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A B S T R A C T

Oxygen is essential for heterotrophic ammonia assimilation (HAA), driving the microbial degradation of organic 
compounds and ammonia assimilation in aerobic wastewater treatment. However, the mechanisms underlying 
carbon-nitrogen transformation and microbial community assembly by heterotrophs under aerobic conditions 
remained elusive. This study investigated the impact of aeration rates (0.1, 0.5, 1, and 3 L/min⋅L) on the 
pollutant removal and microbial dynamics of HAA bioreactors over a 120-day operation period to improve the 
performance of the system by regulating the microbial oxygen affinity. The NH4

+ -N and COD removal efficiencies 
of the highest aeration rate (3 L/min⋅L) were as high as 94.8 % and 96.8 %. Batch tests on nitrogen balance 
verified that nitrogen removal was attributed to assimilation rather than nitrification. The kinetic and mass 
balances analysis highlighted enhanced microbial activity and substrate utilization at increased aeration rates. 
Halomonas, emerged as dominant taxa, correlating with improved ammonia assimilation under higher aeration 
rates. Increased aeration enhanced the microbial robustness and reduced the modularity of microbial in
teractions, and stochastic processes emerged as the primary drivers of community assembly. The aeration rates of 
1–3 L/min⋅L were considered as the parameter range of optimal pollutant removal, and the aeration rate 
parameter close to 1 L/min⋅L was considered as the optimal efficiency combined with the cost. This study 
provides valuable insights for optimizing biotechnological applications and engineering microbial systems for 
enhanced environmental performance.

1. Introduction

Efficient carbon and nitrogen conversion remains a central challenge 
in wastewater treatment, especially in mitigating nitrogen pollution, 
which causes eutrophication and ecological degradation. Traditional 
processes like nitrification and denitrification are not only energy- 
intensive but also result in substantial losses of carbon and nitrogen 
resources, alongside greenhouse gas emissions. These challenges are 
further amplified in the context of high-salinity wastewater, which is 
increasingly common in industrial effluents and poses additional stress 
to conventional microbial systems [1,2]. High-salinity wastewater is 
rich in nitrogen and phosphorus, but saline stress often inhibits con
ventional biotreatment efficiency. The complete nitrification is hardly 
achieved when the salinity is higher than 20 g NaCl/L, since nitrite 
accumulation occurred [4]. The IC50 of NaCl was calculated as 42.1 g/L 

in microbial community of anammox (Zhang et al., 2022d). However, 
salinity strongly inhibits anammox activity by reducing the specific 
growth rates of most species, with only Ca. Scalindua showing high 
salinity tolerance above 2 % [5].

Biotreatment systems utilizing halophilic or marine-derived micro
organisms have shown promise under saline conditions. Halophilic 
heterotrophic ammonia assimilation (HAA) offers a promising solution, 
leveraging the metabolic activity of marine-derived aerobic heterotro
phic microorganisms to directly convert ammonia into organic nitrogen 
under higher salt, which not only achieves nutrient recovery from 
wastewater but also avoids the production of harmful intermediate 
products such as nitrite (NO2

- ), nitrate (NO3
- ), and nitrous oxide (N2O) 

that are commonly generated during ammonia oxidation. Marine- 
derived HAA exhibits strong adaptability to salinity due to the 
inherent halotolerance of marine microbial consortia. Unlike 
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autotrophic bacteria, these heterotrophs maintain metabolic activity 
and nitrogen assimilation efficiency under high-salinity stress, enabling 
stable nitrogen recovery in hypersaline environments. HAA offers 
practical advantages such as a simplified process, smaller footprint, and 
salinity tolerance, making it suitable for real-world applications. 
Although it requires more oxygen and carbon input, HAA ensures stable 
nitrogen recovery by addressing oxygen and carbon imbalances in the 
overall treatment process. As for the high value-added sludge products 
generated by HAA, rich in organic matter, residual nutrients (such as 
nitrogen and phosphorus), and salt-tolerant microbial populations, sa
line sludge holds promise for improving the structure and fertility of 
degraded saline-alkali soils. When saline sludge can be subjected to 
washing, composting, or dilution before land application to mitigate the 
risk of secondary soil salinization, it can enhance soil microbial activity, 
promote plant growth, and reduce the salinity stress on crops by 
improving ion balance and organic carbon content. Additionally, it is 
most suitable for use in salt-affected or marginal soils where salt-tolerant 
microbial consortia may improve soil fertility and structure without 
further aggravating salinity stress.

Dissolved oxygen serves as an essential substrate for aerobic micro
organisms. The complete nitrification requires a DO of more than 5 mg/ 
L [9], while partial nitrification typically occurs with a DO content of 
0.3–1.5 mg/L [10]. Denitrification maximizes nitrogen removal at 
0.5 mg/L [11], while the aerobic granular sludge process requires a DO 
supply of more than 2 mg/L to achieve satisfactory operating perfor
mance [12]. In ammonia oxidation, oxygen serves as the electron 
acceptor, enabling the conversion of ammonia into nitrite and nitrate by 
specific microbes (AOB and NOB), and the process is highly sensitive to 
oxygen levels [13]. By contrast, oxygen during ammonia assimilation 
not only provides the energy required for metabolism but also influences 
microbial growth and metabolic pathways, promoting the direct incor
poration of ammonia nitrogen into cellular biomass [8]. Oxygen plays 
different roles in ammonia oxidation and ammonia assimilation re
actions, and leads to a more profound impact on the assimilation 
process.

Efficient and stable HAA operation requires optimizing energy- 
related parameters, with aeration rate being the key factor controlling 
dissolved oxygen levels [14]. DO critically affects oxygen transfer, 
sludge fluidity, and the assimilation efficiency of heterotrophic mi
crobes. Low DO impairs ammonia removal, while excess DO causes 
shear damage to biomass flocs [13]. Microbial responses to DO are 
regulated at the genetic level, influencing key metabolic enzymes. 
Balancing DO is thus essential for optimizing reactor performance and 
energy use [15], and is key to understanding carbon-nitrogen conver
sion in aerobic heterotrophic systems.

This study aimed to (1) investigate the different increased aeration 
rates on the efficiency of heterotrophic ammonia assimilation in 
wastewater treatment; (2) systematically explore the effects of DO levels 
on pollutant removal, microbial dynamics and mass balance; (3) reveal 
the influence of aeration rate gradient on microbial community inter
action and assembly.

