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Abstract: Aerobic denitrifying bacteria are often inhibited by inorganic ions during wastewater
treatment, and elucidating their regulatory mechanisms is crucial for enhancing nitrogen removal
efficiency. In this study, we systematically investigated the effects of varying concentrations of
inorganic ions (0-200 mg/L) on the growth, denitrification performance, and metabolic activity of
Pseudomonas mosselii H6. Based on enzyme kinetics, energy metabolism indicators, and
measurements of electron transport chain activity, COs*>~ was found to significantly enhance
denitrification capacity. At 200 mg/L, electron transport system activity (ETSA) increased by 26.42%,
ATP synthesis peaked at 1.25 pmol/mg prot, and the NADH/NAD" ratio rose to 22.69. Nitrate
reductase (NR) and nitrite reductase (NiR) activities reached 28.37 and 17.76 U/mg prot, respectively.
In contrast, C1- and NO3™ at 200 mg/L markedly suppressed cellular metabolism, reducing NH4"-N
removal efficiency to 21.41% and 16.42%, respectively. These findings revealed a concentration-
dependent and ion-specific regulatory mechanism. CO3>" enhances nitrogen removal by optimizing
electron transfer and improving enzyme stability. This study provides a theoretical foundation for
optimizing the biological treatment of high-salinity wastewater.
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1. Introduction

Industrial processes and human activities have led to a sharp increase in the discharge of high
ammonia nitrogen wastewater [1]. It has been established that excessive discharge of ammonia
nitrogen leads to eutrophication of water bodies, which is a serious threat to ecological balance [2].
High ammonia nitrogen wastewater has become an urgent problem, emphasizing the need to develop
prevention strategies. In recent years, heterotrophic nitrification-aerobic denitrification (HN-AD)
bacteria have emerged as efficient denitrifying microorganisms, overcoming limitations of
conventional biological nitrogen removal processes [3,4]. HN-AD bacteria perform simultancous
nitrification and denitrification under aerobic conditions [5]. This capability enables them to remove
nitrogen and carbon concurrently while minimizing greenhouse gas emissions [6].

Biological treatment technologies have gained prominence in high-salinity organic wastewater
treatment due to their environmental compatibility and cost-effectiveness, surpassing traditional
physical-chemical methods [7]. However, real wastewater often contains complex inorganic ions (e.g.,
CI, NOs, and SO+*). These ions can inhibit aerobic denitrification through multiple pathways: (1)
Inducing osmotic stress [8,9], (2) suppressing enzyme activity[10], or (3) disrupting electron transport
efficiency [11]. Researchers have identified specific inhibitory mechanisms. For example, high CI
concentrations damage cell membrane integrity [12], while NOs~ competitively occupies enzyme
active sites [13]. Although most salt ions negatively impact microbial activity, their effects vary
depending on ion type and concentration. Thus, elucidating the mechanisms of ion-specific inhibition
is critical for optimizing treatment strategies for high-ammonia-nitrogen wastewater. These gaps
underscore the need for targeted research.

Studies suggest that carbonate-like ions (HCO3 /COs*") play a dual role in microbial
metabolism [14,15]: On the one hand, the alkaline property regulates intracellular pH and mitigates
the accumulation of acidic metabolites, H" produced during denitrification [16]; on the other hand,
CO3> may act as a cofactor involved in the stability maintenance of metalloenzymes, stabilizing the
4Fe-4S cluster of nitrate reductase [17]. However, these hypotheses have not been systematically
verified in aerobic denitrification systems, especially the regulatory pathways of COs> on electron
transport chain activity (ETSA) and energy metabolism remain unclear. In addition, most researchers
have focused on the low concentration ion effect (< 100 mg/L) [18], while the mechanism of high
concentration (200 mg/L) alkaline ions on the nitrogen removal performance of the strain needs to be
resolved urgently.

