidation may also drive the expression of
nitrifier-denitrification related genes for detoxification (Yu and Chan-
dran, 2010; Brotto et al., 2018).

Two typical SNAD systems (GTR and GBL) were established to treat
high C/N ratio sewage, where the nitrogen was achieved through the
synergy of nitrification (NH3 — NO3), anammox, and denitrification
(NO3 — Npy) in a single reactor (Fig. 3). Low DO levels (0.1 mg L!
GTR and 0.21 mg L™! in GBL) were maintained to provide anoxic con-
ditions for anammox and denitrification. High transcriptional levels of
amo, hao, and nxr indicated strong nitrification activity in GTR (sus-
pended sludge), whereas these levels were much lower in GBL (attached
biofilm). The higher substrate diffusion efficiency in suspended sludge
likely enhanced the nitrification by improving NH} and O, availability.
In contrast, anammox gene transcription (hzs and hdh) was significantly
higher in biofilm than in the suspended sludge systems, likely due to
reduced substrate competition from AOB and NOB in biofilm systems.
Consistent with the previous finding (Zhang et al., 2019), the relatively
high C/N ratios (2.1 in GTR and 4.3 in GBL) posed a challenge for
ammonium removal through anammox in SNAD systems, as denitrifi-
cation is thermodynamically more favorable in the presence of sufficient

organic carbon (Kumar and Lin, 2010; Daigger, 2014). Consequently,
anammox genes transcription in SNAD systems with high C/N ratios
were much lower than in sole AMX and PNA systems with low C/N ratios
(Fig. 3).

Reactors GUG and ZMC were designed for PDA technology to treat
wastewater with low COD and high NH4 and NO3 concentrations. Ni-
trogen removal in these systems relied on partial-denitrification (NO3 —
NO3z), anammox, and dissimilatory nitrate reduction to ammonium
(DNRA, NO3 — NHZ) under anaerobic condition (Fig. 3). The low C/N
ratios of GUG (0.4) and ZMC (0.7) provided optimal conditions for
anammox technologies in treating ammonium-rich wastewater
(Daigger, 2014; Lackner et al., 2014). Nitrification activity was
completely inhibited by the anaerobic condition, as no nitrifying gene
transcription was detected. High transcriptional levels of nitrate
reductase (napA) and cytochrome c nitrite reductase (nrfA) genes in GUG
suggested robust DNRA activity, wherein a portion of NO3 was reduced
to NHJ via NO3, enhancing nitrogen removal through anammox by
supplying additional substrate (Zhou et al., 2023) and reducing deni-
trifying activity through substrate competition (H. Wang et al., 2022).

The overall nitrogen transformation processes in four distinct
anammox-driven nitrogen removal systems, including sole AMX, PNA,
SNAD, and PDA, were constructed based on the presence and tran-
scriptional levels of key nitrogen cycle related genes (Fig. 3). This syn-
thesis reveals intricate nitrogen transformation networks across these
systems, demonstrating how microbial activity, substrate availability,
and operational parameters synergistically govern nitrogen removal
pathways and efficiencies.

3.4. The underlaying N2O emission mechanisms in anammox-driven
systems

In hypoxic PNA and SNAD systems, the relative transcriptional levels
of amo genes in suspended sludge (18.7 and 64.1%) were much higher
than those in attached biofilms (0.3 and 1.0%) (Fig. 4), reflecting
enhanced ammonia oxidation capacity in suspended biomass. NH,OH, a
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critical intermediate of ammonia oxidation, can leak out and abiotically
react with NO3 to produce NoO (Zhu-Barker et al., 2015; Soler-Jofra
etal., 2021). Alternatively, NH,OH can be biologically converted to NoO
or combined with NO to form N2O through the NH,OH detoxification
pathway catalyzed by CytL in AOB, which is a major source of N2O
during ammonia oxidation (Caranto et al., 2016). Consistent with this,
the transcriptional levels of cytL in suspended sludges (0.9% and 1.1%)
were also higher than those in attached biofilms (0.3% and <0.1%). The
varying substrate diffusion efficiencies partially explain the distinct NoO
generation potentials of nitrifiers in suspended sludge versus biofilm
systems. The dense structure of biofilm likely restricts nitrifying NoO
production by limiting substrate diffusion, whereas the looser structure
of suspended sludge enhances nitrifying N2O production by facilitating
rapidly diffusion of substrates from the bulk liquid to sludge core (Kragh
et al., 2023).

