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A B S T R A C T

In the completely autotrophic nitrogen removal over nitrite (CANON) process, the conflicting oxygen re
quirements of anammox and ammonium-oxidizing bacteria often lead to retardation in anammox activity. 
However, our study achieved stable nitrogen removal with a maximum capacity of 1096 g-N/m3/d in a 20 m3 

CANON reactor under long-term intensive aeration. The anammox bacteria unusually distributed in the outer 
layer of the biofilm and demonstrated remarkable oxygen tolerance. Their activity only declined by 18.5 % under 
2.0 mg/L of dissolved oxygen. When anammox bacteria encountered oxygen exposure, they adopted some 
strategies. Metatranscriptomics revealed that Candidatus Kuenenia, the dominant anammox species in our system, 
downregulated its gene expressions involved in carbon metabolism and oxidative phosphorylation. This may 
reduce electron leakage that combines with O2, thereby minimizing the generation of reactive oxygen species 
(ROS). By contrast, the secretion of extracellular proteins and conversion of O2

⋅− were upregulated to eliminate 
ROS promptly. This behavior endowed Ca. Kuenenia with a unique oxygen detoxification pathway: O2

⋅− were 
initially converted to H2O2 by superoxide dismutase SOD2 and superoxide reductase dfx (major role), followed 
by reduction to H2O via non-heme chloroperoxidase cpo (a newly recognized mechanism in the oxygen detox
ification of anammox) and catalase katE. These results expanded the current knowledge of anammox alleviating 
oxidative stress.

1. Introduction

The Completely Autotrophic Nitrogen Removal over Nitrite 
(CANON) process based on anaerobic ammonium oxidation (anammox) 
has become an important research focus due to its advantages of energy 
conservation, cost reduction, and environmental friendliness (Du et al., 
2022). The CANON process for biological nitrogen removal consists of 
the partial nitrification and anammox stages, both occurring in the same 
reactor (Third et al., 2001). The inherent contradiction between the 
oxygen demands of partial nitrification and anammox determines that 
dissolved oxygen (DO) is a key parameter affecting its operation. It has 
traditionally been believed that the suitable DO concentration for 
anammox bacteria is below 0.2 mg/L, which is lower than the range 

required for ammonia-oxidizing bacteria (AOB) to oxidize ammonia 
(Varas et al., 2015). Consequently, the aeration conditions in the 
CANON process are often complex (Wang et al., 2019), significantly 
increasing equipment costs and operational challenges. This complexity 
represents one of the bottlenecks hindering the widespread application 
of the CANON technology.

Anammox bacteria were initially considered obligate autotrophic 
anaerobes whose activity would be inhibited by the presence of DO 
(Mulder et al., 1995). It was later discovered that anammox bacteria and 
AOB could form bioaggregates (biofilms or granular sludge) and coexist 
synergistically. AOB occupies the outer layer of the bioaggregates and 
consumes oxygen, creating a low-oxygen environment and providing 
the substrate nitrite for the inner anammox bacteria (Ren et al., 2022). 
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However, a recently revealed phenomenon contradicts the previous 
experience. In the oxic zone of an alternating anaerobic/oxic/anox
ic/oxic (AOAO) process, anammox bacteria were predominantly found 
in the outer layer of the biofilm on the carriers because of the abundant 
nitrite produced by AOB in the suspended sludge (Feng et al., 2022). At 
this point, substrate, instead of DO, became the primary factor govern
ing the distribution of anammox bacteria in the biofilm. In addition, 
unlike obligate anaerobes such as methanogens, the inhibition of 
anammox bacteria by DO is reversible (Seuntjens et al., 2018). 
Furthermore, increasing evidence suggests that anammox bacteria 
possess oxygen tolerance and detoxification abilities that differ from the 
previous understanding.

A complete detoxification process may occur when oxygen invades 
into anaerobic cells, where the superoxide radicals generated from the 
electron gain of oxygen are sequentially reduced to H2O2 and H2O 
initiated by superoxides enzymes (e.g., superoxide dismutase) and per
oxides enzymes (e.g., catalase), respectively (Cannio et al., 2000). 
Despite the current inability to cultivate pure anammox bacteria, 
genomic techniques have provided powerful tools for further elucidating 
the ecological and physiological characteristics of these bacteria under 
oxygen exposure. For instance, Ji et al. (2019) applied metagenomic and 
metatranscriptomic analyses to reveal the oxygen detoxification capa
bility of Ca. Brocadia, a dominated anammox culture enriched from 
non-strict anaerobic conditions. Moreover, an investigation on the 
oxygen-active proteins discovered a novel oxygen defence system in a 
genus Ca. Loosdrechtia aerotolerans, where the novel cbb3-type cyto
chrome c oxidase and bifunctional catalase-peroxidase endowed the 
bacteria with robust oxygen tolerance (Yang et al., 2022). Therefore, the 
oxygen detoxification mechanisms are likely diverse among different 
anammox bacteria. However, the physiological metabolism of anammox 
bacteria under DO stress was rarely studied in CANON process, partic
ularly in a pilot-scale.