In this study, we systematically investigate the effects of varying COs>~ concentrations (0200 mg/L)
on the growth, denitrification performance, and key metabolic activities of the efficient aerobic
denitrifier Pseudomonas mosselii H6, with comparative analyses of HCO3™, Cl7, SO47, and NOs".
Through integrated analyses of enzyme kinetics (NR, NiR, NOR, N:0OR), energy metabolism
parameters (ATP, NADH/NAD" ratio), and electron transport chain activity, we demonstrate, for the
first time, that COs* enhances denitrification through dual mechanisms: (1) Optimizing electron
transfer efficiency and (2) stabilizing denitrifying enzymes. These findings provide novel insights into
the unique role of alkaline ions in microbial metabolism and establish a theoretical foundation for
optimizing biological treatment processes for high-salinity wastewater. Specifically, our results
suggest that carbonate buffers (e.g., Na2CO3) could be strategically employed to mitigate the inhibitory
effects of CI'/NO3™ in wastewater treatment systems
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2. Materials and methods
2.1. Bacterial strain and medium

The bacterial strain Pseudomonas mosselii H6 used in this study was isolated from activated
sludge in sewage treatment plants [19]. The denitrification medium (DM) used for bacteria cultivation
and performance evaluation contained (per liter) CsH1206 4.86 g, NaxHPO4-7H>O 7.9 g, KNO3 1.0 g,
KH2PO4 1.5 g, NH4C1 0.3 g, MgSO4-7H>0 0.1 g, and 0.1 mL trace element solution. The medium was
adjusted to pH 7.0-7.2 and autoclaved for sterility at 121 °C for 20 min.

2.2. The influences of CO3*~, HCOs~, CI", and NOs~ on nitrogen removal of strain H6

To evaluate the impacts of various inorganic ions (CO3*", HCOs~, CI-, and NO3") on nitrogen
removal of strain H6, pre-cultured strain H6 was inoculated (1%, v/v) into DM containing different
ions. The ions concentrations were set at 0, 50, 100, 150, and 200 mg/L, respectively. All media were
cultivated in a shaker (180 rpm for 24 h at 30 °C). Media samples were collected every 4 h, and ODeoo
was determined immediately. The remaining samples were centrifuged (8,000 rpm for 5 min at 4 °C),
and the supernatant was used to determine the concentrations of NH4'-N, NO3 -N and NO; -N. All
experiments were carried out in triplicate.

2.3. Influence mechanisms of COs*~, HCOs;, CI", and NO3™ on the aerobic denitrification processes
of strain H6

To explore the influence mechanism of COs*, HCOs, Cl, and NOs; on the aerobic
denitrification processes of strain H6, the concentrations of NADH, NAD", ATP, and the activities of
NR, NiR, NOR, and N>OR, as well as ETSA at different growth stages were determined under the ion
concentrations of 0, 50, 100, 150, and 200 mg/L. In the experiments, carbon source, shaking speed,
temperature, and pH were glucose, 180 rpm, 30 °C, and 7.0 respectively. The experiments were carried
out for 24 h, and samples were taken every 4 h.

2.4. Analytical methods
24.1. Determination of cell growth and nitrogen compounds

The ODegoo was monitored by measuring the absorbance of the cultivated medium at 600 nm with
a spectrophotometer (Puxi TU-1900, Henan). NH4'-N, NO3 -N, and NO> -N concentrations were
measured at wavelengths of 420 nm, 220 & 275 nm, and 520 nm, respectively, using the National
Standard Methods of the People’s Republic of China after centrifugation at 8,000 rpm for 5 min.
2.4.2. Determination of NADH, NAD", ETSA, ATP, and enzyme activity

ATP, NADH, NAD", protein content, and NR and NiR activities were determined by assay

kits (Beijing Boxbio Science & Technology Co., Ltd, China), and NOR and N>OR activities were
determined by ELISA kits Shanghai Baililai Biotechnology Co., Ltd, China). The operation methods
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were strictly in accordance with the adherence to the kits’ instructions.

Intracellular ATP, NADH, and NAD" concentrations were determined using commercial assay
kits (Beijing Boxbio Science & Technology Co., Ltd, China). For ATP measurement, the
luciferase-based bioluminescence method was employed. Briefly, cell pellets collected by
centrifugation (8,000 rpm, 5 min, 4 °C) were lysed with the provided extraction buffer on ice for
15 min. After centrifugation (12,000 rpm, 10 min, 4 °C), the supernatant was mixed with the luciferase
reagent, and luminescence was measured immediately using a microplate reader (wavelength not
required for luminescence). The ATP concentration was calculated based on a standard curve and
normalized to the total protein content of the lysate.