2. Materials and methods

2.1. Bioreactor operation

Four 1 L cylindrical sequential batch reactors (SBRs) were estab
lished with aeration rates of 0.1, 0.5, 1 and 3 L/min⋅L, respectively, 
named R1, R2, R3 and R4. The volume exchange rate is 50 %. Four 
representative values of aeration rate were selected for reference to 
published studies [16–18]. Each cycle time is 12 h, including 5 min of 
inlet, 690 min of aeration, 20 min of sedimentation, and 5 min of outlet. 
The HAA sludge was inoculated in the pilot-scale reactor using synthetic 
wastewater with a salt content of 3 % as raw material and Marine 
sediment at the station of A4 (123◦2′848′′ E, 36◦0′614′′ N) of the Yellow 
Sea as the source. The mixed liquid suspended solid (MLSS) of the 

inoculated sludge was 10 g/L respectively, and the slurry discharge 
every 10 days kept the MLSS at 10 g/L. The composition of synthetic 
wastewater simulated seawater blackwater referred to toilet flushing 
sewage reported by van Voorthuizen [19] (mg/L): COD (as NaAc) 2000, 
NH4

+-N (as NH4Cl) 100, P (as K2HPO4) 20, NaCl 30000.
The design and operation of the Batch tests I and II were established 

from the perspectives of pollutant degradation, oxygen affinity and 
nutrient element destination at different aeration rates in Text S1. The 
method of the control test between inactivated sludge and EPS can be 
found in Text S1. The contents of DO, COD, and N concentrations in each 
batch tests were determined, and the oxygen half-saturation constant of 
the four bioreactors were calculated according to the Monod equation 
(Text S2).

2.2. Analytical methods

The concentrations of COD, TN, NH4
+-N, NO2

- -N, and NO3
- -N were 

measured following standard APHA method [20]. Soluble microbial 
products (SMP) were extracted by centrifuging a sludge -water mixture 
at 4000 rpm and filtering it through a 0.45 μm membrane [13]. Pa
rameters for three-dimensional fluorescence spectroscopy (3D-EEM) 
analysis included an emission wavelength (Em) range of 200–450 nm 
and an excitation wavelength (Ex) range of 280–550 nm, with parallel 
factor analysis (PARAFAC) [8]. FRI analysis refers to previous literature 
[21]. Extracellular polymeric substances (EPS) were extracted from 
sludge samples using an improved thermal method [1]: sludge was 
centrifuged at 4000 g for 5 min, resuspended in 0.05 % NaCl, diluted to 
50 mL, heated at 50◦C for 60 min, then centrifuged at 4000 g for 15 min; 
the supernatant was collected as EPS extract. Protein (PN) and poly
saccharide (PS) contents were determined using the anthrone-sulfuric 
acid and modified Lowry methods, respectively [22]. Methods for 
determining nitrogen footprints and specific energy demands are 
detailed in Text S3. Methods for the electrochemical characterizations of 
EPS, including cyclic voltammetry (CV), and electrochemical impedance 
analysis (EIS) are detailed in Text S4. The method of 15N-incubation 
experiments is detailed in Text S5. Elemental analysis was conducted 
using the elemental analyzer (Thermo Fisher Scientific Flash 2000). 
Glutamate dehydrogenase (GDH), glutamine synthetase (GS), glutamine 
synthase (GOGAT), total amino acids (TAA), glutamine (Gln), glutamate 
(Glu), adenosine triphosphate (ATP) and nicotinamide adenine dinu
cleotide phosphate (NADPH) in sludge were quantified using corre
sponding assay kits (Solarbio, Beijing, China) [23].

2.3. Microbial community analysis

Sludge samples were collected for high-throughput sequencing 
analysis using 515 F and 806 R primers. Specifically, Z1 represents the 
inoculated sludge at Day 0. Samples Z2–Z4 were taken from bioreactor 
R1 on Days 40, 80, and 120, respectively. Z5–Z7 were collected from R2, 
Z8–Z10 from R3, and Z11–Z13 from R4 at the same respective time 
points. Bacterial genomic DNA was extracted from the sludge samples 
using the PowerSoil DNA Separation Kit (MoBio Laboratories, Carlsbad, 
CA, USA). Sequencing data (raw data) are accessible in the National 
Center for Biotechnology Information (NCBI) database under accession 
number PRJNA1153392. PICRUSt2 was employed to analyze differ
ences in nitrogen assimilation-related genes in HAA systems at various 
aeration rates [24]. Microbial networks were constructed using the 
“psych” and “igraph” packages in R (ver. 4.0.0) for matrix building, with 
Gephi (ver. 0.9.2) used for visualization and topological analysis. 
Network robustness, including metrics such as average degree and 
natural connectivity, was assessed using “igraph” and “ggplot2” in R 
(ver. 4.0.0). The steps for neutral community and null model calcula
tions are detailed in prior studies [8]. Partial least squares pathway 
modeling (PLS-PM) was applied to explore relationships among key 
factors in assimilation metabolism. Niche breadth, Similarity percentage 
(SIMPER), Procrustes analysis, and Mantel analysis was conducted using 
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the “ggplot2”, “vegan” and “ggcor” packages in R (ver. 4.0.0).

3. Results and discussion

3.1. Long-term performance of bioreactors with different aeration rates

In long-term pollutant degradation performance (Fig. 1A-B and 
Figure S1), the R1 bioreactor at aeration rate of 0.1 L/min⋅L showed 
more fluctuating NH4

+-N removal performance with an average removal 
efficiency of 28.0 ± 6.8 %. The suitable nitrogen assimilation environ
ment could not be maintained due to the low oxygen load and solid- 
liquid fluidity. By contrast, the R2 bioreactor (0.5 L/min⋅L) began to 
show more stable operating conditions and a slightly higher NH4

+-N 
removal efficiency of 44.4 ± 3.2 %. In R3 and R4 bioreactors (1 and 3 L/ 
min⋅L), the removal efficiencies of NH4

+-N were significantly higher, 
which were 81.3 ± 3.8 % and 94.8 ± 2.2 %, respectively. These im
provements could be attributed not only to higher oxygen availability 
but also to increased biomass. There was little accumulation of NO2

- -N 
and NO3

- -N (Figure S1). In comparison to NH4
+-N removal, the COD 

removal effects of bioreactors was more satisfactory. The COD removal 
efficiencies of the R1, R2, R3, R4 bioreactors were 65.4 ± 14.2 %, 
75.4 ± 9.6 %, 91.3 ± 4.9 % and 96.8 ± 3.5 %, respectively. The average 
sludge yields of R1, R2, R3, R4 bioreactors were 0.58, 0.88, 1.59 and 
1.84 g MLSS/d⋅L (Figure S2). The correlation between NH4

+-N removal 
content and sludge concentration increase content (R1: r = 0.973, 
p < 0.001;) R2: r = 0.966, p < 0.001; R3: r = 0.964, p < 0.001; R4: 
r = 0.969, p < 0.001) confirmed that the ammonia assimilation reaction 

with biomass increase was the main way of ammonia removal, consis
tent with previous research [8].

