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microbial community in a moving bed biofilm
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This study elucidated the synergistic regulatory mechanism of carbon-to-nitrogen ratio (C/N) and dissolved
oxygen (DO) concentration on the nitrogen removal performance in a moving bed biofilm reactor (MBBR). It
was innovatively discovered that the matching relationship between C/N and DO is a key factor determining
system performance: when a low C/N (=5) was matched with low DO (0.6 mg L™), or a high C/N (=12) was
matched with high DO (3 mg L™}, excellent nitrogen removal was achieved, with COD and nitrate removal
efficiencies as high as 97.1%/99.0% and 96.3%/100%, respectively. The nitrogen balance and enzyme activity
experiments demonstrated that the removal of nitrate partially relies on the assimilation of microorganisms,
converting it into biomass nitrogen required for microbial growth, while the other part is converted into N,
through denitrification. The study confirmed the recognition that the microbial community's demand for C/
N is positively correlated with DO concentration. High-throughput sequencing revealed that when the C/
N-DO matching was imbalanced (e.g., C/N = 5, DO = 3 mg L), significant shifts in the dominant phyla
occurred: the relative abundance of Proteobacteria dropped sharply from over 72% to 47.35%, while that
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eceived arch 2025 of Bacteroidetes increased to 50.95%, directly leading to a decrease in nitrate removal efficiency to
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68.6%. This study confirms that precise regulation of C/N-DO combinations can directionally shape the

DOI: 10.1039/d5ra02142a

rsc.li/rsc-advances of MBBR process.

1 Introduction

Nitrate nitrogen pollution, primarily from excessive fertilizer
use, untreated industrial/domestic wastewater, and atmo-
spheric deposition, poses significant threats to ecosystems and
human health.? It acts as a key contributor to eutrophication,
triggering algal blooms that deplete oxygen and create “dead
zones” in aquatic environments. For humans, nitrate in
drinking water is converted to nitrite, which can cause methe-
moglobinemia (“blue baby syndrome”) in infants and form
carcinogenic nitrosamines, increasing cancer risks.*> Its high
solubility also leads to persistent groundwater contamination,
making it a pervasive and challenging environmental issue.
Therefore, it is very necessary to efficiently treatment nitrate-
containing wastewater before it is discharged.

Biological denitrification technology is widely used to
remove nitrate from sewage due to its high efficiency, low
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microbial community structure, providing an innovative theoretical basis for achieving precise regulation

operating cost, and no secondary pollution.>* Therefore, many
biological water purification devices and processes have been
designed and applied to remove nitrogenous compounds, such
as sequencing batch biofilm reactor (SBBR),” moving bed bi-
ofilm reactor (MBBR),"® sequencing batch biofilter granular
reactor (SBBGR)® and upflow anaerobic sludge blanket (UASB)
reactor.” The UASB reactor utilizes an upward flow regime
through a suspended sludge bed, where anaerobic microor-
ganisms form granular aggregates that efficiently convert
organic nitrogen and other pollutants into biogas under oxygen-
free conditions. The SBBR operates by filling a sequential batch
reactor with fixed media, creating alternating anoxic-aerobic
environments through intermittent aeration in a time
sequence to achieve nitrification and denitrification for
nitrogen removal.® The SBBGR cultivates aerobic granular
sludge within an SBR, utilizing the dissolved oxygen gradient
inside the granules to achieve simultaneous nitrification and
denitrification. It features high biomass concentration and
strong resistance to shock loads, but requires long start-up
periods and complex operational control.™ The MBBR treats
wastewater by continuously passing it through carriers in the
reactor where biofilm forms, enabling microorganisms to
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proliferate extensively on the carriers while degrading nitrogen-
containing pollutants, thereby purifying the wastewater."
Comprehensive comparison demonstrates that MBBR exhibits
superior performance in nitrogen removal efficiency, opera-
tional stability, resistance to shock loads, and management
simplicity, making it particularly suitable for wastewater treat-
ment scenarios with limited space and significant water quality
fluctuations.” Therefore, MBBR was selected as the research
object in this study.

However, due to the presence of an oxygen gradient inside
the biofilm, dissolved oxygen (DO) is one of the key factors
affecting microbial denitrification performance. Moreover,
most denitrifying bacteria are heterotrophic, so they need
organic carbon to provide energy, commonly expressed as the
carbon-to-nitrogen (C/N) ratio, which plays a crucial role in
promoting cell growth and nitrate degradation.'*'> Therefore,
the influent C/N ratio is another key parameter that directly
affects microorganism's growth and denitrification effi-
ciency.'*” But the C/N ratio may vary for different actual
wastewater or different treatment stages. It has been reported
that different C/N ratios or DO influences the denitrification
performance and microbial community structure in wastewater
treatment."®*® Previous researches have mainly attention on one
of the C/N ratios or DO, but less on the effect of the interaction
between C/N ratio and DO on bioreactor denitrification
performance and microbial consortium structure. Because of
this, we plan to designed orthogonal experiments of different C/
N and DO to explore the optimal C/N and corresponding DO for
MBBR, to achieve the purpose of simultaneously removing
nitrate and organic pollutants efficiently.