In this study, different levels of DO resistance were observed in 
anammox biomass in spatial variety within a pilot-scale CANON reactor 
that had been long-term operated under high DO conditions. The pop
ulation and metabolic characteristics of anammox bacteria were inves
tigated based on both metagenomics and metatranscriptomics. We 
identified a number of novel gene expressions in anammox, and unravel 
the unique response mechanism of anammox bacteria to environmental 
factors, especially DO, in CANON process. This study expands our 
fundamental understanding on the oxygen detoxification capability of 
anammox bacteria in CANON process.

2. Materials and methods

2.1. Source and collection of samples

The sludge samples used in this study were obtained from a long- 
term operational pilot-scale CANON system treating mature landfill 
leachate. The effective volume was 20 m3, and the hydraulic retention 
time (HRT) was one day. The CANON was a hybrid system of biofilm and 
suspended sludge. A large amount of carriers (consisting of sponge cubes 
and Pall rings with a ratio of 1:2) floated on the upper of the reactor, the 
volume of which accounts for 50 % of the total. These carriers were in a 
relatively fixed position due to mutual accumulation. Below the carrier 
layer was a suspended sludge layer with a mixing device to mix it 
thoroughly. The inlet pipe passed through the carrier layer deep into the 
suspended sludge layer (see Fig. 1 for detailed information).

As the reactor operated, we found that the biochemical system 
exhibited robust anammox activity even under high-intensity aeration 
(8-minute aeration with 2-minute intervals as a cycle). We perfomed 
sampling on day 445. Three sampling sites were sequentially set along 
the flow path within the bioreactor. Site 1 was close to the inlet, site 2 
was in the middle, and site 3 was close to the outlet (Fig. 1). The carrier 
layer samples (consisting of sponge cubes and Pall rings) collected from 
these three sampling points were named car1, car2, and car3, respec
tively. Suspended sludge below the carrier layer was collected using a 
water sampler and named susp. The sponge cubes and pall rings were 
sorted from car1, car2, and car3 equally and named spon and pall, 
respectively. A vortex oscillator was used to detach and homogenize the 
biomass from the carriers. The collected biomass was stored at − 80 ◦C 
for DNA and RNA extraction. Additionally, a portion of the biomass was 
used for the quantification of extracellular polymeric substances (EPS) 
following the method of Zhang et al. (2022). All samples were prepared 
in triplicate.

Long-term monitoring of environmental factors was conducted for 
each sampling site. The influent and effluent of the CANON reactor were 
also recorded. DO measurements were performed by a portable DO 
meter. NH4

+-N, NO2
− -N, and NO3

− -N were determined following the 
standard methods (APHA et al., 2012).

2.2. Specific anammox activity (SAA) tests under anaerobic and DO 
exposure conditions

Sample car1, car2, car3, and susp were collected for SAA tests (Text 
S1). The flasks were left open for the DO exposure experiments, and the 
shaker speed was set at 50, 100, or 150 rpm to provide different levels of 

Fig. 1. Schematic diagram of the pilot CANON process. After flowing through the regulating tank, the leachate entered the reaction tank, which had the built-in 
thermometer, pH, and DO probes to collect real-time temperature data and regulate pH and aeration through an online control system. An inclined plate sedi
mentation tank was arranged at the end of the device to retain sludge.
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DO exposure. The DO concentration in the reaction system was recorded 
every 10 min using a portable DO meter.

2.3. Metagenomics

To investigate the microbial community compositions of different 
types of biocarrier, sample susp, spon, and pall were used for meta
genomic analysis. DNA extraction, quality control, sequencing, and li
brary construction were conducted by Shanghai Majorbio Bio-pharm 
Technology Co., Ltd (Shanghai, China). Metagenomic analysis can be 
found in Text S2.

2.4. Metatranscriptomics

To explore the response mechanism to oxygen stress, sample susp, 
car1, car2, and car3 were used for metatranscriptomic analysis. RNA 
extraction, sequencing, and library construction were conducted by 
Shanghai Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). 
Gene abundance was based on FPKM values, which stands for Fragments 
Per Kilobase of exon model per Million mapped reads (Mortazavi et al., 
2008). BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul 
et al., 1997) was utilized to compare the non-redundant gene set against 
the NR and KEGG database to obtain taxonomic and functional anno
tations, respectively. Furthermore, taxonomic and functional informa
tion was combined to offer insights into the functions expressed by a 
particular taxon (Montoya-Rosales et al., 2023). More information about 
metatranscriptomics can be found in Text S3.

2.5. Statistical analysis

Due to the varying abundance of anammox bacteria (mainly referred 
to Ca. Kuenenia in this study) across different samples, a normalization 
process was applied to the transcriptome data in order to compare gene 
expression levels on a consistent basis. Specifically, the expression 
abundance of a particular gene expressed by Ca. Kuenenia in a sample 
was determined by dividing the FPKM value of that gene by the total 
FPKM value of all genes transcribed by Ca. Kuenenia in the same sample, 
with the resulting unit being parts per million (ppm). This normalized 
data was subsequently used for further analysis. The software edgeR was 
utilized to compare the gene expression levels between two samples and 
identify differentially expressed genes (DEGs) (Robinson et al., 2010), 

with the criteria set as FDR < 0.05 and |log2FC| > 1 (FC, Fold Change). 
This study selected sample susp as the control group for differential 
analysis. The other statistical methodologies can be found in Text S4. 
The error bars in the figures represent the standard deviation.