Notably, the correlation between COD and MLSS revealed that the 
process of organic oxidation and biomass conversion under low oxygen 
load is not completely consistent. Limited oxygen was used by hetero
trophic microorganisms mainly for respiratory metabolism and not 
exclusively for nitrogen assimilation-related biomass accumulation. 
Insufficient DO suppresses the generation of ATP and redox equivalents 
required for biosynthesis and ammonia assimilation. Although low 
aeration reduces energy input, it limits microbial metabolism and 
enzyme expression (e.g., GDH, GS), leading to unstable nitrogen 
removal [14]. From the perspective of microbial ecology, the halophilic 
heterotrophs used in the HAA system with prominent ammonia assim
ilation function are usually aerobic or facultative anaerobic, but lack 
strong adaptability to continuous hypoxic conditions. While oxygen 
input should be minimized for efficiency, excessively low aeration 
compromises both biological activity and system stability in the long 
term.

3.2. Batch tests performance under different aeration rates

3.2.1. Batch tests I for pollutant degradation analysis
Batch tests I of nitrogen balance with (Fig. 1 C-F) and without ATU 

(Figure S3) are set up to monitor variations of pollutant concentrations 
to determine degradation pathways. In the batch test I of R1 bioreactor, 
the DO was dropped rapidly from an initial 1.18 O2 mg/L to an average 
of 0.06 O2 mg/L. In contrast, DO in R2 bioreactor stabilized at 1.24 O2 

Fig. 1. Treatment performance of heterotrophic ammonia assimilation reaction under different aeration rates: the influent and effluent of (A) NH4
+-N and (B) COD 

concentrations. Mechanism analysis of nitrogen assimilation: Batch tests with 30 mg/L ATU addition with aeration rates of (C) 0.1 L/min⋅L, (D) 0.5 L/min⋅L, (E) 1 L/ 
min⋅L and (F) 3 L/min⋅L. Kinetic analysis of ammonia assimilation capacity of bioreactors with long-term supply aeration rates of (G) 0.1 L/min⋅L, (H) 0.5 L/min⋅L, 
(I) 1 L/min⋅L, (J) 3 L/min⋅L.
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mg/L at 0–4.5 h, and DO gradually was increased to 7.18 O2 mg/L with 
the accumulation of oxygen to the end. The DO changed in the R3 and 
R4 bioreactors were consistent, reaching a high level of DO state of 7.85 
O2 mg/L and 8.35 O2 mg/L on average, respectively. The degradation 
performance of carbon and nitrogen pollutants in long-term operation 
and typical cycle was consistent. The nitrogen adsorption of biomass and 
EPS was found to be negligible (<5 % of total TN input) under the tested 
conditions (Figure S3). The NH4

+-N removal efficiency showed no sig
nificant difference between treatments with and without ATU 
(p > 0.05), and no notable accumulation of other inorganic nitrogen 
compounds was observed. A linear relationship was identified between 
the reduction in TN-supernatant and the increase in TN-biomass across 
the four bioreactors. The absence of significant nitrogen loss suggested 

nitrogen removal by assimilation rather than by the dissimilation 
pathway. The degradation kinetics analysis based on nitrogen balance 
showed that N and COD removal and the generation of biomass were 
consistent with the pseudo-first-order kinetic model (Figure S4). The 
apparent rate constant (kobs) associated with the increase of aeration 
rate was smaller, and the small difference between the three kobs of the 
three substances suggested consistency in the carbon nitrogen conver
sion process. The microbial cell abundance of 15N increased in the four 
bioreactors in the 15N isotope labeling test, while 15N2 and 15N2O were 
not detected (Table S1).

3.2.2. Batch tests II for oxygen affinity kinetic analysis
The oxygen half-saturation constant in the Monod equation based on 

Fig. 2. Three-dimensional fluorescence spectrum analysis of typical cycle samples under different aeration rates: (A) component 1, (B) component 2, (C) component 
3, and the Fmax in bioreactors with aeration rates of (D) 0.1 L/min⋅L, (E) 0.5 L/min⋅L, (F) 1 L/min⋅L and (G) 3 L/min⋅L. Characteristics of extracellular polymeric 
substrate: (H) CV curves, (I) EIS test and (K) Polysaccharide, protein content and protein-polysaccharide ratio.
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cell growth kinetics represented the affinity of microorganisms for ox
ygen and is crucial for optimizing microbial growth and aeration effi
ciency in wastewater treatment systems [25]. Batch tests II of different 
dissolved oxygen states (Figure S5) were established to perform kinetic 
analysis. In the kinetic analysis (Fig. 1 G-J), the R1-R4 bioreactors un
derwent complete reaction processed at four aeration rates respectively. 
The Km were 0.47 ± 0.12 (R1), 0.86 ± 0.20 (R2), 0.87 ± 0.29 (R3), 
2.22 ± 0.99 mg/L/d (R4), and the Vmax were 173.99 ± 14.06 (R1), 
235.20 ± 24.40 (R2), 347.44 ± 51.50 (R3), 409.02 ± 108.94 mg/L 
(R4), respectively. Aeration rates significantly influenced the kinetic 
parameters (Km and Vmax) of the bioreactors. The Km and Vmax values of 
the bioreactor with high aeration rate were higher than those of the 
bioreactor with low aeration rate, indicating enhanced microbial ac
tivity and substrate utilization.

In Table S2, the oxygen affinities (oxygen half-full and constant) of 
ammonia-nitrite-oxidizing bacteria and nitrite-oxidizing bacteria are 
generally recognized as 1–40 μM (0.014–0.56 mg/L/d) [26–29] and 
4.06–16.88 μM (0.05684–0.23632 mg/L/d) [26,30–32], while that of 
non-oxygenophilic heterotrophic bacteria is only 0.00312 μM 
(0.00004368 mg/L/d) [33]. Tsukamoto et al. [16] suggested that 
ammonia loss could be inhibited by reducing dissolved oxygen and 
maintaining heterotrophic ammonia recovery at low DO. However, its 
limited heterotrophic microbial activity cannot achieve complete 
ammonia assimilation and efficient nitrogen recovery performance. 
Aerobic heterotrophic ammonia-assimilating bacteria have low oxygen 
affinity, resembling NOB (lower oxygen affinity) more than AOB (higher 
oxygen affinity), thus require sufficient dissolved oxygen to support 
efficient assimilation.