This study aims to systematically investigate the nitrogen
removal mechanisms and optimal control strategies of the
highly efficient denitrifying microbial consortium HN-04, iso-
lated from activated sludge, in a MBBR. The research first
identified the optimal aerobic denitrification conditions
(carbon source, C/N ratio, pH, temperature) through shake-flask
experiments. Subsequently, a biofilm system was established
and stabilized in the MBBR to specifically analyze the effects of
different C/N ratios and DO concentrations on nitrate and
organic matter degradation. Furthermore, enzyme activity
assays and nitrogen balance analysis were combined to eluci-
date nitrate transformation pathways. Finally, high-throughput
sequencing was employed to clarify the structural dynamics and
functional responses of the biofilm microbial community under
different operational conditions, thereby providing a theoretical
foundation for the precise regulation and engineering applica-
tion of MBBR processes.

2 Materials and methods
2.1 Medium
The consortium enrichment denitrifying media (EDM) contains
(g L™"): NaCl, 10; yeast extract, 5; peptone, 10; pH = 7.
The components of denitrification media (DM) used to

nitrate treatment were as follows (g L™'): NaNO3, 0.607; sodium
Citrate, 4.20; KzHPO4'3H20, 0.750; NaH2PO4'2H20, 0.250;
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NaCl, 0.120; MnSO,-H,0, 0.010; MgSO,-7H,0, 0.050; FeSO,-
-7H,0, 0.050; pH = 7.

The solid media consists of a DM medium supplemented
with 1.5% agar. Each of the chemicals used in the experiments
was an analytically pure reagent, and all the medium was
autoclaved at 121 °C for 20 min before use.

2.2 Enrichment and isolation of the microbial consortium

The raw water was obtained from the sewage treatment plant
situated in Fengyang city (Shanxi, China), 10 mL original
samples were added into a 250 mL Erlenmeyer flask containing
100 mL autoclaved sterile EDM media and then cultured in
a shaker with a constant temperature of 30 °C and 120 rpm.
1 mL of suspended liquid was transferred to the fresh and same
EDM media every 2 days for another two-day enrichment cycle.
After three consecutive cultures, the suspended liquid was
spread on a solid media by the gradient concentration dilution
method, and placed in a biochemical incubator at 30 °C, picked
out, and purified after visible colonies formed. The selected
colonies were incubated in DM medium for 48 h and individ-
ually tested their denitrification performance. Finally,
a consortium with the best denitrification performance was
chosen and named HN-04, which was stored in 25% glycerol
solution at —80 °C.

2.3 Assessment of nitrate removal performance of microbial
consortium HN-04

Consortium HN-04 was inoculated in triplicate to 100 mL
denitrification media at a proportion of 1% and cultured in
a shaker at 30 °C and 120 rpm. And the uninoculated experi-
ment was used as the control group. Sodium citrate was the
carbon source, nitrate with an initial concentration of
100 mg L' was the single nitrogen source, and the C/N ratio
was adjusted to 12. During cultivation, samples were periodi-
cally to measure the values of ODgy, and pH, then the super-
natant was taken by centrifuged (10000 rpm, 10 min) to
determine changes in total nitrogen (TN), nitrite nitrogen
(NO, -N), nitrate nitrogen (NO; -N), ammonium nitrogen
(NH,"-N) and chemical oxygen demand (COD).

2.4 Single-factor experimental study on affecting
denitrification performance of microbial consortium HN-04

According to the conditions generally affecting enzyme activity,
the effects of distinct carbon source, C/N ratio, initial pH, and
temperature on aerobic denitrification ability of the consortium
HN-04 were investigated. In different carbon source experi-
ments, the C/N ratio of DM media was adjusted to 10, and then
sodium citrate, sodium pyruvate, sodium succinate, sodium
acetate, fumaric acid, and glucose were separately used as
a single carbon source. The effects of various C/N ratios on
denitrification ability of consortium were studied by adjusting
the amount of carbon source (sodium citrate) to make the ratio
of C/N of nitrate as nitrogen source reached 4, 8, 12, 16, and 20.
To further investigate nitrate removal efficiency with different
initial pH, the initial pH was set to 4, 5, 6, 7, 8, 9, 10, and 11
using 4 mol per L HCI or 4 mol per L NaOH. The incubation
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temperature was controlled in the range of 10-45 °C. All the
above experiments were performed in triplicate with 1% (v/v)
inoculum amount, and the non-inoculum samples experiment
were taken as controls. Unless otherwise specified, all single-
factor experiments were conducted under the following stan-
dard conditions: incubation for 48 h on a shaker at 120 rpm and
30 °C; an initial nitrate concentration of 100 mg L™"; a C/N ratio
of 12; and an initial pH of 7.0. All shake-flask experiments were
conducted using a constant temperature oscillator shaker
(DHZ-CA, Taicang, China). The operational parameters of 30 °C
and 120 rpm were selected based on preliminary experiments
which demonstrated that this combination optimally balanced
microbial growth and oxygen transfer efficiency. Specifically,
30 °C falls within the mesophilic range ideal for most
wastewater-derived microorganisms, while 120 rpm on
a constant temperature oscillator shaker provided sufficient
mixing to maintain homogeneous conditions and adequate
gas-liquid transfer without causing excessive shear stress or
foam formation, thereby ensuring reproducible denitrification
performance. Regularly measure the various indicators of the
above experiments, including ODgo, pH, TN, NO, -N, NO; -N,
NH,"-N and COD concentration.