For NADH and NAD", the assays were based on enzymatic cycling reactions that convert a
precursor to a colored product proportional to the cofactor concentration. Cell extracts were prepared
similarly, and aliquots were treated to measure either total NAD(H) or NAD™ alone (after decomposing
NADH at 60 °C for 30 min). NADH concentration was obtained by subtraction. Absorbance was read
at 450 nm for NADH and 570 nm for NAD", and concentrations were calculated using kit-provided
standards and normalized to protein content.

Enzyme activities of NR, NiR, NOR, and N>OR were determined using cell-free extracts. Cells were
harvested by centrifugation, washed twice with phosphate buffer (50 mM, pH 7.4), and disrupted by
sonication on ice (5 cycles of 10 s pulse with 20 s intervals). The homogenate was centrifuged (12,000 rpm,
20 min, 4 °C), and the supernatant was used as the crude enzyme extract. Protein concentration was
determined using the Bradford method.

Nitrate reductase (NR) and nitrite reductase (NiR) activities were measured using assay kits (Beijing
Boxbio). For NR, the reaction mixture contained the enzyme extract, NADH, and KNOs3 in phosphate
buffer. The decrease in nitrite concentration (as an intermediate product stabilized and quantified
colorimetrically) over 30 min at 30 °C was monitored at 540 nm. One unit (U) of NR activity was
defined as the amount of enzyme that catalyzes the reduction of 1 pumol NO3;~ per minute per mg protein.
For NiR, the assay similarly measured the disappearance of NO>™ in the presence of reduced methyl
viologen as an electron donor, with absorbance measured at 540 nm after a 20 min incubation at 30 °C.

Nitric oxide reductase (NOR) and nitrous oxide reductase (N2OR) activities were determined
using sandwich ELISA kits (Shanghai Baililai Biotechnology Co., Ltd, China). Microwell plates pre-
coated with anti-NOR or anti-N>;OR antibodies were incubated with the crude enzyme extract at 37 °C
for 1 h. After washing, a biotin-conjugated detection antibody was added, followed by streptavidin-
HRP and TMB substrate. The reaction was stopped with H2SO4, and absorbance was measured at 450
nm. Enzyme activity (U/mL) was interpolated from a standard curve generated with purified NOR or
N2OR protein provided in the kit.

The ETSA was determined by the reduction of the electron acceptor 2-(p-iodophenyl)-(p-
nitrophenyl) 5-phenyl tetrazolium chloride (INT) to formazan (INF) at the end of the experiment [20].
Then, 2 mL of INT (0.2%) was added to 1 mL suspension samples collected from serum bottles and
incubated at 25 °C for 20 min in the dark, after which 0.2 mL methanol of formaldehyde was added to
the mixture as the termination agent. Subsequently, the cells were harvested from the samples by
centrifugation at 10,000 rpm for 5 min, and then 4 mL of 96% methanol was used to extract the INF.
Finally, the mixed INF extract was measured by a spectrophotometer (Puxi TU-1900, Henan) at 495 nm.
The ETSA was calculated according to the following formula:
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where Ab is the sample absorbance at 495 nm, V and S are the initial volume of sample and the total volume
of methanol (mL), respectively, and 32/2 is the constant transformed from INT-formazan (pmol) to O2 (pg).
The value 15.9 is the special absorption coefficient of INT-formazan, and t is the incubation time (min).

2.5. Statistical analysis

All experiments were repeated three times, and the data were expressed as mean+SD. Statistical
significance among experimental groups was analyzed using one-way analysis of variance (ANOVA),
followed by Tukey’s post hoc test for multiple comparisons. For data statistics and analysis, IBM SPSS
Statistics 27.0 was employed, whereas Origin 2023 was utilized for mapping purposes.