Nitrifier denitrification (NOz — N30), catalyzed by NIR and NOR in
AOB, is another significant source of NoO in wastewater treatment sys-
tems (Shaw et al., 2006). Comparable to the stronger ammonia oxida-
tion activities in suspended sludges, nir and nor genes exhibited higher
transcriptional levels in PNA and SNAD reactors (Supplementary Fig. 5),
suggesting a higher NoO emission potential in suspended sludge
compared to biofilm systems through nitrifier denitrification. Biofilms
have been shown to reduce N2O emission by 43.77 % in nitrifying in-
tegrated fixed-film activated sludge system by managing N,O produc-
tion by AOB (He et al., 2023b). Although aeration is necessary for
maintaining partial nitrification in PNA and SNAD systems, DO levels
are typically kept low to prevent NOB proliferation and oxygen inhibi-
tion of anammox (Yang et al., 2020, 2021; He et al., 2023b; Hu et al.,
2023). Nitrifier denitrification has been found to dominate N5O emis-
sions under low DO conditions (<0.5 mg L™ (He et al., 2023b) and
accounted for up to 73 % of the total N3O emission in a PNA reactor with
low DO levels of 0.2 mg L1 (Chen et al., 2020). High NO3 concentra-
tions further enhance N2O production through nitrifier denitrification at
low DO levels (<1 mg L’l), while higher DO levels could reduce N,O
emissions regardless of NO3 levels (Peng et al., 2015), reflecting low DO
combined with high NOz could highly stimulate N3O production
through nitrifier denitrification. In contrast, biofilms exhibited
extremely low transcriptional levels of cytL, nir and nor genes associated
with N2O production in AOB, along with relatively high activity of nos
related to N2O consumption in PNA and SNAD systems (Fig. 4),

suggesting biofilms serves as effective N3O sinks in anammox-driven
systems.

The co-transcription patterns of ammonia oxidizing (amoA and cytL)
and denitrifying (nirK and norB) genes in AOB were significantly
correlated (p < 0.01) (Fig. 5), indicating a close association between
ammonia oxidation and N2O production in hypoxic anammox-driven
systems (DO < 1.4 mg L™1). The nosZ/(cytL + norB) ratio, an indicator
of N»O sink potential, showed a significantly negative relationship with
amoA gene transcription (p < 0.05) (Fig. 5). Furthermore, the tran-
scriptional activity of nitrifier norB exhibited a strong negative rela-
tionship with the nosZ/(cytL + norB) ratio (r = —0.74, p < 0.01). In
contrast, denitrifing norB showed no significant correlation with the
ratio (p > 0.05), underscoring the specific and stronger link of nitrifier
denitrification to NoO emission potential (Fig. 4). This finding aligns
with previous studies showing that nitrifiers produce higher levels of
N»O than denitrifiers in one-stage PNA and SNAD reactors under low DO
conditions (Hu et al., 2013; Ali et al., 2016).