2.5 Bioreactor set-up and operation strategy

In the study of the bioreactor, the effects of different C/N ratios
and DO on the denitrification performance of MBBR were
evaluated. The MBBR reactor was made of plexiglass with a total
effective volume of 5 L (height = 100 c¢m, inner diameter = 8
cm). 50% of the reactor volume was filled with polyurethane
foam as biofilm carriers, and the carrier was a cube with a side
length of 2 cm. Air was introduced into the bottom of the
bioreactor by an aeration pump. The bioreactor contained 5 L of
synthetic wastewater and keeps the reactor running at 30 °C by
circulating water bath. The constitution of the synthetic
wastewater in the bioreactor is the same as that of DM medium
except for the content of sodium citrate is different. The pH of
synthetic wastewater is also 7.0. Table S1 details the operation
conditions and denitrification performance of the bioreactor in
different stages.

The bioreactor was run in five stages, adopting a single-
reactor sequencing batch operation with no parallel blank
controls; however, three samplings were performed for each
condition/time point as technical replicates. The first stage
(days 1-8) being the start-up and microbial membrane forma-
tion stage, as shown in Table S1. At this period, the bioreactor
was started up under the best conditions determined by the
single-factor experiment described above (carbon source of
sodium citrate, C/N = 12, ¢ = 30 °C, pH = 7). The inoculation
dose of microbial consortium HN-04 was 2% (v/v) and DO was
0.6 mg L' After the biofilm was successfully formed, the
inoculum was no longer added to the bioreactor in Stage 2-5,
only the C/N ratio and DO in the bioreactor were varied. In Stage
2-5, the effects of different C/N ratios and DO on the perfor-
mance of the bioreactor were evaluated by measuring the
concentration of TN, NO, -N, NO; -N, NH,"-N and COD in the
effluent.
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2.6 Enzyme assay at different stages

Take the microbial consortium solution at the end of each stage
for centrifugation (10 000 rpm, 20 min, 4 °C), then discard the
supernatant and washed three times with 0.01 mol per L
phosphate buffer (pH = 7.4) to resuspend the consortium. The
consortium suspensions were lysed by ultrasonic treatment for
20 min, then centrifuged (14 000 rpm, 20 min, 4 °C) to obtain
the cell-free extract. Periplasmic nitrate reductase (NapA) and
cytochrome cd;-type nitrite reductase (NirS) are two key
enzymes in the process of denitrification, and their activities
can be detected according to the method of Wang et al.*® The
protein concentration of enzyme extract was measured using
the Bradford Protein Assay Kit (Sangon, Shanghai, China). One
unit of enzyme activity (U) was defined as the amount of enzyme
which catalyzed the conversion of 1 pmol of substrate per
minute. The specific activity (U per mg) was defined as the
concentration of enzyme units divided by the amount of protein
in a milligram. These experiments were carried out in triplicate.

2.7 Nitrogen balance analysis at different stages

On the last day of each stage, only oxygen was injected into the
reactor, and the oxygen flow was controlled by a mass flow
meter to reach the corresponding DO concentration. After 24 h
of culture, 400 pL of gas samples were drawn from the reactor
outlet and the N, content was detected by gas chromatography.
Meanwhile, samples were collected from the reactor at 0 h and
24 h respectively, and the contents of NO; -N, NO, -N, NH,'-N
and TN in the supernatant were measured after centrifugation
at 1000 rpm for 10 minutes. The intracellular nitrogen content
was calculated by subtracting the TN after centrifugation from
the TN uncentrifuged.

2.8 DNA extraction, PCR amplification, and sequencing

Three identical biofilms (three packings) carriers were taken
from the bioreactor at the end of each stage of operation. Total
community genomic DNA was extracted with EZNA® Soil DNA
Kit (OMEGA, USA), according to the manufacturer's instruc-
tions. We used Qubit 2.0 (life, USA) to measure DNA concen-
tration to ensure that we extracted a sufficient amount of high-
quality genomic DNA. The 16S rRNA V3-V4 hypervariable
regions were amplified through PCR using forward primer 341F
(CCTACGGGNGGCWGCAG) and reverse primer 805R (GAC-
TACHVGGGTATCTAATCC). The total amplification reaction
mixture was 30 pL contained 15 pL of 2 xTaq master Mix, 20 ng
of genomic DNA, 10 uM forward and reverse primers each 1 pL
and ddH,O. The detailed thermocycling procedures were: 1
cycle of denaturation for 3 min at 95 °C, first 5 cycles of dena-
turation for 30 s at 95 °C, annealing for 30 s at 45 °C, an
extension for 30 s at 72 °C, followed by 20 cycles of denaturation
for 30 s at 95 °C, annealing for 30 s at 55 °C, extension for 30 s at
72 °C and a final 5 min extension at 72 °C. The amplicons of
each reaction mixture were combined with the same molar ratio
according to its concentration. The sequencing was then carried
out by the Illumina MiSeq platform (USA, Illumina MiSeq)
following the manufacturer's instructions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.9 Analytical methods and calculations

Bacterial growth was monitored by measuring the optical
density at 600 nm (ODgg) using a spectrophotometer (SP-752,
Spectrum, Shanghai, China). The concentrations of NH,'-N,
NO; -N, NO, -N, and TN were determined following standard
methods (APHA, 1998).>' Specifically, NO, -N was analyzed
using the N-(1-naphthalene)-diaminoethane method at 540 nm,
and NO; -N was measured by the phenol disulfonic acid
method at 410 nm. The concentration of NH, -N was measured
by employing Nessler's reagent colorimetric method at 420 nm.
TN and intracellular nitrogen were determined by alkaline
persulfate oxidation followed by UV spectrophotometric detec-
tion. DO and pH were measured with a DO meter (HI98193,
HANNA, Italy) and a pH meter (PB-10, Sartorius, Germany),
respectively. COD was analyzed by the potassium dichromate
method using a COD analyzer (DR 1010, HACH, USA).