3.3. Microbial metabolic compounds

3.3.1. Soluble microbial products
The EEM spectra of SMP samples were characterized in Figure S5. 

The main peaks of components 1, 2 and 3 of SMP were separated by 
PARAFAC model (Fig. 2 A-C). Component 1 was at excitation/emission 
(Ex/Em) 275/350 nm (peak a) and 230/340 nm (peak b), corresponding 
to tryptophan and aromatic protein-like substances. Peaks c and d at 
275/310 nm and 230/310 nm were identified as tyrosine protein-like 
and tryptophan protein-like substances in component 2 of SMP [8]. In 
component 3, peaks e and f at 340/420 nm and 275/420 nm were 
identified as humic and fulvic acid-like substances. The different initial 
ratios of components across R1–R4 at 0 h were attributed to pre-existing 
microbial metabolic heterogeneity resulting from prior adaptation of the 
corresponding sludge to distinct aeration rates during long-term reactor 
operation. In the R1 and R2 bioreactors (Fig. 2 D-G), the maximum 
fluorescence intensity proportion of component 1 decreased from 
47.5 % and 65.0–27.0 % and 30.8 %, respectively, while component 2 
increased from 31.8 % and 21.5–48.5 % and 46.2 %. Component 3 did 
not fluctuate much in the R1 and R2 bioreactors. Tyrosine protein-like 
and tryptophan protein-like substances were consumed in the form of 
more generation and transformation of tryptophan and aromatic 
protein-like substances in microbial metabolism due to the low dissolved 
oxygen environment. In contrast, bioreactors in high dissolved oxygen 
environments showed the opposite trend. In R3 and R4 bioreactors, the 
proportion of component 1 increased from 30.7 % and 35.7–50.3 % and 
47.6 %, respectively, while the proportion of component 2 decreased 
from 54.3 % and 51.0–33.6 % and 23.5 %. At the end of the reaction in 
the R4 bioreactor, component 3 suddenly increased from 8.6 % to 
28.8 % with the decrease of components 1 and 2, possibly due to excess 
aeration and nutritional deficiencies caused by cell residue accumula
tion [13]. FRI analysis (Figure S7) showed that soluble microbial 
by-product-like substances (Region IV) dominated across all reactors. R2 
and R3 exhibited marked declines in protein-like regions (I–II) and in
creases in humic-like substances (Region V), suggesting progressive 
microbial humification. R4 maintained stable fluorescence, indicating 
enhanced organic stabilization under higher aeration. These trends 

highlight oxygen-driven transformation from labile to recalcitrant or
ganics [21].

3.3.2. Extracellular polymeric substances
The electrochemical properties of EPS were analyzed using CV curve 

and EIS test (Fig. 2 H-I). In the CV curves, redox peaks were observed in 
all reactors, indicating that redox-active compounds in EPS participated 
in electron transfer. Higher peak currents were recorded in reactors with 
increased aeration rates, suggesting that microbial electron transfer 
activity was enhanced under these conditions. The results of EIS analysis 
showed that the EPS of the highly aerated bioreactor sludge had higher 
electron transfer capacity, suggesting stronger organic oxidation and 
utilization capacity. In addition, the PN and PS content of EPS in the four 
bioreactors was compared to evaluate the impact of aeration on extra
cellular matrix composition (Fig. 2 J). From the perspective of sludge 
extracellular metabolites, the bioreactor with higher dissolved oxygen 
supply had more protein content, suggesting that elevated DO levels 
potentially enhanced microbial activity and structural stability of the 
biofloc. The reactor with higher aeration rate exhibited increased pro
tein content and reduced PS/PN ratios, which likely contributed to 
improved flocculation and sedimentation performance. These condi
tions promoted the formation of compact and robust biofilms, thereby 
enhancing microbial resistance to shear stress and supporting stable 
reactor operation. Conversely, higher PS fractions in low-aeration sys
tem may lead to looser biofloc structures, reducing sludge settleability.

3.3.3. Assimilative key substances
The GDH, GOGAT, and GS are key enzymes in this process, respon

sible for catalyzing the incorporation of ammonia into α-ketoglutarate to 
form Glu, and further conversion of Glu into Gln (Fig. 3A). Although the 
metabolic pathway prediction was based on 16S rRNA gene sequences 
using PICRUSt2, its accuracy is supported by previous benchmarking 
studies [34] and corroborated by metagenomic evidence from halophilic 
nitrogen-assimilating microbiomes in saline wastewater systems [3], 
which consistently identified key genes such as glnA, gltB, and gdhA 
involved in ammonia assimilation. The activity ranges of GDH, GOGAT 
and GS were 56.53–85.85 mU/g MLSS, 987.06–2673.40 U/g MLSS and 
19.77–88.71 U/g MLSS, respectively. The enzyme activity of GOGAT 
(43.02–170.84 %) and GS (183.47–348.70 %) increased significantly, 
while the activity of GDH (4.88–51.87 %) changed little. Nitrogen 
metabolism in the system relied more heavily on the GS-GOGAT cycle 
for ammonia assimilation. TAA was above 240 mg/g MLSS. In addition, 
Glu and Gln content fluctuated between 7.90 % and 11.21 % and 8.72 ~ 
12.33 % of TAA content. In aerobic metabolism, electrons in the respi
ratory chain were transferred from NADPH and ATP to the corre
sponding electron acceptor reductase to facilitate proton transport 
across the membrane to form proton power and ultimately to produce 
energy. With the increase of aeration rate, ATP increased from 0.68 
μmol/g MLSS (0.1 L/min⋅L) to 2.92 μmol/g MLSS (3 L/min⋅L), while 
NADPH increased from 2.16 μmol/g MLSS (0.1 L/min⋅L) to 4.82 μmol/g 
MLSS (3 L/min⋅L). Oxygen also affected the ammonia assimilation ef
ficiency by affecting the synthesis of NADPH and ATP.

3.3.4. Functional gene prediction based on KEGG
PICRUSt-based KEGG pathway analysis was applied to high- 

throughput sequencing data, revealing insights into carbon and nitro
gen metabolism (Fig. 3B). In the pathway of nitrogen assimilation 
metabolism, the proportion of glnA gene was at a high level, ranging 
from 0.107 % to 0.123 %. Other ammonia assimilation genes were also 
at relatively high levels, such as gdhA (0.051–0.070 %), GLUD 
(0.021–0.024 %), glnE (0.035–0.038 %), gltD (0.050–0.056 %), and gltB 
(0.040–0.042 %). The increase of aeration intensity decreased the gene 
expression of the GDH pathway (GLUD, gdhA) and promoted the GOGAT 
pathway genes, possibly because DO enhance the synthesis activity of 
ATP and NADPH, which led to more ammonia switching to GS pathway 
for assimilation. Nitrification gene hao was present at low levels (<
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10− 4%) and amoA was undetected, confirming the absence of 
nitrification.