Denitrifiers were consistently present in these anammox-driven
systems but exhibit varying N»O emission potentials. In organic
carbon-limited AMX and PNA systems, transcriptional activities of
denitrifying genes were generally low, with the notable exception of
highly transcribed nirK and nirS (Figs. 3 and 4). Insufficient organic
carbon likely prioritized NO3 reduction over other denitrifying steps,
leading to NO accumulation (Pan et al., 2019; Liu et al., 2022). It is
noteworthy that N2O production by nitrifier denitrification could be
enhanced by NO; and NO accumulation in the hypoxic PNA system
(Graf et al., 2014; Herrling et al., 2017). In contrast, SNAD and PDA
systems, with higher organic carbon availability, greatly enhanced the
transcription of denitrifying nosZ (up to 5.8 %) (Fig. 4), making nosZ--
containing denitrifiers crucial N,O sink (Conthe et al., 2019; Wan et al.,
2019). Interestingly, a significant positive correlation was observed
between the transcriptions of clade I nosZ and denitrifier nirS (r = 0.87,
p < 0.01) but not nirK (p > 0.05) (Fig. 5). Additionally, the transcription
of denitrifier clade I nosZ and nirS was positively correlated with deni-
trifier norB (r = 0.87, p < 0.01) (Fig. 5), indicating that NO3 reduction
by nirS-denitrifiers is closely coupled with NO and N»O reductions for
complete denitrification. This results in lower N3O emission potentials
compared to nirK-denitrifiers, which are less likely to contain nosZ (Graf
et al., 2014). These findings highlight the non-random occurrence of nir,
nor, and nos genes in denitrifying communities and their critical role in
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determining the N3O emission potentials in nitrogen removal systems.

3.5. Roles and mechanisms of biofilm in mitigating N2O emission

Driven by multi-omics evidence indicating a higher potential for
AOB-mediated NO production in suspended sludge-signified by the
elevated transcription of key genes (e.g., cytL and norB), we hypothe-
sized that suspended sludge would exhibit a greater N>O emission po-
tential than biofilm. To test this, we conducted ex-situ batch cultivation
experiments comparing NoO emission dynamics between the two
biomass types from the same PNA reactor. The single-stage PNA reactor
operated continuously for 740 days, during which anammox bacteria
and AOB were successfully enriched in both biofilm and suspended
sludge. Ca. Brocadia dominated the anammox bacterial communities,
with a relative abundance of 8.63 % in biofilm and 14.42 % in sus-
pended sludge, followed by Ca. Jettenia (7.25 % in biofilm and 3.56 % in
suspended sludge). The dominant AOB, Nitrosomonas, had relative
abundances of 1.22 % in suspended sludge and 0.33 % in biofilm
(Supplementary Fig. 7).

Batch cultivation experiments were conducted to compare N3O
emission factors between biofilm and suspended sludge under low
aeration condition (DO = 0.7 £+ 0.2 mg LY. In the first cycle (50 min),
suspended sludge consumed 1.19 mM NH{-N, producing 0.62 ppmv
N2O in the headspace, while accumulating 0.02 mM NO;-N and 0.03
mM NO3-N (Fig. 6¢). In contrast, the biofilm reactor produced only 0.28
ppmv NO after oxidizing 1.79 mM NHjZ-N, which minimal accumula-
tion of NO3-N (0.01 mM) and no detectable NO3-N (Fig. 6d). Similar
trends were observed in subsequent cycles, with significantly higher
N,O production rates in suspended sludge compared to biofilm (Fig. 6¢
and d). The calculated N5O emission factor for biofilms was 0.009 %,
significantly lower than that for suspended sludge (0.025 %) (p < 0.05),
indicating that biofilm has a lower N,O emission potential than sus-
pended sludge (Fig. 6e and f).

The dense structure of biofilms creates mass transfer limitations,
resulting in oxygen and substance gradients (Kinh et al., 2017; Pan et al.,
2019). This structural difference from biofilm underpins their potential
for N,O mitigation, as explained by mathematical models. Models based
on mass balance equations link biofilm properties like thickness to DO