Formulae (Cy — C,)/Cy x 100% and (C, — C,)/t represent the
degradation efficiency and removal rate of nitrogen (NO; -N
and TN) and COD respectively. C, represents the initial nitrogen
or COD concentration, C; were concentration at time ¢ and ¢ was
the incubation time of microbial community HN-04. All tests
were performed in triplicate.

3 Results and discussion
3.1 Denitrification performance of the community HN-04

Fig. 1 depicted the microbial growth and nitrate removal char-
acteristics of HN-04 in DM medium under the aerobic condition
of oscillating culture. The HN-04 reduced the nitrate concen-
tration from 100.1 mg L " to 2.70 mg L™ " within 12 h, and the
degradation efficiency and maximum removal rate of nitrate
reached 97.3% and 14.5 mg L' h™", respectively. Then, the
nitrate concentration continued to decrease and was completely
degraded within 18 h, while the ODg¢q, also reached the peak
value of 0.91. Notably, no ammonium accumulation was
observed throughout the entire process, with the maximum
ammonium concentration being only 1.25 mg L™, indicating
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Fig. 1 Growth and denitrification performance of microbial consor-

tium HN-04 under standard conditions (C/N ratio = 12; 30 °C; 120

rpm). Values are means + SD (error bars) for three replicates. Lines

serve as visual guides.
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the absence of dissimilatory nitrate reduction to ammonium
(DNRA). In contrast, when consortium FG-06 used sodium
succinate as carbon source and C/N was 16, only about 50% of
nitrate was removed in 12 h, and the maximum removal rate of
nitrate in the whole degradation process was only 4.53 mg L
h™*,? which was far lower than the nitrogen reduction capacity
of HN-04. In the process of HN-04 degradation of nitrate,
a significant accumulation of nitrite appeared and reaching
a maximum value of 42.3 mg L' at 12 h, the accumulation of
nitrite resulted in the TN removal efficiency of only 54.1%.
However, when the culture time reached 18 h, the concentration
of nitrite in the solution decreased to 0.024 mg L', and the TN
removal efficiency was as high as 98%, which was much higher
than the 75% TN degradation efficiency of Pseudomonas stutzeri
ZF31 in 24 h.” The aerobic denitrification process of Pseudo-
monas stutzeri strain XL-2 (ref. 24) and Enterobacter cloacae CF-
S27 (ref. 25) also showed the phenomenon of nitrite accumu-
lated first and then degraded. The order of nitrate reduction by
biological denitrification is generally as follows: nitrate —
nitrite — nitric oxide — nitrogen-containing gas," indicating
that when nitrate is the only nitrogen source, the accumulation
of nitrite as an intermediate is a normal phenomenon.
However, there was no nitrite accumulation during the process
of nitrate degradation in some strains,**** such as Arthrobacter
arilaitensis Y-10, Pseudomonas stutzeri YZB-001, and Acineto-
bacter sp. Y16, which may be related to the rapid conversion of
intermediate nitrite into the gas by nitrite reductase.
Moreover, the removal efficiency of COD reached 93.3% with
the complete removal of nitrate in 18 h, which fully proved that
the consortium HN-04 can simultaneously degrade nitrogen
and organic matter. It also can be seen from the figure that
denitrification mainly occurs in the logarithmic growth period
of 6-18 h, and the maximum specific growth rate of the HN-04
was 0.1 h™" between 6-12 h. And the pH value increased from
the initial 7.0 to 9.1 with the bacterial growth, which was due to
the generation of alkali during the denitrification process.?

3.2 Effects of different influencing factors on the
denitrification process of the consortium HN-04

3.2.1 Carbon source. As shown in Fig. 2a, HN-04 utilized all
six tested carbon sources for growth and nitrogen removal,
though with distinct nitrate degradation patterns depending on
the carbon source. This variation may be attributed to differ-
ences in the oxidation/reduction potentials of different carbon
sources, which ultimately influence denitrification efficiency.*®
When sodium citrate, sodium succinate, or sodium acetate
served as the sole carbon source, nitrate removal efficiency
exceeded 50%. Among these, sodium citrate supported the
highest removal efficiencies for nitrate (p < 0.05), TN, and
COD—reaching 94.9%, 63.6%, and 99.2%, respectively—along
with the highest maximum cell density. The superior perfor-
mance observed with sodium citrate may be explained by its
role as an intermediate metabolite in the tricarboxylic acid
(TCA) cycle, enabling direct bacterial utilization and thereby
enhancing metabolic activity and shortening denitrification

time. In contrast, HN-04 showed limited growth and

RSC Adv,, 2025, 15, 50784-50794 | 50787
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denitrification activity when sodium pyruvate, fumaric acid, or
glucose were supplied as sole carbon sources. Notably, with
glucose, the maximum NO; -N removal efficiency was only
7.30%, and the maximum ODgg, reached merely 0.040. These
results indicate a strong correlation between bacterial growth
and denitrification performance in community HN-04. Based
on the above findings, sodium citrate was identified as the most
suitable carbon source for supporting HN-04 growth and nitrate
degradation, and was therefore selected for use in subsequent
experiments in this study.