In TCA cycle, the stimulation of dissolved oxygen also increased the 
expression of various functional genes. In particular, the genes of citric 
acid synthetase (CS) and Isocitrate Dehydrogenase (IDH3A) were 

significantly up-regulated, which were indispensable for the synthesis of 
alpha-ketoglutaric acid [3]. Similarly, there was a consistent trend in 
other pathway genes involved in NADPH conversion responses, such as 
OGDH, DLST, SDHC/D, and MDH2. Bacteria perform oxygen utilization 
and electron production through oxidases on the biofilm. Aerobic 

Fig. 3. Mechanism analysis: (A) The enzyme activity, amino acids and energy molecules of assimilation pathways; (B) The relative abundances of the nitrogen and 
carbon genes predicted by PICRUSt; (C) The metabolic diagram. Different lowercase letters (a, b, c, etc.) indicate statistically significant differences (p < 0.05) among 
groups based on one-way ANOVA followed by Tukey’s post hoc test.
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respiration involves key genes such as coxA, coxB, and coxC, which 
encoded subunit of cytochrome c oxidase, facilitating the transfer of 
electrons to oxygen, the terminal electron acceptor. Genes like nuo and 
sdh encoded components of the electron transport chain, enabling effi
cient energy production via oxidative phosphorylation. The expression 
of these genes increased with the increase of oxygen load. The O2 has a 

high REDOX potential (ΔE ’0 = +0.82 V), and each reduction of oxygen 
molecules will produce four protons across the membrane into the 
membrane gap [7]. In oxidative stress conditions, bacteria activate 
antioxidant defense mechanisms. The katE, SOD1 and SOD2 were 
up-regulated with the increase of aeration rate. The increase of oxygen 
content led to the activation of microbial self-protection mechanisms 

Fig. 4. Microbial community: (A) The alpha indices, including chao, sobs, shannon and simpson index. Microbial community at (B) phyla level and (D) genus level. 
The (C)SPEC-OCCU and (E) BugBase plots for potential keystone species identification and bacterial phenotype prediction. Different lowercase letters (a, b, c, etc.) 
indicate statistically significant differences (p < 0.05) among groups based on one-way ANOVA followed by Tukey’s post hoc test.
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such as superoxide dismutase (SOD), which reduced harmful substances 
reactive oxygen species (ROS) to oxidized glutathione (GSSG), thereby 
avoiding ROS damage to cells [35]. Regulatory genes like fnr, arcA and 
arcB coordinate the transition between aerobic and anaerobic states, 
revealed the versatility of bacterial metabolism in adapting to fluctu
ating oxygen levels, balancing energy production and protection against 
oxidative damage.

3.3.5. Nitrogen assimilation mechanism analysis
The simplified metabolic network based on the process of hetero

trophic ammonia assimilation is shown in Fig. 3C. The acetate was 
involved in the TCA cycle as a carbon driver, providing the electrons 
involved in the NADPH synthesis, as well as the α-ketoglutaric acid 
required by HAA. Oxygen entered the cell through respiration and 
metabolism to produce water and carbon dioxide to produce electrons, 
thereby maintaining basic cell metabolism and growth. Oxygen acted as 
the final electron acceptor in the electron transport chain, enabling the 
production of ATP through oxidative phosphorylation. In HAA meta
bolism, ammonia and α-ketoglutaric acid were synthesized to glutamate 
under GDH enzyme, stands out because it does not require ATP or 
NADPH, led the HAA pathway less susceptible to fluctuations in DO 
levels. In GOGAT/GS pathway, glutamine and ammonia synthesis of 
glutamate under the support of ATP and NADPH, as well as the regen
eration of glutamine were two biomass synthesis reactions under high 
nutrient conditions. The reliance on ATP and NADPH made the GOGAT/ 
GS pathway more resource-intensive. Adequate oxygen levels were 
necessary to support the energy demands of these processes. Oxygen 
limitation can hinder the GOGAT and GS processes, potentially slowing 
down cell growth and affecting overall metabolic efficiency.

3.4. Microbial community

The oxygen intensity profoundly affected the survival, metabolism 
and reproduction of microorganisms with different degrees of oxygen 
affinity, thus affecting different aspects of microbial communities in 
bioreactors. The ACE, Chao and Shannon values of microbial samples in 
bioreactors with higher aeration rate were lower, while Simpson values 
showed an opposite trend (Fig. 4A). Similarly, Venn analysis built on 
OTU numbers shows a similar trend (Figure S8). The enhanced aeration 
supply reduced the number of sample species and community diversity, 
thereby improving the functionality of obligate microbial populations 
for survival in aerobic states.

At phylum level (Fig. 4B), the relative abundance of Proteobacteria 
in bioreactors was as high as 57.3–64.0 %. Proteobacteria was the main 
promoter of heterotrophic ammonia assimilation reaction [7], and 
participates in nitrogen and carbon cycle, which had high ecological 
value [36]. The abundance of Bacteroidota ranged from 23.1 % to 
30.3 %. Higher aeration rates correspond to higher Planctomycetota 
abundance and less Desulfobacterota. The Specific-Occupancy (SPE
C-OCCU) method identifies core microbial taxa by evaluating their 
specificity and occupancy across samples, helping to highlight func
tional keystone organisms under different environmental conditions. In 
Fig. 4C, the relevant taxon based on SPEC-OCCU showed that 37, 37, 4, 
and 1 functional microbial phylum (0.7 < Specificity < 1.0, 0.7 < Oc
cupancy < 1.0) had been identified as key taxa of R1, R2, R3 and R4 
bioreactors, respectively [37]. Higher the aeration rate, more the key 
microbial phylum number. The abundance of Proteobacteria accounted 
for more than 30 % in the key phylum.

At genus level (Fig. 4D), Halomonas, as the dominant microorganism 
with the highest abundance, increased from 12.77 % (inoculation) to 
28.51 % (R1), 22.67 % (R2), 47.92 % (R3) and 43.09 % (R4) in the 
inoculated sludge, respectively. Halomonas can improve the synthesis of 
intracellular substances by increasing the levels of ATP, NADH/NAD+

and oxygen utilization [38]. Similarly, this genus was one of the major 
contributors to the nitrogen recovery process of the heterotrophic 
ammonia assimilation process. Planktosalinus, as an important HAA 

functional bacterium, increased from 16.48 % (inoculation) to an 
average of 19.95 % (R1) and 25.80 % (R2), and decreased to an average 
of 15.85 % (R3) and 15.85 % (R4). The results showed that this genus 
was adapted to enrich in low and medium dissolved oxygen environ
ment, but was inhibited by stress under high dissolved oxygen envi
ronment [8]. In particular, the abundance of Marinobacterium had 
increased dramatically from 1.69 % (inoculation) to 11.69 % (R1), 
11.03 % (R2), 3.17 % (R3) and 6.05 % (R4). There was a literature 
showing that it can effectively degrade refractory organic matter in sa
line wastewater under the condition of micro-aeration [39]. Notably, no 
microorganisms with autotrophic nitrification were detected in any of 
the four aeration-supplied HAA bioreactors. The Bugbase predicts mi
crobial phenotypes (e.g., aerobic, anaerobic, pathogenic traits) from 16S 
rRNA data using a reference database, allowing inference of 
community-level traits under different conditions. The Bugbase pheno
typic predictive function analysis was established to investigate the ef
fect of aeration rate on phenotypic transformation of HAA microbial 
communities (Fig. 4E). In the predicted information, the abundance of 
aerobic bacteria was higher in the bioreactor with higher aeration rate, 
while the anaerobic and facultatively anaerobic bacteria showed 
opposite trends. In addition, oxidative stress tolerant bacteria were 
significantly different, with abundances of 33.43 % (R1), 30.02 % (R2), 
45.32 % (R3) and 47.55 % (R4), respectively. The impact of different 
aeration rates on microbial populations, driving the selective enrich
ment and proliferation of specific functional microorganisms.

