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Impact of Environmental Factors on DNRA Bacteria

reduction to ammonium (DNRA) process for treating nitrate-rich  carhon Source C/N Ratios
wastewater offers an environmentally friendly and resource-efficient v sodium citrate

strategy with significant potential for ammonium nitrogen recovery. This o sodium formate

study investigates the impact of carbon sources, C/N ratios, pH, and @O sodiumacetate

temperature on the DNRA efficiency of Pseudomonas sp. strain LZ-1 (strain = sodium propionate

LZ-1). The results revealed that sodium citrate is the most favorable ... oH

carbon source among sodium formate, sodium acetate, sodium propionate, Temperature
and sodium citrate for enhancing DNRA in strain LZ-1. Ammonia 7 20%C
production by strain LZ-1 peaks at a C/N of 8 within the range of 3 to 20, E ;5' E
increasing before and decreasing thereafter. Furthermore, neutral to o 35°C

alkaline conditions (pH 7—10) are favorable for the DNRA process, with T T
an optimal initial pH of 9. Temperature studies indicate a similar trend of

initial increase followed by a decline in DNRA efficiency as temperatures rise from 20 to 35 °C, with peak ammonia production at 30
°C. The presence of sulfur ions inhibits the DNRA process in the strain LZ-1. However, this inhibitory effect diminished as the S/N
ratio increased from 1/4 to 1. These insights contribute to a deeper understanding of the impact of environmental factors on DNRA

and serve as a valuable reference for the utilization of strain LZ-1 in nitrogen recovery from nitrate-rich wastewaters.

1. INTRODUCTION

For more than a hundred years, the Haber—Bosch process has
been the cornerstone of ammonia (NH;) production,
accounting for roughly 95% of global output. This ground-
breaking process has enabled the large-scale manufacture of
fertilizers and a myriad of other nitrogen-based com{)ounds
that are essential to modern agriculture and industry.” Once
synthesized through the Haber—Bosch method, ammonia can
be readily neutralized, transforming into NH," when exposed
to acidic conditions, a conversion that is vital for its subsequent
use in various chemical processes.”* Despite its pivotal role in
the chemical industry, the Haber—Bosch process is not without
its drawbacks. It is known for its high energy consumption,
which contributes to a considerable carbon footprint, and the
conversion efficiency of the process leaves room for improve-
ment.* In light of these environmental and economic concerns,
there has been a growing impetus to investigate and develop
more sustainable, “green” alternatives for ammonia synthesis.
Researchers are focusing on innovative methods that aim to
reduce the energy requirements and carbon emissions
associated with ammonia production, thereby paving the way
for a more ecofriendly and efficient means of creating this
crucial compound.

In this context, biological nitrogen conversion pathways have
emerged as promising alternatives. Among these, dissimilatory
nitrate reduction to ammonium (DNRA) represents a critical
but often overlooked route in the nitrogen cycle.”® Unlike

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

denitrification, which converts nitrate (NO;”) to gaseous
nitrogen (N,) through intermediates like nitrous oxide (N,0),
DNRA reduces NO;~ to bioavailable ammonium (NH,*) via
two key enzymatic steps. The first phase reduces NO;~ to
nitrite (NO,~) via membrane-bound nitrate reductase (Nar)
or periplasmic nitrate reductase (Nap).” The second phase
involves NO,” reduction to NH,", mediated by distinct
pathways: (1) cytoplasmic NADH-dependent nitrite reductase
(NirB) in the Nar/Nir pathway, (2) periplasmic cytochrome ¢
nitrite reductase (NrfA) in the Nap/Nrf pathway, and (3) the
reverse hydroxylamine:ubiquinone reductase module
(rHURM) pathway, which employs hydroxylamine
(NH,OH) intermediates.”~"" DNRA pathways vary based on
electron donors and microbial species.”'” For instance,
fermentative. DNRA utilizes organic carbon (e.g, glucose,
acetate) to generate NADH via glycolysis, providing electrons
for NO;~ reduction.'*"> Conversely, chemolithoautotrophic
DNRA employs inorganic donors like sulfide (S*~) or Fe (II),
where sulfide oxidation via enzymes like sulfide:quinone
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oxidoreductase (SQR) supplies electrons.'®'” The novel
pathway, rHURM, was recently discovered in Nautilia
profundicola, which reduces NO;~ to NH," via NH,OH
intermediates.'® In wastewater treatment, DNRA can facilitate
the total nitrogen removal by coupling with anammox, where
NH," produced via DNRA serves as a substrate for
anammox.'”*° However, from this perspective, it appears
that the significant potential of the DNRA process in effectively
recovering ammonia from wastewater is not being fully
utilized.