3. Results
3.1. Effects of CO3*~, HCO*", CI", and NO* on nitrogen removal of strain H6

The growth of strain H6 exhibited a clear concentration-dependent response to COs>~, HCOs,
CI', and NO;™ (Figure 1). Under low-concentration conditions, these ions had limited effects on
bacterial growth, and the ODeoo values gradually increased and stabilized within 24 h. When the ion
concentrations increased to 200 mg/L, bacterial growth was inhibited to varying degrees, as indicated
by a general decline in ODeoo values. The inhibitory effects of C1I” and NO3™ were more pronounced,
with ODeoo values of 1.83 and 1.93, representing decreases of 10.07% and 5.36% compared with the
control. The inhibitory effects of CO3*>~ and HCO3~ were relatively weak.
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Figure 1. Effect of ions on the growth of strain H6 ((a): CO3>"; (b): HCOs; (c): CI°; and
(d): NO3").
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The NH4"-N removal efficiency declined significantly with increasing ion concentrations (Figure 2).
At 50 mg/L, the treatments with CO3>~, HCO;~, CI", and NOs~ showed relatively high removal
efficiencies, reaching 45.53%, 47.95%, 32.37%, and 30.05%, respectively. When the ion
concentration increased to 200 mg/L, a marked decrease in NH4"-N removal was observed. Cl™ and
NOs3™ exhibited the strongest inhibitory effects, reducing the removal efficiencies to 21.41% and
16.42%, respectively (Figure S1).
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Figure 2. Effect of ions on the removal of NH4'-N by strain H6 ((a): CO3*"; (b): HCOs;
(c): CI'; and (d): NO3").

The NOs;-N reduction rate exhibited a rise-and-fall pattern in response to increasing ion
concentrations (Figure 3). HCOs™ and ClI” showed the most pronounced stimulatory effects at 150 mg/L,
with maximum reduction rates of 55.35 and 66.61 mg-L'-h!, respectively. However, at 200 mg/L,
both ions exerted inhibitory effects, and the reduction rate under HCO;3™ treatment declined sharply to
14.33 mg-L""-h’". In contrast, COs>" consistently enhanced NO3 -N reduction, reaching a peak value
of 59.53 mg-L!-h"! at 200 mg/L. Variations in the external NO3™ concentration had a relatively minor
impact on the reduction rate, with only slight increases observed at 100 and 150 mg/L, yielding rates
of 47.08 and 24.44 mg-L"!-h!, respectively (Figure S2).

The NO; -N reduction rate exhibited a distinct increase followed by a decline as ion
concentrations increased (Figure 4). When the concentrations of HCO3™ and CI™ increased from 50
mg/L to 150 mg/L, the corresponding reduction rates rose from 85.42 to 140.06 mg-L'-h™! and from
220.55 to 250.30 mg-L!-h’!, respectively. However, at 200 mg/L, a decrease in reduction rates was
observed for all three ions. In contrast, CO3>~ continuously promoted NO> -N reduction, with the
highest rate of 241.16 mg-L"!-h™! recorded at 200 mg/L. Additionally, variations in exogenous NO3~
concentration significantly affected the NO>"-N reduction rate, with a marked increase at 100 mg/L,
reaching a peak of 273.23 mg-L!-h’! (Figure S3).

AIMS Environmental Science Volume 13, Issue 2, 331-347.



337

_—
&0
S’

w
=
=

400

NO3_-N concentrations (mg/L)

—e— €O3%= 0 mg/L
—o— C03%"=50 mg/L
—— C032"= 100 mg/L
—— C032= 150 mg/L
—=— C032=200 mg/L

—*— HCO3=0 mg/L
—— HCO3=50 mg/L
—— HCO3™= 100 mg/1
—— HCO3 = 150 mg/L
HCO3™= 200 mg/L

_—
(]
S’

8 12

16 20 24

Time (h)

—
o
~—

12 16 20 24
Time (h)

N03--N concentrations (mg/L)

T CI'=0 mg/L
—— CI'=50 mg/L
T CI'=100 mg/L
T Q=150 mg/L
—=— CI'=200 mg/L

n
=
=

N03--N concentrations (mg/L)

et
(=]
=

.
=
=3

300 1

o
=1
=

—#— NO3™=0mg/L
—o— NO3™=50 mg/L
—— NO3™= 100 mg/L
—— NO3 =150 mg/L
NO3™=200 mg/L

8 12

16 20 24

Time (h)

12 16 20 24
Time (h)

Figure 3. Effect of ions on the removal of H6 NOs -N by strain H6 ((a): COs*"; (b): HCOs;

(c): CI'; and (d): NO3").

NOZ--N concentrations (mg/L

—— C032"= 0 mg/L
—o— C032"= 50 mg/L

e C032=100 mg/L
- C032'= 150 mg/L
—=— CO032"=200 mg/L.