3.5. Microbial network analysis and assembly mechanisms

Microbial co-occurrence networks are constructed based on pairwise 
correlations, revealing potential interactions, cooperation, or competi
tion among microbial taxa in complex communities. The cooccurrence 
network (Fig. 5 and Table S3) based on R1, R2, R3 and R4 microbiomes 
consisted of 334, 345, 273, 261 nodes and 3697, 4224, 2552, 2177 
edges, respectively. The modularity degrees were 0.854, 0.819, 0.781 
and 0.796, respectively, and the average degrees were 22.138, 24.487, 
18.696 and 16.682, respectively. The positive correlations between co- 
occurring networks were 74.55–81.23 %. Fig. 5A showed the co- 
occurrence network of R1 bioreactor, which was mainly composed of 
five modules, accounting for 11.7 %, 11.4 %, 11.1 %, 10.8 % and 6.3 % 
of all microorganisms, respectively. Stappia and Marinospirillum, the 
removal contributors of refractory organic matter [3,40], such as phenol 
and azo dyes, dominated module 1 and module 4. However, the two 
genera with the largest abundances Halomonas and Planktosalinus, were 
not in the main modules. The co-occurrence network of R2 bioreactor 
(Fig. 5B) consisted of module 1 (15.7 %), module 2 (11.9 %), module 3 
(9.6 %), and module 4 (6.7 %). Under slightly higher DO conditions, 
Azohydromonas of module 1 can generate high value poly
hydroxybutyrate in excess [41]; Geobacter of module 2, had unique 
functions in electron transfer and energy recovery [13]; Salinicoccus of 
module 3 can enhance ROS homeostasis and detoxification metabolism 
under high salt [42]. In the co-occurrence network of R3 bioreactor 
(Fig. 5C), module 1 (17.2 %) was the dominant module, which was 
formed by the cooperation and competition of various bacteria genera 
such as SM1A02. In addition, Brevundimonas in module 2, Mariniphag in 
module 3, and unclassified_Rhodobacteraceae in module 4 all had positive 
interactions with other bacteria. Brevundimonas and Mariniphag had an 
extremely strong tolerance to stress [43], while unclassified_Rhodo
bacteraceae was considered to have organic metabolism capacity [44]. In 
Fig. 5D, modules 1 and 2 formed the microbial network of the R4 
bioreactor with the highest aeration rate. Among them, Halomonas and 
Gelidibacter [45] of module 1 had mutually reinforcing effects in terms of 
nitrogen removal. Module 2 contained norank_Micavibrionaceae and all 
its relationships were positive interactions. The within-module con
nectivity (Zi) and among-module connectivity (Pi) values measure a 
topological role of taxon in a network, distinguishing module hubs (high 
Zi) and connectors (high Pi) important for microbial community 
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Fig. 5. In-depth analysis of microbial communities from bioreactor sources supplied by different carbon sources: Microbiome co-occurrence network in (A) R1, (B) 
R2, (C) R3, (D) R4 bioreactors. (E) The Z-P plot of species topological roles. (F) Robustness analysis based on the average degree andnatural connectivity of six 
microbial networks. (G) Fit of neutral community model (NCM) of community assembly. (H) Distribution of beta nearest taxon index (βNTI), Raup-Crick metric 
(RCbray), and contributions of deterministic and stochastic processes evaluated by null model framework. A blue line in the networks indicated significant positive 
interactions, and a red line indicated significant negative interactions.
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structure and stability. The Zi and Pi were assessed (Fig. 5E), revealing 
that 99.9 % of nodes were classified as Peripheral nodes. Only one 
Module hub had been found in the R3 bioreactor, IheB3–7 (Family 
Melioribacteraceae) [46], which was considered to be the dominant 

bacterium at slightly higher DO level [47]. Its presence under 
high-salinity and oxygen-rich conditions may point to involvement in 
organic matter degradation or redox-sensitive metabolic processes [47]. 
Iheb3–7 may share metabolic intermediates with other bacteria in a 

Fig. 6. The self-assembly process of microbial communities: (A) Triangular plots show community ecological processes (i.e., species substitution and richness 
differences) of bacteria in the four bioreactors. Its position is denoted by a triplet of values from the Similarity = 1 – dissimilarity, Repl (replacement), Nestedness; 
each triplet sums to 1. (B) Niche breadth of the generalists and specialists. Relative abundance was shown on a logarithmic (lg) scale. (C) Pairwise correlation 
analyses based on the Bray-Curtis matrix for nitrogen, carbon, oxygen genes and microorganism using Procrustes analysis, microorganism-nitrogen genes, 
microorganism-carbon genes, and microorganism-TPHs genes. The forward path coefficients are indicated by red arrows. (D) Similarity Percentage (SIMPER) of 
microbial communities.
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positive way [6], thus exerting the network cohesion function of Module 
hub. Robustness analysis evaluates the stability of microbial networks 
by measuring parameters like natural connectivity and resistance to 
node removal, indicating ecosystem resilience to disturbance. In 
robustness analysis (Fig. 5F), the microbial communities of bioreactors 
with higher aeration rates showed higher robustness. The proportion of 
network complexity and positive correlation in the four bioreactors was 
positively correlated with the stability, and the establishment of a more 
stable community network may depend on the enrichment of dominant 
species in an aerobic environment [21]. After the initiation of ammonia 
assimilation, an adequate oxygen environment limited the further 
spread of non-dominant species, providing support for the preferential 
effect [48].