3. Results

3.1. Performances of the pilot CANON process

Our pilot-scale CANON system was operated for over one year, and 
the nitrogen removal performance of the bioreactor is presented in Fig. 2
(A). In Phase I, the leachate was diluted with water to prevent substrate 
inhibition, ensuring that the NH4

+-N in the influent was controlled below 
300 mg/L. Then the dilution of the influent was gradually reduced to 
increase the nitrogen load. Due to variations in the intrinsic water 
quality of the raw leachate, the influent NH4

+-N in Phase II exhibited 
substantial fluctuations within a wide range of 106 ~ 904 mg/L, with a 
488 mg/L average. Similarly, in the early operational stages, AOB 
responsible for partial nitrification was not effectively cultivated to 
match the stoichiometry of anammox. Consequently, nitrite supple
mentation was necessary to provide sufficient substrate for anammox. In 
Phase II, the amount of nitrite added was gradually reduced as AOB 
activity achieved 153 g-N/m3/d averagely. It is worth mentioning that 
this supplementation to sustain the anammox activity was continuously 
dynamically adjusted, which led to some extreme NO2

− -N peaks being 
attributed to system malfunctions. Due to the low biodegradable organic 
carbon in the influent of mature leachate (ΔCODinf-eff < 200 mg/L), 
heterotrophic denitrification was overlooked and TN removal was 
attributed entirely to the anammox pathway. The average nitrogen 
removal rate increased from 247 g-N/m3/d in Phase I to 428 g-N/m3/ 
d in Phase II, with extreme values reaching as high as 1096 g-N/m3/d. 
Since AOB activity could not satisfy the needs of anammox process, high 
NH4

+-N concentration in the effluent resulted in an average TN removal 
efficiency that was lower than the theoretical stoichiometry, at only 
65.61 % in Phase I and 66.60 % in Phase II. The effluent of our pilot 
reactor was directed to a leachate treatment system operated within the 
landfill site for further treatment, rather than being directly discharged 
into the environment.

Before the formal collection of sludge samples on the 445th day, we 
monitored various environmental factors at each sampling site for six 
months, and the results are presented in Fig. 2(B). Due to the prolonged 

Fig. 2. Performances of the pilot CANON process: (A) Nitrogen removal capacity of the reactor; (B) Environmental factors of each sampling site in the reaction tank.

H. Xu et al.                                                                                                                                                                                                                                       Water Research 268 (2025) 122613 

3 

http://blast.ncbi.nlm.nih.gov/Blast.cgi


suboptimal activity of partial nitrification in the CANON process, a 
relatively high aeration intensity of 8 min aeration and 2 min intervals 
as a cycle with an aeration rate of 0.5 m3/min had been consistently 
maintained. We monitored DO changes at each sampling site within one 
aeration cycle (Fig. S1). It can be observed that the DO concentration in 
car1 was close to susp, both below 0.5 mg/L. Comparatively, car2 and 
car3 exhibited notably higher average DO, reaching 2.16 and 1.45 mg/L, 
respectively. The NH4

+-N contents in the carrier layer of the three sam
pling sites were close. As for NO2

− -N, susp and car1, being at the forefront 
of flow, reached much higher levels of 105.58 and 86.72 mg/L average, 
respectively, compared to car2 and car3. On the contrary, NO3

− -N 
demonstrated the opposite trend, with susp and car1 showing lower 
levels than car2 and car3.

3.2. SAAs at different DO exposure levels

The photos of the sponge cubes and Pall rings collected in our reactor 
are presented in Fig. S2, from which it is readily apparent that the red 
biofilm on both the sponge cubes and the Pall rings was predominantly 
distributed on the surface, while the cross-section revealed a dark brown 
colour in the interior. This indicated that anammox bacteria primarily 
inhabited the surface of the carriers. Accordingly, the DO concentration 
in the liquid phase can be considered the actual concentration exposed 
to the anammox bacteria within the carrier biofilm. Based on it, the SAA 
of each sample was tested at different levels of DO exposure, as shown in 
Fig. 3. Noticeably, under anaerobic and low-DO conditions, the SAA of 
suspended sludge was conspicuously higher than that of the other 
samples from the carrier layer. The highest SAA was obtained at a shaker 
speed of 50 rpm, reaching 6.23 mg-N/(g-MLVSS⋅h), with a DO range of 
1.09 ± 0.17 mg/L. The SAA of susp decreased sharply as the DO con
centrations increased. However, DO exposure did not have a noteworthy 
impact on the anammox activity of the carriers, with the SAAs remaining 
at 3~4 mg-N/(g-MLVSS⋅h). The slope of the linear regression of each 
sample (as shown in the small window in Fig. 3) indicated that the 
suspended sludge was more sensitive to DO change than the biomass in 
the carriers.