_—~
g
-

16 20 24

Time (h)

—_
~N e o
th <
= — T —]

NOZ -N concentrations (mg/L)
(=3
=
=

T CI'=0 mg/L
= CI'=50 mg/LL
7 CI'= 100 mg/L
T C=150 mg/L
—E CI'=200 mg/L

16 20 24

Time (h)

(b)

g/L)
=
2

900
750
600
450

w
=
=

NOZ--N concentrations (m:

o)
wh
=

—_—
o
-

=
-
L7 T |
[

[
o
= =

NOZ--N concentrations (mg/L)
™
[—)
=

—— HCO3=0 mg/L
—o— HCO3=50 mg/L
—— HCO3=100 mg/L
—— HCO3’= 150 mg/L
HCO3™=200 mg/L

12 16 20 24
Time (h)

—4— NO3= 0 mg/L
—o— NO3= 50 mg/L
—— NO3™= 100 mg/L
—7— NO3™= 150 mg/L

12 16 20 24
Time (h)

Figure 4. Effect of ions on the removal of H6 NO> -N by strain H6 ((a): COs>"; (b): HCO;3;

(¢): CI'; and (d): NO3").

AIMS Environmental Science

Volume 13, Issue 2, 331-347.



338

3.2. Effects of CO3*~, HCO;3~, CI”, and NO3~ on aerobic denitrifying enzyme activity of strain H6

The NR activity of strain H6 exhibited a distinct “low-concentration stimulation and high-
concentration inhibition” pattern with increasing ion concentrations (Figure 5). HCO3™ and CI” showed
the most pronounced enhancement at 150 mg/L, with NR activities reaching 23.29 and 31.52 U/mg
prot, respectively, but both declined significantly at 200 mg/L. In contrast, CO3* exerted a
concentration-dependent stimulatory effect, with NR activity increasing steadily from 16.39 U/mg prot
at 50 mg/L to 28.37 U/mg prot at 200 mg/L. Exogenous NO;™ also induced a biphasic response, with
NR activity peaking at 18.69 U/mg prot at 100 mg/L and decreasing to 12.40 U/mg prot at 200 mg/L.
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Figure 5. Effect of ions on the NR activity of strain H6 ((a): CO3*"; (b): HCOs5™; (c): CI7;
and (d): NO3").

The NiR activity of strain H6 exhibited a concentration-dependent pattern, with an initial increase
followed by a decline (Figure 6). The most significant enhancement was observed at 150 mg/L for HCO3~
and CI, with NiR activities reaching 15.63 and 18.18 U/mg prot, respectively; however, at 200 mg/L,
the activity significantly decreased to 9.26 and 8.42 U/mg prot. In contrast, COs>  consistently
promoted NiR activity across the concentration range, peaking at 17.76 U/mg prot at 200 mg/L.
Exogenous NO3™ also exhibited a concentration-dependent effect on NiR activity, reaching a maximum
of 18.46 U/mg prot at 100 mg/L, and decreasing to 9.30 U/mg prot at 200 mg/L.

The NOR activity of strain H6 exhibited a concentration-dependent response to COs>~, HCOs ™,
CI', and NOs"~, with notable differences in trends among the ions (Figure 7). At low concentrations,
COs* and CI significantly enhanced NOR activity. However, when the concentration reaches 150
mg/L, NOR activity decreased to its lowest levels of 0.75 U/mL and 0.70 U/mL, respectively, before
increasing slightly at 200 mg/L. HCOs™ consistently inhibited NOR activity across all concentrations,
with the lowest activity of 0.73 U/mL observed at 150 mg/L. The effect of NO3~ on NOR activity
followed a “low stimulation, high inhibition” pattern, significantly promoting activity at 50 mg/L, but
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causing a marked decline in activity at concentrations of 150 mg/L and above. NOR activity reached

its lowest value at 150 mg/L.
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The N>OR activity of strain H6 exhibited significant concentration dependence and ion specificity
in response to CO3>", HCOs, CI", and NOs~ (Figure 8). At 50 mg/L, all ions significantly enhanced
N2OR activity, reaching peak values of 1.68, 1.97, 1.70, and 1.70 U/mL, respectively. However, at
concentrations of 150 mg/L, HCO3™ and C1 inhibited N2OR activity, reducing it to 1.46 and 1.42 U/mL.
In contrast, NO3™ consistently promoted N2OR activity, maintaining elevated enzyme activity levels
within the 50-200 mg/L range.
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Figure 8. Effect of ions on the N>OR activity of strain H6 ((a): CO3*"; (b): HCO;3™; (c):
CI7; and (d): NO3").