The Sloan NCM assesses the contribution of stochastic processes (e. 
g., dispersal, drift) in microbial assembly by comparing observed species 
distributions to those predicted by neutral theory. In NCM analysis 
(Fig. 5G-H), the N values of R1-R4 bioreactors were 68,419, 89,851, 
96,960 and 95,947, respectively, indicating that higher aeration rates 
led to random selection playing a more important role in microbial 
community construction. The m value had a consistent change trend, 
revealing that the microbial community with higher aeration rate may 
have a higher migration rate and less dispersal limitation [49]. These 
results highlight that stochastic community assembly under higher 
aeration may facilitate the ecological adaptation of HAA systems to 
fluctuating oxygen conditions. Null model analysis quantifies the rela
tive influence of deterministic versus stochastic processes in microbial 
community assembly using βNTI and RC metrics to infer ecological 
drivers. Null model analysis (Fig. 5H) was performed to evaluate the 
relative contributions of deterministic and stochastic processes under 
varying aeration rates. The βNTI and RC values, consistently within the 
range of − 2 to 2, confirmed that stochastic processes predominantly 
governed community assembly [8]. The higher aeration rate led to the 
higher proportion of Dispersal Limitation and the lower proportion of 
Heterogeneous Selection and Undominated on the community assembly. 
The self-assembly of HAA microorganisms under varying aeration rates 
was primarily influenced by stochastic processes, with higher aeration 
rate increasing random selection, migration, and dispersal limitation, 
although deterministic factors still played a role. This suggests that 
aeration-driven stochastic processes play a key role in shaping microbial 
compositions critical for efficient ammonia assimilation. Moreover, the 
ternary plots (Fig. 6A) indicated that community assembly was shaped 
by both stochastic and deterministic factors, with varying levels of 
similarity, nestedness, and replacement across reactors (R1–R4). Such 
variations reflect the flexible microbial adaptation strategies supporting 
sustained nitrogen conversion in HAA systems. Niche breadth analysis 
estimates how widely taxa are distributed across environmental gradi
ents, distinguishing generalists (broad niches) from specialists (narrow 
niches) based on Levin’s index. Niche breadth analysis (Fig. 6B) showed 
that generalists had broader ecological niches and higher abundance, 
indicating their adaptability to DO fluctuations. Specialists, in contrast, 
exhibited narrow niches and lower abundance, suggesting their prefer
ence for stable conditions, revealed the functional differentiation of 
microbial community in response to oxygen availability. This ecological 
differentiation is closely related to the microbial community’s ability to 
maintain nitrogen assimilation across varying aeration intensities. Pro
crustes analysis compares two multivariate datasets (taxonomy vs. gene 
function) by superimposing them to evaluate concordance between 
microbial composition and functional profiles. Procrustes analysis 
(Fig. 6C) revealed strong correlations between microbial composition 
and nitrogen-related genes, suggesting that nitrogen metabolism played 
a crucial role in community structuring. The correlation with oxygen 
genes further supported the impact of DO on microbial functional ca
pacity. SIMPER analysis identifies the microbial taxa contributing most 
to community dissimilarity between groups, quantifying their relative 
impact on compositional variation. SIMPER analysis (Fig. 6D) indicated 
that self-similarity varied among reactors, with the highest in R1 

(38.1 %) and the lowest in R4 (32.4 %), emphasizing the significant 
shifts in microbial communities due to DO variations. This microbial 
divergence further supports the hypothesis that aeration intensity 
modulates functional microbial specialization for ammonia 
assimilation.

The observed shifts in microbial community structure under varying 
oxygen intensities can be explained by the interplay of ecological niche 
theory and neutral theory. Differences in oxygen affinity among mi
croorganisms led to niche partitioning, where high oxygen concentra
tions favored obligate aerobes with efficient respiration and antioxidant 
systems, enhancing nitrogen assimilation. Conversely, facultative and 
microaerophilic taxa were outcompeted at elevated DO, leading to 
reduced diversity but increased specialization. This pattern reflects 
ecological filtering, where environmental constraints such as DO selec
tively enrich functionally advantageous populations while excluding 
less competitive taxa. However, despite the clear influence of deter
ministic selection, stochastic processes dominated the overall commu
nity assembly, as supported by neutral theory [50]. Similar trends of 
stochastic dominance have been reported in microbial communities 
exposed to salinity and oxygen gradients, where dispersal limitation 
increases under environmental disturbance. Compared with stable 
wastewater systems, the dynamic aeration regime in this study likely 
intensified random assembly by continuously disrupting microbial 
equilibrium. The coexistence of functional specialization with stochastic 
structuring suggests that while aeration filters for key functional groups, 
it simultaneously promotes random turnover of the broader community. 
These findings provide ecological insight into the balance between 
deterministic selection and stochastic drift in engineered systems, 
emphasizing that aeration regulation influences not only pollutant 
removal but also the ecological mechanisms shaping microbial 
assembly.

3.6. Energy consumption and nitrogen footprint

Nitrogen footprint, as an index to quantitatively analyze the impact 
of wastewater treatment on reactive nitrogen emission and water re
sources, provided a new theory and approach for evaluating the envi
ronmental effect of nitrogen-containing wastewater utilization system. 
The total nitrogen footprint (NFTOT) comprised effluent residual nitro
gen (NFwat), air emissions (NFair), sludge generation (NFslud), and elec
tricity use (NFelec) (Fig. 7A and B). NFwat decreased with increasing 
aeration rates, indicating better nitrogen removal efficiency at higher 
DO levels. Conversely, NFslud increased significantly, especially at R3 
and R4, due to enhanced microbial activity and biomass generation. 
Because nitrogen was removed through the heterotrophic ammonia 
assimilation pathway rather than oxidized to gaseous form, it is 
considered that the nitrogen removal in the nitrogen oxide form (NFair) 
was approximately zero. The contribution of NFelec became prominent at 
high aeration rates due to increased energy demand. Excessive aeration 
leaded to a sharp increase in NFTOT due to higher energy-related 
emissions.

The different aeration rates led to different aeration pump energy 
consumption (Fig. 7C). Under the same energy consumption of the inlet 
and outlet pumps, the specific energy demand (SED) of R1-R4 bio
reactors were 0.0038, 0.0126, 0.0236 and 0.0676 kWh/d, respectively. 
Aeration energy dominated the total energy demand compared to 
filtration, especially at higher aeration rate, where aeration contributed 
over 95 % of total energy consumption. Based on this, the pollutant 
removal efficiencies and the aeration cost were combined to obtain the 
optimal aeration rate (Fig. 7D). Obviously, the aeration rates of 1–3 L/ 
min⋅L were considered as the parameter range of optimal pollutant 
removal. The optimal aeration rate is 1 L/min⋅L, where high efficiency is 
achieved with moderate energy input, aligning with sustainable opera
tion goals.

From a practical perspective, R3 exhibited the best balance between 
nitrogen removal efficiency and energy cost, making it promising for 
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engineering-scale application. However, further techno-economic anal
ysis is needed to assess long-term operating costs and return on nutrient 
recovery. In addition, environmental indicators beyond nitrogen, such 
as COD utilization, sludge production, and potential carbon emissions, 
should be integrated into future life-cycle assessments to provide a more 
comprehensive sustainability profile.