3.3. Microbial community

Based on metagenomic sequencing, the microbial community 
structures of sample susp, spon, and pall were obtained (Fig. 4). At the 
phylum level, the three most abundant phyla were Proteobacteria, 
Chloroflexi, and Planctomycetota, accounting for 29.55 %, 26.68 %, and 
13.17 % of the total abundance across all samples, respectively. Among 
them, the abundance of Planctomycetota in suspended sludge, sponge 

cubes, and Pall rings was 15.31 %, 10.94 %, and 13.18 %, respectively. 
At the genus level, the functional anammox bacterium Ca. Kuenenia was 
the most abundant genus across all samples, while AOB, another 
important functional microorganism in the CANON reactor, primarily 
belonged to the genus Nitrosomonas. Other detected functional mi
crobes, such as the anammox bacteria Ca. Brocadia, Ca. Anammox
imicrobium, the AOB Nitrosococcus, Nitrosospira, as well as the nitrite- 
oxidizing bacteria (NOB) Nitrobacter, Nitrospira, which were not ex
pected to be present in the CANON reactor, had abundances below 0.1 % 
in all samples and are not shown in Fig. 4. Therefore, Ca. Kuenenia and 
Nitrosomonas in suspended sludge and carriers were the main focus. Both 
of them exhibited the highest abundance in suspended sludge, with Ca. 
Kuenenia reaching 11.87 %, and Nitrosomonas accounting for 7.48 %. 
Their abundances in sponge cubes were close, with the former at 4.63 % 
and the latter at 4.89 %. However, the Pall rings had a significant dif
ference, with Ca. Kuenenia reaching 9.03 % compared to only 1.86 % for 
Nitrosomonas.

3.4. Metatranscriptomics to reveal the expression of Ca. Kuenenia

All genes expressed by Ca. Kuenenia in each sample were annotated 
using the KEGG database. A total of 1157 annotations were acquired. 
Partial least squares-discriminant analysis (PLS-DA) (Fig. S3) showed 
that sample susp was far from the other samples, while car2 and car3 
clustered. The gene expression differential analysis compared susp as a 
control and carrier samples (Fig. S4). Samples car2 and car3 had much 
more DEGs and exhibited a greater diversity of enriched differential 
metabolic pathways (more detailed information is described in Text S5). 
Overall, the DEGs in carrier samples were primarily enriched in modules 
or pathways related to carbon metabolism, biosynthesis of cofactors, 
and bacterial secretion system (Fig. S5). For example, carbon fixation, 
TCA cycle, cysteine synthesis, belonging to the carbon metabolism, 
thiamine synthesis, heme synthesis, belonging to the biosynthesis of 
cofactors, and protein export belonging to the bacterial secretion system 
were highly enriched.

From the differential fold change heatmap (Fig. 5(A2)(B2)(C2)), 
consistent trends in the regulation of DEGs were observed in all carrier 
samples despite exhibiting varying fold changes. Fig. 5(A) illustrates the 
expression differences of genes involved in central carbon metabolism 
by Ca. Kuenenia. It was evident that most of the genes in the carrier 
samples showed a downregulation trend, including modules such as the 
Wood-Ljungdahl pathway, EMP pathway, TCA cycle, and cysteine syn
thesis. As for the fold changes in gene expression, car2 and car3 
exhibited prominent differences compared to susp, resulting in most 
genes being identified as DEGs. However, car1 had no identified DEGs 
due to the fold change not reaching the threshold (|log2FC| < 1). The 
DEGs involved in the biosynthesis of cofactors were mainly distributed 
in modules related to the synthesis of coenzyme A (CoA), heme, cobal
amin, thiamine, and menaquinone (Fig. 5(B)). It is noticeable that the 
synthesis of CoA and thiamine showed a significant downregulation 
trend, while heme and cobalamin exhibited the opposite. It was 
particularly noteworthy that the gene wrbA, encoding menaquinone 
oxidoreductase, significantly upregulated in all carrier samples, espe
cially in car2 and car3, where the fold changes exceeded fivefold. The 
synthesis of glycerophospholipids, including phosphatidylserine, ceph
alin, lecithin, phosphatidylglycerophosphate, and phosphatidylglycerol, 
showed a downregulation trend (Fig. 5(C)). Regarding protein secretion, 
we only detected the expression of genes related to the type II bacterial 
secretion system by Ca. Kuenenia. The relevant genes encoding signal 
recognition particle (SRP) receptor protein secDF, twin-arginine trans
locase protein tatA, and type II secretion inner membrane protein gspK 
upregulated.

3.5. Correlation analysis

Multiple statistical methods were employed to investigate the 
Fig. 3. SAAs at different DO exposure levels. The attached plot is the linear 
regression of SAA to dissolved oxygen.
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distribution patterns of DEGs in Ca. Kuenenia and the driving factors 
behind their differential expression. Redundancy analysis (RDA) was 
conducted on the expression levels of DEGs and the environmental 
factors in each sample, as depicted in Fig. 6(A). The results indicated 
that the genes most strongly influenced by environmental factors were 
those associated with oxygen detoxification and heme biosynthesis. The 
potential genes involved in oxygen detoxification, including non-heme 
chloroperoxidase cpo, catalase katE, menaquinone oxidoreductase 
wrbA, as well as heme biosynthesis-related genes Fe-coproporphyrin III 
synthase ahbC and porphobilinogen synthase hemB, exhibited a highly 
positive correlation with DO. Besides, Spearman correlation analysis 
(Fig. 6(B)) showed that most carbon metabolism-related genes showed a 
significant negative correlation with DO and a significant positive cor
relation with NO2