3.3. Effects of CO3*~, HCO3™, CI", and NO3~ on ATP. NADH/NAD" and ETSA of strain H6

The ATP content of strain H6 exhibited significant concentration-dependent regulation in
response to COs>~, HCOs ™, CI~, and NOs~ (Figure 9). Under 150 mg/L conditions, ATP content peaked
in the HCO;™ and CI treatment groups, reaching 2.76 and 1.28 umol/mg prot, respectively. However,
at 200 mg/L, ATP content significantly decreased to 1.15 and 0.90 umol/mg prot. COs>~ continuously
promoted an increase in ATP content with rising concentrations, peaking at 1.25 pmol/mg prot at 200 mg/L.
The effect of NOs™ on ATP content followed a "increase then decrease" trend, with a maximum of 2.30
umol/mg prot observed at 100 mg/L.

The NADH/NAD" ratio of the strain exhibited significant concentration-dependent regulation in
response to COs?>", HCOs~, CI, and NOs~ (Figure 10). Under HCOs; and CI  treatments, the
NADH/NAD" ratio reached its highest values at 150 mg/L, with values of 10.41 and 13.79,
respectively. However, at 200 mg/L, the NADH/NAD" ratio significantly decreased to 5.10 and 5.14.
COs* continuously increased the NADH/NAD" ratio with rising concentrations, peaking at 22.69 at
200 mg/L. In contrast, the effect of NO3~ on the NADH/NAD" ratio was relatively minor, with a
significant increase observed only at 100 mg/L, where it reached a max of 7.42.
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Figure 9. Effect of ions on the ATP content of strain H6 ((a): CO3>; (b): HCO3™; (c): Cl';

and (d): NO3").
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The effect of CO3>", HCOs~, CI~, and NO3~ on the ETSA activity of strain H6 was concentration-
dependent (Figure 11). HCO;™ had no significant effect on the ETSA activity of the strain. In contrast,
increasing concentrations of COs3>~ significantly enhanced ETSA activity, with a peak value of
0.014 pg-O2-g'-min~' observed at 200 mg/L. Additionally, CI" and NO3™ exhibited a “low stimulation,
high inhibition” trend in their effects on ETSA activity. The maximum ETSA activity for Cl” was
0.013 pg-Oz-g''min! at 150 mg/L, while NO3™ reached its peak value of 0.014 pg-O>-g'-min™" at

100 mg/L.
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Figure 11. Effect of ions on the ETSA activity of strain H6 ((a): COs*"; (b): HCOs~; (c):
CI7; and (d): NO3").

4. Discussion

The significant optimization of the electron transport chain (ETC) by CO3*" is a core driver for
improving the denitrification efficiency of strain H6. Under 200 mg/L COs?  treatment, the ETSA
activity of strain H6 reached 0.014 ug-O>-g ' min’, representing a 26.42% increase compared to the
control (Figure 11(a)). Concurrently, the NADH/NAD" ratio increased to 22.69 (Figure 10(a)), and
ATP content peaked at 1.25 umol/mg prot (Figure 9(a)). These results demonstrate that CO3>~ enhances
cytochrome ¢ oxidase (Complex IV) functionality. This enhancement accelerates electron transfer from
NADH to terminal acceptors, significantly elevating ATP synthesis and providing robust energy
support for denitrification (Figure 12) [21,22]. Furthermore, CO3*" stabilizes denitrifying enzymes by
coordinating with metal clusters in their active sites. At 200 mg/L CO3*>", NR activity increased by
55.15% (Figure 5(a)), while NiR activity rose by 50.44% (Figure 6(a)). The mechanism likely involves
the strong coordination ability of CO3%~, which enables the formation of stable complexes with metal
clusters (e.g., 4Fe-4S) in enzyme active sites. This interaction inhibits metal cluster oxidation and
prevents enzyme conformational inactivation under high ion stress (Figure 13) [23]. Thus, COs*
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enhances nitrogen removal rates in strain H6 through two pathways: Improving electron transfer
efficiency and stabilizing enzyme structure.
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Figure 12. Schematic illustration of the enhancement of the electron transport chain and
ATP synthesis by COs*" during aerobic denitrification (notes: ATP: Adenosine triphosphate;
Complex IV: cytochrome ¢ oxidase; ND: Nitrification /De-Nitrification; and C-O: CO5*")