3.2.2 C/N ratio. The C/N ratio significantly influences
bacterial metabolism and energy utilization. As shown in
Fig. 2b, the aerobic denitrification capacity of consortium HN-
04 was markedly affected by different C/N ratios ranging from
4 to 20. When the C/N ratio exceeded 12, NO; -N was
completely removed, and TN removal efficiency surpassed 97%.
In contrast, at a C/N ratio of 4, the removal efficiencies of NO; -
N and TN were only 51.5% and 8.8%, respectively, which can be
attributed to insufficient carbon availability for complete deni-
trification.’” As the C/N ratio increased to 12, microbial deni-
trification efficiency improved rapidly (p < 0.05), likely due to
enhanced cell growth and metabolic activity under carbon-
sufficient conditions. However, when the C/N ratio was
further increased beyond 12, NO; -N removal remained
complete, while TN removal efficiency showed no significant

50788 | RSC Adv, 2025, 15, 50784-50794

improvement (p > 0.05). This suggests that once the carbon
supply exceeds the metabolic demand of the cells, it ceases to be
a limiting factor, and bacterial growth and denitrification
activity stabilize. These results demonstrate that efficient
heterotrophic denitrification by HN-04 requires a C/N ratio of at
least 12. Therefore, a C/N ratio of 12 was selected for subsequent
experiments in this study.

3.2.3 pH. The growth and nitrate removal performance of
consortium HN-04 were evaluated across a broad pH range (4-11)
after incubation at 30 °C for 48 h under adjusted initial pH
conditions. As shown in Fig. 2c, both microbial biomass and
nitrate removal were influenced by pH variation (p < 0.05).
Microbial growth first increased and then decreased over the pH
range, with the highest ODg(, value (0.940) observed at pH 7.
Complete NO; -N removal occurred between pH 6 and 10,
accompanied by TN removal exceeding 95.0%. The maximum
nitrate removal rate reached 10.8 mg L " h™" at pH 7, while rates
at other pH values (4-11) were 3.23, 4.33, 8.21, 7.67, 7.40, 5.55,
and 0.760 mg L' h™", respectively. TN and COD removal trends
were similar to that of nitrate, with the highest and fastest
removal also occurring at pH 7. Notably, HN-04 maintained high
growth activity from pH 4 to 10, demonstrating its adaptability to
a wide pH range. This contrasts with Bacillus methylotrophicus
strain L7, which shows limited growth under acidic (pH 5-6) or
alkaline (pH 9-10) conditions.* These results confirm that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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optimal pH for HN-04 denitrification is 7, consistent with
previous studies indicating that neutral to slightly alkaline
conditions favor denitrifying bacterial activity.****

3.2.4 Temperature. As shown in Fig. 2d, microbial consor-
tium HN-04 demonstrated growth and NO; -N removal across
a temperature range of 15-40 °C. In contrast, both ODg, values
and NO; N concentrations showed negligible change at 10 °C or
45 °C, likely due to suppressed denitrifying enzyme activity under
these temperature extremes. TN removal efficiency exceeded 85%
at 15 °C and reached over 97% between 20-35 °C, but decreased
to 80.5% at 40 °C, indicating high denitrification efficiency
within the 20-35 °C range. Such a broad temperature adaptability
enhances the ecological competitiveness and survival potential of
the consortium in natural environments, supporting its effective
aerobic denitrification capacity. The maximum ODg, value (1.07)
was observed at 30 °C, accompanied by optimal growth and the
strongest nitrogen removal performance, with removal efficien-
cies of NO; -N, TN, and COD reaching 100%, 97.4%, and 99%,
respectively. Therefore, 30 °C was identified as the optimal
temperature for NO; -N removal by consortium HN-04, consis-
tent with previous studies reporting that most aerobic denitrifi-
cation processes occur optimally between 30-37 °C.*73%3*

3.3 Effects of different C/N ratios and DO on denitrification
performance of the bioreactor

3.3.1 Startup of the MBBR and biofilm formation. The
bioreactor was started under the optimum conditions deter-
mined by single-factor experiments. In the initial stage of
bioreactor start-up, 100 mL fresh HN-04 consortium solution
was added to the bioreactor every day until a large amount of
light yellow biomass could be macroscopic observed on the
surface of the polyurethane foam carriers. SEM images were
used to observe the morphology of consortium grown on
moving bed biofilm carriers after 8 days of initiation. Fig. S1
showed the contrast images of the biofilm carrier before and
after biofilm formation. As depicted in the images, the surface
of the biofilm in the experimental group was covered with
a large number of microorganisms (Fig. S1b) compared with the
original biofilm sample (Fig. S1a). These results indicated that
the MBBR can be started quickly by inoculating microbial
consortium HN-04. However, many MBBRs used for wastewater
denitrification have the problem of long start-up time,*>*® which
may be related to the types of fillers and microorganisms.