gradients and the distribution of microbial compositions and the meta-
bolic pathways for N3O production and consumptions (Todt and Dorsch,
2016), while the generalized Fulazzaky approach quantities the impact
of internal and external mass transfer on substrate diffusion (Hong et al.,
2025). Dissolved oxygen and substrate gradients establish distinct mi-
crobial zones within the biofilm, leading to spatially segregated micro-
bial communities and metabolic pathways for NoO production and
consumption (He et al., 2023a). As a result, nitrifiers in suspended
sludge have easier access to NH4 and O, from the bulk liquid, leading to
a higher nitrification activity and accumulation of nitrogen oxide in-
termediates. This is evidenced by the significantly higher NO3 accu-
mulation rate (ANO3-N/ANHZ}-N) in suspended sludge compared to
biofilm (p < 0.05) (Fig. 6e). Since NOj is a precursor of N3O, its accu-
mulation is positively correlated with N,O emissions (Tallec et al., 2006;
Kim et al., 2010; Wunderlin et al., 2013). The heterogeneous distribu-
tion of microorganisms in biofilm further contributes to NoO mitigation.
In biofilms, anammox and denitrifying bacteria are concentrated in the
inner layer, while a thin layer of nitrifier resides on the surface (Pan
et al., 2019). In contrast, nitrifier and anammox bacteria are more
uniformly distributed in suspended sludge, usually with higher nitrifier
abundance (Supplementary Fig. 7) (Wells et al., 2017). The substrate
diffusion gradients in biofilm extended the residence time of nitrogen
oxides, allowing then to be effectively consumed by microbes within the
biofilm (Pan et al., 2019). Anammox bacteria, in particular, can directly
utilize external NO and NH2OH, key precursors of N5O, as electron ac-
ceptors for NHj oxidation (Oshiki et al., 2016b; Hu et al., 2019).
Consequently, the high abundance of active anammox bacteria in bio-
film reduces the N2O emission by efficiently scavenging leaked NO and
NH3OH from nitrification and denitrification processes (Fig. 4 and
Supplementary Fig. 5). In contrast, the loose structure of suspended
sludge, combined with a lower abundance of anammox bacteria,
resulting in higher N»O production caused by the accumulation of ni-
trogen oxides (Wells et al., 2017). These findings illustrate the critical
role of biofilm in mitigating N2O emissions in anammox-driven systems,
emphasizing the importance of microbial community structure and
substrate diffusion dynamics in controlling N»O production and
consumption.
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assessed using Student's t-tests (*, p < 0.05).
4. Conclusion and implication

This study integrated multi-omics analyses with batch cultivation
experiments to elucidate the key mechanisms governing N,O emissions
in anammox-driven wastewater treatment systems. The findings
demonstrate that nitrifying microorganisms, particularly AOB, serve as
the primary contributors to N2O emissions in PNA and SNAD systems
under low-aeration conditions. Elevated transcriptional activities of
genes involved in nitrifier denitrification pathways appear correlated
with increased N2O production observed in these systems. In contrast,
strictly anaerobic configurations such as sole AMX and PDA systems
exhibited significantly suppressed N2O emissions due to limited nitrifier
activity.

Biofilm-based systems demonstrated a substantial advantage in
mitigating NoO emissions, showing a 2.78-fold reduction compared to
suspended sludge configurations. This mitigation effect stems primarily
from the physical structure of biofilms, which creates substrate diffusion
gradients that limit nitrite accumulation and enhance the scavenging of
N5O precursors by anammox bacteria. The restricted substrate transfer
within biofilms reduces nitrifier activity while promoting the con-
sumption of nitrogen oxide intermediates, thereby minimizing N»O
formation potential.

These results highlight the critical importance of microbial com-
munity structure and mass transfer dynamics in controlling greenhouse

gas emissions from wastewater treatment processes. The demonstrated
efficacy of biofilm systems provides a sustainable framework for
designing nitrogen removal technologies that align with climate change
mitigation goals. By optimizing reactor configurations to leverage these
natural mitigation mechanisms, wastewater treatment facilities can
achieve both operational efficiency and environmental sustainability,
contributing meaningfully to global efforts in reducing anthropogenic
greenhouse gas emissions.
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