− -N. A similar trend also existed in glycerophospholipid 
synthesis. CoA and thiamine exhibited a negative correlation with DO in 
the biosynthesis of cofactors, while heme and cobalamin displayed the 
opposite. Additionally, the potential genes for oxygen detoxification, 
except for the ubiquinol-cytochrome c reductase gene CYTB and cbb3- 
type cytochrome c oxidase gene ccoNO involved in oxidative phos
phorylation, were positively correlated with DO. As illustrated in Fig. 6
(C), a co-occurrence network of the DEGs was constructed. It was 
observed that a topological module was formed by the co-occurrence of 
genes related to carbon metabolism, CoA synthesis, glycerophospholipid 
synthesis, certain type II secretion system genes, and genes CYTB and 
ccoNO. Another major module was formed by the genes related to heme 
synthesis, another set of the type II secretion system genes, potential 
genes for oxygen detoxification (SOD2, katE, dfx, cpo, etc.), and the 
menaquinone oxidoreductase gene wrbA.

4. Discussion

4.1. DO resistance

DO was usually controlled at low level in CANON systems to achieve 
good performances of nitrogen removel. One study observed that DO 
above 1.15 mg/L led to rapid deterioration in a pilot-scale single-stage 
PN/A reactor, suggesting that high concentrations of DO have a decisive 
destructive effect on single-stage PN/A systems (Yang et al., 2016). This 
effect was attributed to the direct inhibition of anammox and the pro
motion of NOB proliferation, leading to the competition for substrate 
nitrite. Therefore, most pilot-scale studies maintained DO at lower levels 
to achieve the desired nitrogen removal loads. For example, Kim et al. 
(2022) achieved a TN removal load of 220 ± 10 g-N/m3/d by control
ling DO below 0.1 mg/L. Liang et al. (2016) introduced polyethene 
sponge cubes as carriers for anammox biofilms, achieving an average TN 
removal load of 506 g-N/m3/d but still requiring strict control of DO 
below 0.5 mg/L. In comparison, in this study, the average TN removal 
load during the stable phase (Phase II) reached 428 g-N/m3/d, which 
was not lower than the reported values in previous pilot studies. 
Moreover, the maximum TN removal load of 1096 g-N/m3/d exceeded 
the performance of previous studies (Kim et al., 2022; Liang et al., 2016; 
Yang et al., 2016). The ratio of COD/N in the mature leachate in this 
study was 0.74 ± 0.11 hence the heterotrophic denitrification was 
considered to affect the nitrogen removal less. Accordingly, the 
high-intensity aeration adopted to promote partial nitrification in our 
study did not affect the nitrogen removal efficiency of anammox.

The average DO concentrations at sampling sites 2 and 3 reached 
2.16 and 1.45 mg/L, respectively, much higher than the traditionally 
recognized inhibitory levels for anammox (Varas et al., 2015). More 
remarkably, in our CANON reactor, anammox biofilms were distributed 
on the carriers’ surface (Fig. S2), directly exposed to the oxygen-rich 

Fig. 4. Microbial community structures of suspended sludge (susp), sponge cubes (spon), and Pall rings (pall): Distribution at the level of phylum (A), genera (B), and 
relative abundances of Ca. Kuenenia and Nitrosomonas (C).
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liquid phase. It contradicted the conventional common sense of biofilm 
stratification primarily driven by oxygen concentration gradients. 
Furthermore, microbial community analysis revealed that the relative 
abundance of NOB in both suspended sludge and carriers was less than 
0.1 %, indicating no abnormal NOB proliferation due to high DO. 
Anammox bacteria still maintained an absolute advantage in the 
competition for substrate nitrite. These observations imply that the 
anammox biofilms on the carriers exhibited DO resistance.

The batch tests have provided more visually compelling evidence for 
the DO resistance. The decline in SAA with the rising DO was minimal in 
the carrier samples, whereas the suspended sludge demonstrated an 
apparent inhibition. It was confirmed that anammox bacteria distrib
uted on the carriers’ surface possessed more robust resistance to DO than 
the suspended sludge. This observation aligned with our previous 
inference based on the operational conditions of the pilot-scale reactor. 
Although anammox activity in suspended sludge was more prone to be 
suppressed by DO, it exhibited higher anammox rates under anaerobic 
or low-oxygen conditions (Fig. 3). The abundance of anammox bacteria 
(mainly Ca. Kuenenia in this study) in the suspended sludge was higher 

than in the sponge cubes and Pall rings (Fig. 4). This finding contra
dicted the majority of previous studies, where anammox biofilms or 
granular sludge typically exhibit higher nitrogen removal efficiency and 
anammox bacteria abundance than suspended floc-like sludge (Liu et al., 
2020). It is worth mentioning that, despite the higher abundance of 
anammox bacteria in the suspended sludge, the carrier layer remained 
the main contributor to TN removal within the reactor due to higher 
total biomass. Based on estimates of biomass and SAA, the contributions 
to TN removal from the suspended sludge layer and carrier layer were 
2030 g-N/d and 9187 g-N/d, respectively, with a ratio of 18.1 %: 81.9 
%. Detailed calculation procedures are provided in Text S6.