3.3.2 Denitrification performance of the MBBR in different
stages. Throughout the 40-day experimental run, the operational
conditions of the MBBR system were regulated across five stages
(Stage 1-5) to investigate the combined effects of C/N ratio and
DO on the nitrogen removal performance of the system. It is
noteworthy that no ammonium accumulation was observed
throughout the entire operation, with ammonium concentration
consistently maintained below 1.0 mg L™" in the effluent, con-
firming complete denitrification without diversion to DNRA. The
specific operational parameters and treatment efficiencies are
shown in Fig. 3 (see also Table S1). During the inoculation stage
(Stage 1), the concentration of nitrate in the effluent of the
bioreactor was almost zero for days 2 to 8, and the removal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency of COD was all above 96% except the first day. In Stage
2, the nitrate removal had remained stable, but the average COD
removal efficiency had dropped to 73.2% compared to 96.7% of
Stage 1. The reason may be that the DO content in the bioreactor
is 0.6 mg L ™" both in Stage 2 and Stage 1, which belongs to an
anoxic environment. However, no additional bacterial solution
was added in Stage 2, resulting in less organic matter needed by
microorganisms than in Stage 1, and ultimately reducing the
removal efficiency of organic matter. Therefore, in Stage 3, the C/
N ratio was switched from 12 to 5 with DO unchanged in the
bioreactor. The applied low C/N ratio conditions not only showed
no adverse effect on the removal efficiency of nitrate but also
improved the COD average removal efficiency from 73.2% to
97.1%. The simultaneous high-efficiency degradation of nitrogen
and organic matter was realized. These results indicated that
under anoxic conditions, microorganisms need fewer organic
substances for self-propagation and removal of pollutants. The
denitrification performance of the MBBR process at high C/N and
low C/N ratios under anoxic conditions was evaluated in Stage 2
and Stage 3 respectively. Starting from Stage 4, the oxygen supply
was increased to convert the bioreactor from an anoxic condition
to an aerobic state, that is, the DO was increased from the orig-
inal 0.6 mg L™ to 3.0 mg L. In this stage, the COD was nearly
completely removed, while only about 68.6% of nitrate was
reduced. It is noteworthy that the improvement of DO not only
resulted in the increased the concentration of NO; -N in the
effluent, but also an increase of NO, -N average concentration in
the effluent to 32.3 mg L~ '. Whereas the NO, -N concentration
in the effluent of the first three stages of the operation period was
<0.05 mg L™ ", Indicating that the combined effect of high DO and
low C/N ratio severely inhibited the denitrification process,
particularly the activity of nitrite reductase. Partial removal of
nitrate and accumulation of nitrite maybe since under conditions
of insufficient electron donor (COD), oxygen inhibits denitrifi-
cation by providing a better electron acceptor, allowing the
denitrification population to produce energy, leading to
a decrease in denitrification activity and accumulation of
nitrogenous intermediates under conditions of high DO.*”*® To
prove the point, the C/N ratio in the bioreactor was switched back
to 12 under aerobic conditions (Stage 5), and the COD removal
efficiency was steady at 96.3% at this stage. However, the removal
efficiency of NO; -N and TN increased significantly with the
increase of the C/N ratio from 5 to 12 (p < 0.05). It not only caused
the degradation efficiency of NO; —N reach 100%, but also made
the NO, -N concentration in the effluent was almost zero. A
NO; -N removal rate of 4.22 mg L' h™" was maintained in the
reactor during this operational phase. These results were similar
to those reported by Nguyen et al.** and Mousavi et al.*® for an
increase in the C/N ratio. This could be explained by the that
heterotrophic bacteria work well under aerobic conditions when
sufficient carbon sources were available. This further verifies that
an appropriate C/N ratio can effectively alleviate the inhibitory
effect of high DO on denitrification, thereby achieving complete
denitrification. In summary, the synergistic interaction between
C/N ratio and DO is a critical factor determining the denitrifica-
tion performance and intermediate accumulation in the MBBR
system. The combination of low C/N ratio and high DO readily
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Fig. 3 Performance in MBBR at five different stages: (a) nitrate removal,
(error bars) for three replicates. Lines serve as visual guides.

leads to incomplete denitrification and nitrite accumulation,
while increasing the C/N ratio can effectively restore the system's
nitrogen removal efficiency. The organic carbon demand of
heterotrophic denitrifying microorganisms demonstrates a posi-
tive correlation with the ambient dissolved oxygen concentration.

3.4 Removal pathway of nitrate by the microbial consortium
in MBBR

To investigate the removal pathway of nitrate by microbial
community in MBBR, the activities of two key enzymes in the
denitrification process, NapA and NirS in five different stages
were evaluated. As shown in Fig. 4, the activities of the two
enzymes varied across different operational phases, with both
NapA and NirS reaching their peak activities in Stage 3 at 0.170 U
mg " and 0.285 U per mg protein, respectively. These enzymatic
activity patterns align with the expression levels of nitrate
reductase genes and nitrite reductase genes reported in multiple
studies. For instance, Liu et al. observed significantly higher narG
gene abundance in the biofilm carriers of a magnetic carrier-
enhanced MBBR system during high-efficiency denitrification
phases compared to the initial sludge.** The synchronized
enhancement of NapA and Nir$ activities observed in our study

e

e S
% w

e
-

Specific enzyme activity (U/mg protein)

e
2

I v
Stage

Fig. 4 Activities of periplasmic nitrate reductase (NapA) and cyto-
chrome cd;-type nitrite reductase (NirS) in five different operating
stages. Values are means + SD (error bars) for three replicates.
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(b) chemical oxygen demand (COD) removal. Values are means + SD