Figure 13. Proposed mechanism of COs* stabilizing the 4Fe-4S clusters in denitrification
enzymes under high ionic stress (notes: FR: free radical; C-O: CO3%; Fe: Iron; S: Sulfur;
and Fe-S: [4Fe-4S] iron-sulfur cluster).
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In contrast to the inhibitory effects of CI” and NO3 ™, and the limited role of HCO3", the enhanced
nitrogen removal by COs? results from two distinct yet synergistic mechanisms. First, CO3>" acts as
an efficient intracellular pH buffer. It neutralizes protons (H") released during denitrification, thereby
maintaining a stable, near-neutral microenvironment that supports optimal enzymatic activity [24]. In
comparison, HCO3™ shows weaker buffering capacity. This inadequacy leads to incomplete proton
neutralization, resulting in suboptimal enzymatic performance [25,26]. Second, the high charge density
of COs>" promotes coordination with metal ions (e.g., Fe**) at enzyme active sites. This interaction
facilitates the formation of stable complexes, which help protect redox-sensitive clusters such as [4Fe-4S]
from oxidation or dissociation under ionic stress [23,27].

The experimental data provide strong evidence for this mechanistic comparison. At 200 mg/L,
COs* achieved the highest NO5™-N reduction rate (Figure 3(a)) and the most pronounced stimulation
of intracellular electron transport system activity (ETSA) (Figure 11(a)). Its performance was
consistently superior to that of HCO;™. Through the synergistic actions of pH regulation and enzyme
stabilization, COs> systematically optimizes enhances electron transfer efficiency and cellular energy
metabolism. Together, these effects drive the observed improvement in nitrogen removal.

Conversely, CI” and NOs™ exhibited inhibitory effects at 200 mg/L. Moreover, NH4"-N removal
decreased by 57.23% (CI") and 67.19% (NO3") compared to the control. Chloride likely disrupts
membrane integrity through osmotic stress, impairing NADH dehydrogenase activity [28,29]. Nitrate
competitively occupies the molybdenum cofactor-binding site in NarG, inducing feedback inhibition [30].

This study reveals the dual role of CO3*" as a metabolic enhancer, manifested through two
mechanisms: (1) Maintaining a near-neutral microenvironment via alkalinity-driven H* buffering, and
(2) stabilizing enzyme-metal interactions through its high charge density. Nevertheless, limitations
persist. First, direct evidence of CO3* -enzyme binding (e.g., via X-ray absorption spectroscopy or
molecular docking) remains unresolved. Second, the regulatory mechanisms of narG and nirS genes
under elevated CO3*~ concentrations require further investigation. Additionally, the economic viability
and operational of carbonate-buffered systems in wastewater treatment necessitate practical evaluation.

In conclusion, this work elucidates the pivotal role of alkaline ions in microbial metabolism and
provides a theoretical foundation for low-carbon optimization of biological nitrogen removal processes.
In future studies, researchers should focus on multi-ion interaction effects [31] and the application
potential of COs>™ as a targeted metabolic modulator in complex environmental matrices.

5. Conclusions

This study demonstrates that COs*" significantly enhances the nitrogen removal performance of
the aerobic denitrifying bacterium H6 by synergistically optimizing the function of the electron
transport chain and improving the stability of key denitrification enzymes. This finding challenges the
conventional understanding that high ion concentrations exert inhibitory effects, and advances the
knowledge on the regulatory role of alkaline ions in microbial metabolism. The findings of this study
provide theoretical insight and practical guidance for the cost-effective biological treatment of high-
ammonia nitrogen wastewater within carbonate-buffered, moderately high-salinity systems. Their
applicability to other types of saline wastewater (e.g., those containing heavy metals or high sulfate)
requires further validation. Thus, researchers should focus on elucidating the molecular mechanisms
underlying this regulation and conducting pilot-scale validation to accelerate the translation of
laboratory findings into engineering applications.
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