When DO was not a limiting factor, the substrate (nitrite) gradient 
would become the primary determinant of the hierarchical distribution 
of the biofilm (Feng et al., 2022). Due to suboptimal partial nitrification 
activity, prolonged high-intensity aeration and additional nitrite sup
plementation had been implemented in this CANON process. The sus
pended sludge resided at the forefront of flow (Fig. 1), where the 
substrate was most abundant. Meanwhile, when the substrate nitrite 
reached the carrier layer, where competition for substrate was 

Fig. 5. Differential metabolic pathways of Ca. Kuenenia: (A) carbon metabolism; (B) biosynthesis of cofactors; (C) Glycerophospholipid metabolism and bacterial 
secretion. The following number "1″ identifies the pathway map, and "2″ identifies the heat map of the fold changes. Up- and down-regulated DEGs are marked in red 
and blue, respectively. The dotted line indicates that the gene was not detected. Asterisks on the heat map indicate significant differences, *: |log2FC| > 1 and p-adj 〈
0.05, **: |log2FC| 〉 1 and p-adj < 0.01.
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intensified due to higher biomass, it had already been depleted to a 
considerable extent. Besides, the higher abundance of AOB in the sus
pended sludge accelerated oxygen consumption, resulting in a lower DO 
level than the carrier layer (Fig. 2(B)). Considering the above, we believe 
the combined effects of DO and substrate availability have shaped the 
unique ecological distribution of anammox bacteria in this CANON 
process. Specifically, the suspended sludge layer held the richer sub
strate and lower DO, thus promoting a higher abundance of anammox 
bacteria. In contrast, for the carrier layer, a decision-making algorithm 
that has evolved spontaneously in anammox bacteria, enabling them to 
optimize their survival under challenging conditions. The substrate ni
trite was relatively insufficient for the carriers, leading anammox bac
teria to primarily settle in the outer layer of the biofilm. This positioning 
allowed them to efficiently capture the limited substrate despite direct 
exposure to high DO levels, thereby enhancing their oxygen tolerance. 
Furthermore, studies have shown that Ca. Kuenenia is a K-strategist 
microbe, while Ca. Brocadia belongs to the r-strategist category (Zhang 
et al., 2019). The former possessing better oxygen resistance and sub
strate affinity than the latter (Oshiki et al., 2016; Zhang et al., 2017). As 
a result, Ca. Kuenenia was more adaptable to the environmental condi
tions within this reactor and became the dominant.

4.2. Regulation of metabolism as a survival strategy for oxygen stress

Metatranscriptomics provided a practical approach to uncovering 
the intrinsic microscale mechanisms underlying the oxygen tolerance 
and detoxification capabilities of Ca. Kuenenia. Due to the relatively 
similar environmental conditions (Fig. 2(B)), fewer DEGs were 

identified between car1 and susp. By comparison, the gene expression 
between car2 and car3 was highly similar but significantly different 
from susp (Fig. S3). Subsequently, metabolic pathways, which were 
highly enriched by DEGs and of meaningful physiological significance 
for Ca. Kuenenia, were selected for further in-depth analysis.

Carbon metabolism, as the foundation of all life activities, is the most 
representative indicator of the overall metabolic level of organisms. As 
autotrophs, anammox bacteria fix carbon through the Wood-Ljungdahl 
pathway (Strous et al., 2006), in which the gene expression of Ca. 
Kuenenia on the carriers was downregulated (Fig. 5(A)), indicating 
decreased autotrophic metabolic activity. Additionally, the expressions 
of most genes related to EMP pathway and TCA cycle, which serve as the 
prime sources of ATP, were also downregulated, suggesting a compre
hensive reduction in energy metabolism levels. Previous studies have 
observed a global transcriptional downregulation of central carbon 
metabolism in Ca. Kuenenia exposed to DO, which was believed to favor 
its survival under DO inhibition (Yan et al., 2020). Our study similarly 
discovered an intensely negative correlation between the gene expres
sion of Ca. Kuenenia’s carbon metabolism and DO (Fig. 6(B)), implying 
that the lower energy metabolism level may be one of the reasons why 
the anammox activity of carrier samples was less inhibited under intense 
DO exposure. However, insufficient evidence still hindered an exhaus
tive explanation of why downregulation of carbon metabolism became a 
strategy for Ca. Kuenenia to cope with DO exposure. It is known that 
continuous electron transfer during ATP production in the respiratory 
chain can easily lead to electron leakage, and oxygen readily combines 
with these leaked electrons to form superoxide radicals, which further 
generate other reactive oxygen species (ROS) and damage cellular 

Fig. 6. Correlation analysis of DEGs in Ca. Kuenenia: (A) RDA of DEGs and environmental factors. Considering the aesthetics of the image, only the top six DEGs that 
are most affected are shown in the figure. (B) Heat map of Spearman correlation between DEGs and environmental factors. *: p < 0.05, **: p < 0.01. (C) Co- 
occurrence network of the DEGs. The threshold is Spearman correlation coefficient > 0.7 and p < 0.05.
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structures (Shimizu and Matsuoka, 2019). Since carbon metabolism is a 
primary source of ATP, a significant amount of ROS will most likely be 
produced when oxygen is present. Hence, we speculate that the down
regulation of carbon metabolism to reduce ROS generation is a protec
tive mechanism for Ca. Kuenenia in response to oxidative stress.