during the equally efficient denitrification phase indicates that
consortium HN-04 similarly enriched bacterial strains possessing
complete denitrification capabilities, demonstrating functional
potential comparable to high-efficiency communities identified
through genetic sequencing. Furthermore, the activities of the
two enzymes were significantly higher at a low C/N ratio than at
a high C/N ratio (p < 0.05), so we speculated that the high organic
load might have a certain inhibitory effect on the activity of the
two enzymes. The responsive pattern of these enzymatic activities
to identical environmental stressors functionally reinforces the
conclusion that carbon source availability serves as a core factor
regulating the denitrification potential in MBBR systems.
Besides, N, was detected in gaseous denitrification products at
each stage. This indicates that consortium HN-04 possesses the
capability to completely reduce nitrate to nitrogen gas, mini-
mizing the intermediate accumulation risk of greenhouse gas
N,O, which is of great significance for environmental safety in
engineering practice. Table 1 presents the nitrogen balance
analysis results in MBBR at different stages. The results showed
that 78.1% of nitrogen was discharged as gaseous product N, in
Stage 3, and 15.9% of nitrogen was used for cell synthesis and
converted to biomass. Compared with other studies, N, produced
by microorganisms in MBBR during Stage 3 operation was
significantly higher than that of several aerobic denitrifiers, such
as 71.88% for Paracoccus denitrificans 7195, 55.47% for Pseu-
domonas sp. JQ-H3.®* However, strain Z195 and JQ-H3 trans-
formed 20.53% and 38.22% of nitrogen into biomass
respectively, which was much higher than that of microorgan-
isms in Stage 3. The results showed that the microorganisms in
MBBR operation Stage 3 have the characteristics of high nitrogen
loss rate and low biomass production, which is beneficial to
wastewater treatment and sludge reduction in a low C/N ratio and
anoxic environment.

In summary, it is speculated that there are two nitrate
removal pathways for microorganisms in MBBR, one of which is
as follows: NO; -N — NO, -N — NO — N,O — N,. This
nitrate removal pathway was consistent with the denitrification
path reported by Huang et al.*® The other is the conversion to
biomass nitrogen through microbial assimilation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nitrogen balance in different operational stages of MBBR
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Final nitrogen concentrations (mg L)

Stages Initial NO; -N (mg L") NO; -N NO, -N NH,'-N Intracellular-N N, Lost N (%)
1 101.3 0 0.050 1.29 52.4 39.0 8.5

2 97.5 1.61 0.030 1.57 34.3 54.2 5.94

3 98.3 0.756 0.020 0.93 15.6 76.8 4.27

4 98.8 30.5 31.8 1.21 13.2 18.5 3.63

5 99.6 0.390 0.043 1.11 30.8 63.4 3.87

3.5 Microbial community analyses of MBBR in different
operation stages

3.5.1 Diversity and richness of microbial community.
Combined with the denitrification performance of the MBBR
under different C/N ratios and DO conditions mentioned above,
the representative biofilm samples (T0-T4) in Stage 1-5 were
analyzed by high-throughput sequencing, to further understand
the changes of microbial community structure in the MBBR.
Table 2 exhibited the Alpha indices of five samples, and the
species richness and diversity of the sample microbial consor-
tium were estimated by a series of statistical analysis indices.
The coverage indices reflected that almost all of the OTU
sequences in the five samples were measured. The Chaol and
ACE indices indicating the richness estimator of communities,
Shannon and Simpson index implying the diversity of bacterial
communities. The number of high-quality reads in five samples
ranged from 67296 to 164 990. The larger OTUs number in
bacterial sequences along with the ACE and Chaol indices
indicating that community richness in TO was highest, whereas
Shannon and Simpson's index jointly implied the TO lower
diversity of bacterial communities than other samples.** The
Shannon and Simpson indices revealed that during the stable
operational phases (T1-T4) of the MBBR, microbial diversity
was higher under conditions with elevated C/N ratios. This
observation aligns with the general trend reported by Chen
et al.,* which reported that as the C/N ratio increased from 3 to
9, microbial community diversity and richness reached their
highest levels, as demonstrated by the Shannon, Simpson, ACE,
and Chao1l indices. However, our findings extend beyond this
range, demonstrating that high diversity can be maintained at
even higher C/N levels. Gu et al.*® have pointed out that the
number of OTUs with abundant differences in the high C/N
ratio was higher than that with a low C/N ratio. In our
research, the number of differentially abundant OTU of the T2
sample was relatively high, probably because the abundance of
community was not only related to C/N but also the corre-
sponding DO content. Furthermore, we also found that during

the MBBR stabilization phase (T1-T4), the richness of the
community was higher when the bioreactor performance was
better (T2 and T4). This fully shows that the microbial
community structure in MBBR is closely related to the denitri-
fication process.