3.7. Contribution calculation and correlation analysis

Fig. 7F and G show the contribution relationship and standardized 
total effect analysis of oxygen load, pollutant degradation, microbial 
community, functional genes, and protein production in bioreactors 
using PLS-PM. Variable selection was based on a combination of bio
logical relevance, variance contribution, and meaningful ecological 
factors (e.g., functional microorganism abundance, key functional 

Fig. 7. Energy consumption, carbon emissions, and nitrogen footprint: (A) Sankey diagram of energy consumption, carbon emissions, and nitrogen footprint. in 
bioreactors. The content comparison of (B) nitrogen footprint and (C) energy consumption. (D) Optimal aeration rate curve based on efficiency and energy con
sumption. (E) Partial least-squares path model (PLS-PM) of relationships between oxygen, microbial community, pollutant removal, nitrogen assimilation gene, and 
AA & PN product output. (F) Standardized total, direct and indirect effect values calculated by PLS-PM. (*p < 0.05; *p < 0.01, ***p < 0.001).
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genes, nitrogen removal metrics). It is noted that PLS-PM is a 
correlation-based method and does not establish causality. Therefore, 
the identified pathways should be interpreted as potential associations 
that support mechanistic hypotheses but require further experimental 
verification. The goodness of fit value of 0.75 indicated that the model 
had good adaptability. The oxygen load had a positive relationship with 
the four main aspects. The total contribution value of oxygen load to the 
four factors was also positive, which was 0.83 for pollutant degradation, 
0.50 for microbial community, 0.05 for functional genes and 0.83 for 
protein production. In addition, oxygen load showed a highly significant 
positive relationship on pollutant removal (p < 0.001). The correlation 
analysis of system performance with functional genes and functional 
bacteria (Figure S9). The NH4

+-N removal and oxygen load were highly 
correlated with nitrogen function genes (0.001 < p ≤ 0.01), indicating 
that oxygen intensity significantly affected microbial community 
structure and microbial nitrogen transformation in HAA systems. Future 
research should focus on further optimizing aeration strategies and 
exploring the long-term impacts on microbial communities and treat
ment performance.

3.8. Significances and prospects

Oxygen driven HAA process enhanced wastewater treatment sus
tainability and environmental friendliness. Although the supply of suf
ficient oxygen and carbon sources may be more prominent in the single- 
stage process energy consumption, HAA avoided the problem of inter
mittent oxygen supply and unreasonable organic carbon supply from the 
perspective of the long chain of sewage treatment, thus realized the 
recovery of nitrogen resources without producing harmful in
termediates. In terms of full chain cost and environmental significance, 
HAA had advantages over existing wastewater treatment processes, 
especially high-salinity wastewater. HAA process produced partial high 
value-added sludge due to the accumulation of nutrient products, which 
had higher nitrogen content and activity than the existing wastewater 
treatment process sludge [3,8], thus became the best raw material for 
sludge resource treatment. Compared with previous studies on saline 
wastewater treatment [14,17,51–53], this work provides a more sys
tematic understanding of how aeration precisely regulates heterotrophic 
ammonia assimilation, achieving high NH4

+-N and COD removal effi
ciencies (>94 %) while promoting the dominance of halophilic func
tional taxa. Unlike conventional nitrification-denitrification or partial 
nitrification processes, our study emphasizes aerobic assimilation 
pathways and microbial network reinforcement, offering a novel 
ecological strategy for stable and efficient nitrogen recovery under hy
persaline stress. The high value-added HAA sludge was considered a 
resource rather than a waste, and can also be applied to the soil as a 
microbial fertilizer after harmless treatment [3], thus minimizing ni
trogen losses from side stream recycling. Detailed, the direct regulation 
of biofilm EPS by salt-tolerant microorganisms enhances soil structural 
integrity, offering a viable strategy for improving soil aggregates [54]. 
Unique assimilative metabolic pathways in HAA further contribute to 
soil organic carbon pump formation and restoration while retaining 
nitrogen, a mechanism currently under investigation by our team.

The successful establishment of salt-tolerant HAA communities in 
this study was attributed to the use of marine sediment-derived micro
organisms as inoculum sources combined with targeted domestication 
strategies. Ensuring that only ammonia assimilation occurs without 
nitrification in full-scale systems remains challenging. Key control fac
tors may include competitive inhibition of nitrifying bacteria by domi
nant heterotrophic communities, strict regulation of the influent C/N 
ratio, and salinity-induced selective pressure that favors heterotrophic 
metabolism over autotrophic pathways. However, the relative contri
bution of each control factor and their interactions require further 
investigation. For large-scale applications, dedicated inoculation and 
enrichment systems will need to be developed, including process 
equipment specifically designed for the domestication of halophilic 

heterotrophic populations.
While the study demonstrates the efficiency of HAA in nitrogen re

covery and sludge valorization, future work should address key engi
neering challenges. These include developing low-energy oxygen 
delivery systems that can maintain optimal DO levels identified in this 
study (e.g., R3 conditions), and designing reactors that support stable 
biofilm structure and oxygen transfer under saline conditions. Devel
oping low-energy, fine-tuned aeration systems that can maintain 
optimal DO without over-aeration is essential. Reactor design must 
address the dual needs of effective biomass retention and oxygen 
transfer, especially under saline conditions. Moreover, long-term field 
trials are needed to assess the agronomic value and environmental safety 
of HAA sludge when applied to saline-alkali soils. These targeted efforts 
will facilitate the transition of HAA from bench-scale success to full-scale 
implementation. Future research will aim to advance more efficient 
sludge management strategies, fostering novel pathways for resource 
recovery and environmental sustainability.

4. Conclusions

This study investigated the effects of aeration rates on HAA bio
reactors, focusing on performance and microbial dynamics. Higher 
aeration significantly improved NH4

+-N and COD removal, stabilized 
operations, enhanced biomass growth, and optimized substrate utiliza
tion. Batch tests confirmed HAA as the primary nitrogen removal 
pathway. Microbial analysis revealed that increased aeration reduced 
diversity and species richness, favoring Halomonas dominance. Ecolog
ical analyses revealed that stochastic processes governed microbial 
community assembly under aeration-driven selective pressures, 
balancing random dispersal with functional specialization. Additionally, 
nitrogen footprint analysis demonstrated that HAA effectively reduced 
reactive nitrogen emissions by transforming ammonium into biomass, 
eliminating gaseous nitrogen loss while promoting resource recovery. 
The optimal aeration rates were 1–3 L/min⋅L, with 1 L/min⋅L offering 
the best balance between efficiency and cost. These findings provide 
valuable insights for optimizing wastewater treatment, improving 
pollutant degradation, and advancing sustainable environmental man
agement strategies.
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