Regarding the electron carriers in the respiratory chain, quinone 
pool, it was worth noting that the expressions of multiple genes involved 
in ubiquinone (coenzyme Q) synthesis were not detected in Ca. Kuenenia 
despite the expression of ubiquinone reductase gene nuoCD. In contrast, 
the genes involved in menaquinone synthesis were fully expressed, and 
the gene encoding menaquinone oxidoreductase, wrbA, was highly 
upregulated in the carrier samples (Fig. 5(B)) and showed a strong 
positive correlation with DO (Fig. 6). Some scholars have pointed out 
that for Gram-negative bacteria, obligate anaerobes and aerobes exclu
sively consisted of naphthoquinones, which menaquinone belongs to, 
and ubiquinones, respectively (Collins and Jones, 1981). Menaquinone 
oxidoreductase is responsible for the reduction of menaquinone (MQ) to 
menaquinol (MQH2, the reduced form of menaquinone), which prevents 
the interaction of menasemiquinone (MQH⋅− ) with oxygen, thereby 
militating the generation of superoxides (Patridge and Ferry, 2006). It 
was reported that menaquinone oxidoreductase was active in E. coli 
when it grew in hyperoxic environments and was consistent with su
peroxide dismutase and catalase (Anand et al., 2019). Hence, it was 
reasonable to believe that Ca. Kuenenia similarly prevented the gener
ation of superoxide radicals by upregulating the expression of the gene 
wrbA.

The biosynthesis of other cofactors, such as CoA, cobalamin, and 
thiamine, was also consistent with the regulation of carbon metabolism. 
A detailed discussion about them is given in Text S7. However, heme 
synthesis was significantly upregulated. Heme plays a crucial role in the 
physiological activities of anammox bacteria. It not only serves as the 
active centre for key enzymes involved in anammox process (such as 
nitrite reductase NirS, hydrazine synthase HZS, hydrazine dehydroge
nase HDH, etc.) (Kartal and Keltjens, 2016) but also acts as a common 
component of various oxidative-reductive proteins involved in oxygen 
detoxification (such as catalase, cytochrome c peroxidase, etc.) (Poulos, 
2014). In this study, we observed the gene upregulations of hydrazine 
dehydrogenase HDH and catalase in Ca. Kuenenia. The upregulation of 
heme synthesis may have vital implications in maintaining anammox 
activity under high-oxygen conditions.

Glycerophospholipids, as the predominant constituents of cell 
membranes, directly impact the synthesis of phospholipid bilayers. 
Bacterial growth is also closely linked to the accumulation of cell 
membrane lipids (Zhang and Rock, 2008). Therefore, the synthesis of 
glycerophospholipids represents a crucial metabolic pathway that re
flects bacterial cell growth and proliferation (Tang et al., 2018). 
Consistent with the downregulation of central carbon metabolism, the 
synthesis of glycerophospholipids decreased across the board (Fig. 5
(C)). This indicated a deceleration in the growth and proliferation of Ca. 
Kuenenia on the carriers. However, the expression of specific genes 
related to type II secretion in the bacterial secretion system was 
observed to be upregulated (Fig. 5(C)), implying an enhancement in the 
release of certain extracellular proteins. Numerous Gram-negative bac
teria utilize a complex type II secretion system to transport diverse 
proteins from the periplasm across the outer membrane to the extra
cellular milieu (Korotkov et al., 2012). Jia et al. (2021) found that the 
abundance of genes related to type II secretion was positively correlated 
with that of anammox bacteria. These bacteria might therefore employ 
this pathway for the secretion of EPS proteins. Additionally, Liao et al. 
(2019) observed a significant upregulation in the expression of genes 
related to type II secretion in E. coli when exposed to high concentrations 
of CO2 that induced the production of a substantial amount of ROS. 
Studies have noted that proteins in EPS can alleviate the toxicity of H2O2 
to microorganisms by sacrificing themselves through reaction (Jiang 
et al., 2022). Accordingly, we speculated that enhancing the release of 
specific extracellular proteins through the type II secretion system may 

also be one of the strategies employed by Ca. Kuenenia in response to 
oxidative stress. Quantification of EPS showed that the carrier samples 
had higher levels of both total EPS and protein content compared to the 
suspended sludge sample (Fig. S6). This result to some extent supported 
our hypothesis that extracellular proteins were involved in the oxygen 
resistance of anammox bacteria.

The co-occurrence network revealed two main topological modules 
(Fig. 6(C)) that exhibited different regulation trends of the DEGs, which 
provided us with a global perspective on the metabolic regulation of Ca. 
Kuenenia in response to DO exposure: enzymes and cofactors involved in 
carbon metabolism and oxidative phosphorylation were downregulated, 
reducing the energy metabolism level to minimize the generation of 
ROS. Particularly, the menaquinone oxidoreductase was upregulated to 
further reduce the formation of superoxide radicals by preventing the 
leaked electrons from combining with oxygen. The glycer
ophospholipids synthesis was subsequently downregulated, leading to a 
slowdown in cell growth and proliferation. Simultaneously, the secre
tion of certain extracellular proteins was enhanced probably to alleviate 
the ROS by sacrificing themselves.