3.5.2 Composition and change of microbial community.
The microbial community composition and dynamics in bi-
ofilm samples (T0-T4) from the MBBR under varying C/N ratios
and DO conditions were analyzed using high-throughput
sequencing. As shown in Fig. 5a, 26 phyla were identified
across all samples, with four phyla common to all five sampling
points. Proteobacteria, Bacteroidetes, and Firmicutes dominated
throughout the operational period, the sum of three phyla
accounted for 99.98% (T0), 98.72% (T1), 98.5% (T2), 98.59%
(T3), and 99.85% (T4) of the total reads. Proteobacteria and
Bacteroidetes exhibited the highest relative abundance, consis-
tent with findings reported by Gu et al.*® The relative abundance
of Proteobacteria reached 98.98% at the start-up stage (T0), then
decreased throughout the stabilization period (T1-T4), though
it remained above 47%. This aligns with numerous studies
identifying Proteobacteria as a dominant denitrifying phylum in
wastewater treatment systems.*”~** Notably, the relative abun-
dance of Bacteroidetes peaked at 50.95% in Stage 4 (T3, C/N = 5,
DO = 0.6 mg L") and was lowest at 0.99% in Stage 1 (TO).
Furthermore, Bacteroidetes abundance was consistently higher
under C/N = 5 than under C/N = 12, suggesting that low C/N
conditions favor its proliferation. In contrast, Firmicutes were
nearly undetectable during start-up (0.01%) but increased
during stable operation (0.29-11.55%). These results demon-
strate that while variations in C/N ratio and DO did not alter the
taxonomic diversity at the phylum level, they significantly
influenced the relative abundance of dominant phyla, thereby
shaping the microbial community structure in the MBBR
system.

Fig. 5b showed the relative abundance distribution of
microbial communities at the class level across the five
samples. The dominant classes consistently observed included

Table 2 Microbial statistical analysis of five samples in different operational stages of MBBR

Sample Reads OTU Shannon ACE Chao1l Coverage Simpson
TO 138245 1080 1.42 14 462.85 5707.88 0.99 0.38
T1 94 041 568 2.94 3158.48 1956.47 1.00 0.09
T2 93 546 938 1.93 4920.24 2771.15 0.99 0.35
T3 67 296 437 2.41 3813.17 1418.28 1.00 0.21
T4 164990 854 2.78 5574.40 3074.67 1.00 0.14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Bacterial community composition and relative abundance at (a) phylum, (b) class, and (c) genus levels.

Gammaproteobacteria (31.71-97.34%), Sphingobacteriia (0.09-
47.08%), Alphaproteobacteria (0.8-15.76%), and Betaproteobac-
teria  (0.83-10.8%), Gammaproteobacteria remained the
predominant class shared among all samples, while Alphapro-
teobacteria emerged as another dominant class during the
stable operational phases (T1-T4). These findings align with the
research of Lu et al.,*® who noted that both Gammaproteobac-
teria and Alphaproteobacteria belonged to sub-Proteobacteria—
exhibit remarkable aerobic denitrification capabilities. Addi-
tionally, the substantial proportion (0.09-47.08%) of Sphingo-
bacteriia during stable MBBR operation corroborates earlier
studies reporting the involvement of this denitrifying class in
nitrogen removal processes.* A gradual increase in the relative
abundance of Betaproteobacteria (0.83-10.8%) was also
observed, consistent with previous reports of its prevalence in
biofilm systems within MBBR-based wastewater treatment.*"*

As shown in Fig. 5c, significant differences were observed
among samples at the genus level. A total of 48 genera were
identified across all samples. During the start-up phase (TO0),
Azomonas (7.96%) and Pseudomonas (2.13%) were the main
classified genera, alongside a substantial proportion (87.15%)
of unclassified sequences. The microbial composition shifted
substantially during subsequent operational phases. In sample
T1, the dominant genera included Pseudomonas (17.43%), Tai-
baiella (7.67%), Azomonas (3.19%), Sporosalibacterium (10.78%),

50792 | RSC Adv,, 2025, 15, 50784-50794

Alishewanella (3.28%), Dysgonomonas (6.13%), and Shimwellia
(3.22%). Sample T2 showed a marked increase in Taibaiella
(15.16%), establishing it as the dominant genus. A notable
enrichment of the aerobic bacterium Stenotrophomonas
(13.81%) was observed in sample T3. Under high C/N ratio and
aerobic conditions (T4), Pseudomonas (15.09%), Taibaiella
(12.54%), and Taonella (7.3%) emerged as the major genera. It is
noteworthy that the relative abundance of Pseudomonas was
significantly lower at C/N = 5 (T2 and T3). This genus has been
widely reported as a key denitrifying microorganism in both
activated sludge and biofilm systems under various environ-
mental conditions.”*** Additionally, several less abundant
genera were detected, including known denitrifiers such as
Azoarcus, Comamonas, and Aeromonas, which have been docu-
mented in previous studies.>**® These results demonstrate that
variations in C/N ratio and DO concentration drive structural
reorganization of microbial communities in MBBR biofilms,
while maintaining a functional core comprised of established
denitrifying bacteria.

4 Conclusions

This study systematically elucidated the synergistic regulatory
mechanism of C/N ratio and DO on the denitrification perfor-
mance and microbial community structure of the MBBR. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experimental results showed that when the C/N was 12 and the
DO was maintained at 2.0 mg L™ ", the system achieved optimal
performance, with total nitrogen and organic matter removal
efficiencies exceeding 96%, along with highly efficient denitri-
fication. These conditions not only provided sufficient carbon
sources for denitrifying bacteria but also created an ideal
oxygen gradient microenvironment within the biofilm, signifi-
cantly enriching core denitrifying phyla including Proteobac-
teria, Bacteroidota, and Firmicutes. The research confirms that
the microbial community structure is highly sensitive to
changes in operational parameters, and its succession pattern
shows a significant positive correlation with system denitrifi-
cation performance. Furthermore, the experiment revealed two
nitrate removal pathways in the MBBR: microbial assimilation
and denitrification. These findings provide important theoret-
ical foundation and practical guidance for the precise regula-
tion of MBBR processes in treating low C/N wastewater.
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