4.3. Oxygen detoxification pathway for Ca. Kuenenia

A potential set of genes related to oxygen detoxification was selected 
from the 388 DEGs in this study. Their expression levels in each sample 
were analyzed and correlations were examined (Fig. 6), based on which 
a putative oxygen detoxification pathway for Ca. Kuenenia was pro
posed, as shown in Fig. 7. Superoxide dismutase and catalase are the 
enzymes most commonly responsible for sequentially reducing super
oxide radicals to H2O2 and H2O in aerobic cells (Cannio et al., 2000). 
This study found that Ca. Kuenenia expressed the superoxide dismutase 
gene SOD2 and the catalase gene katE, which was consistent with the 
findings of Yan et al. (2020). Moreover, the expression of both genes was 
upregulated in the carrier samples and exhibited a significant positive 
correlation with DO, indicating their involvement in oxygen detoxifi
cation. Superoxide reductase can use rubredoxin as a substrate to 
convert superoxide radicals into H2O2 (Jenney et al., 1999). The gene 
dfx, encoding superoxide reductase, was also differentially expressed by 
Ca. Kuenenia and had much higher expression levels than SOD2 (Fig. 7), 
suggesting that superoxide reductase dfx may play a more central role in 
the conversion of superoxide radicals to H2O2 in Ca. Kuenenia. Inter
estingly, Ji et al. (2019) found the opposite situation in Ca. Brocadia, 
where the expression of SOD2 was higher than that of dfx, demon
strating different choices of oxygen detoxification pathways between 
Ca. Brocadia and Ca. Kuenenia. In addition, to the best of our knowledge, 
there have been no reports on the expression of the non-heme chlor
operoxidase gene cpo in anammox bacteria. Non-heme chloroperoxidase 
can utilize H2O2 to oxidize hydrocarbons into halogenated hydrocar
bons (Manoj, 2006). In this study, the gene cpo was also observed to be 
upregulated in the carrier samples and exhibited a significant positive 
correlation with DO, implying its participation in H2O2 reduction.

Strikingly, among the potential oxygen detoxification genes, the 
genes ccoNO and CYTB showed opposite trends (Fig. 6). Yang et al. 
(2022) suggested that the cbb3-type cytochrome c oxidase encoded by 
the gene ccoNO conferred strong oxygen tolerance to their newly 
discovered anammox genus, "Ca. Loosdrechtia aerotolerans". However, 
in this study, the expression of ccoNO in Ca. Kuenenia was down
regulated in the carrier samples and negatively correlated with DO. We 
proposed that the cbb3-type cytochrome c oxidase did not participate in 
the oxygen detoxification of Ca. Kuenenia but retained its original role in 
oxidative phosphorylation, thus exhibiting expression trends consistent 
with carbon metabolism. The same reasoning applied to the gene CYTB, 
encoding cytochrome c reductase, which was believed to be involved in 
oxygen detoxification of Ca. Brocadia by Ji et al. (2019). These obser
vations implied that anammox bacteria may exhibit rich diversity in 
their choices of oxygen detoxification pathways. Based on the above, a 
hypothesis for the oxygen detoxification pathway of Ca. Kuenenia was 
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proposed: superoxide radicals were initially converted to H2O2 by su
peroxide dismutase SOD2 and superoxide reductase dfx. Due to the 
higher gene expression, dfx might play a major role in superoxide rad
icals conversion, where the reduced rubredoxin (r-Rubredoxin) was 
converted to its oxidized form (o-Rubredoxin) to provide electrons. 
H2O2 was then reduced to H2O through the actions of non-heme 
chloroperoxidase cpo and catalase katE. Hydrocarbons were probably 
the electron source for the cpo process. The expressions of genes 
involved in oxygen detoxification were upregulated to eliminate ROS 
and alleviate oxidative stress.

5. Conclusions

This study demonstrated that the anammox bacteria, distributed in 
the suspended sludge and carrier-based biofilm in the pilot-scale 
CANON reactor, exhibit varying degrees of resistance to DO exposure. 
Metatranscriptomics confirmed that Ca. Kuenenia responds to oxygen 
stress with changes in gene expression across various metabolic path
ways, which endows it with oxygen tolerance and detoxification capa
bilities beyond the traditional understanding that DO inhibits anammox 
activity. We identified a novel oxygen detoxification pathway that dif
fers from those reported in other anammox species, suggesting that 
different adaptive strategies may be employed by anammox bacteria 
when encountering DO exposure in their environment. Moreover, these 
findings have pratical implications for field applications. For example, 
the DO levels in a full-scale CANON reactor are not uniform but fluc
tuate, which is a key factor inhibiting anammox bacteria. If anammox 
bacteria can develop capacities for oxygen tolerance and detoxification, 
the field application of CANON technology is applicable to a wider range 
of DO environments, potentially reducing the need for stringent control 
of operational parameters. Admittedly, the threshold DO level that 
anammox bacteria could endure over the long term need to be thor
oughly investigated. This study significantly advances our understand
ing of the physiological characteristics of anammox bacteria and provide 
a profound theoretical foundation for constructing efficient and stable 
integrated autotrophic nitrogen removal processes.
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