Wastewater containing high concentrations of nitrate can
serve as a significant source for ammonia recovery.u’22
However, during wastewater treatment, nitrate is often
removed as a pollutant via denitrification, which converts it
to N,, leading to substantial losses of biologically available
nitrogen.”> In contrast to denitrification, the DNRA process
can convert NO;™-N to NH,"-N while preventing the emission
of the greenhouse gas N,O.”* Subsequently, ammonium
nitrogen in water can be recovered through physical and
chemical methods, such as ion exchange and adsorption, or by
adjusting the pH to convert ammonium nitrogen into
ammonia gas, ultimately yielding ammonium salts for
agricultural fertilizers. Thus, using the DNRA process to
treat nitrate-rich wastewater for ammonium nitrogen recovery
represents a green and resource-efficient approach with
promising application potential.

In recent years, researchers have attempted to harness the
DNRA process for ammonia recovery. For instance, Zhao et al.
investigated the performance of a DNRA system within a
membrane bioreactor, reporting a maximum ammonia nitro-
gen conversion efficiency of 92.05% when using ethanol as the
carbon source with a COD/N ratio of 7.7.”° Similarly, Wan et
al. applied the DNRA process in a microbial fuel cell to treat
nitrate nitrogen wastewater, achieving a maximum DNRA
efficiency of 44%.”° In the study conducted by Wang and
colleagues, DNRA bacteria were successfully enriched in a
nonwoven fabric membrane bioreactor under high C/N ratios,
leading to an ammonia production efficiency from nitrate of
60.65%.”” These studies highlight the feasibility of converting
nitrate/nitrite to ammonium for subsequent recovery within
bioreactor systems.

It is important to note that there exists a competitive
relationship between denitrification and DNRA due to similar
substrates and environmental conditions required for both
processes.'* Therefore, a detailed study of the factors
influencing the DNRA process is crucial for enhancing its
competitive advantage over denitrification and fully utilizing
DNRA for ammonia nitrogen recovery. Previous research has
indicated that various factors, including carbon source,”%*’
carbon-to-nitrogen ratio,’® sulfide,' temperature,g’2 pH,33’3’4
and sludge age,” can influence the competition between
DNRA and denitrification.®® For example, Zhao et al.
compared the performance of a DNRA system using sodium
succinate, glucose, and ethanol as carbon sources, revealing
that the highest ammonia nitrogen production efficiency
occurred when ethanol was used with a COD/N ratio of
7.7.%° Chutivisut et al. found that when glucose was the carbon
source with a COD/NO;™-N = 8:1, the microbial community
in a sequencing batch reactor predominantly consisted of
DNRA bacteria.”” Previous studies found that a high S
NO;™ ratio typically promotes the DNRA process, while a low
ratio favors the denitrification process.”® ** This is because
sulfur ions can serve as electron donors in the reduction of

nitrate to ammonium, while simultaneously inhibiting the
conversion of N,O to nitrogen gas, the final step of
denitrification.””~*' Murphy et al. observed that increasing
S*” concentrations increased the activities of DNRA bacteria
while diminished the denitrification process by lowering the
abundance of denitrifiers in coastal environments."* The
existence of SO,*” has also been reported to influence the
DNRA process. Tuerk and Aelion reported that high
concentrations of SO,*~ in wetlands facilitated an increase in
ammonia production rates via DNRA.*> However, the
inhibition of SO,>~ to DNRA bacteria has also been
observed.** Lai et al. demonstrated that within a temperature
range of 10 to 40 °C, higher temperatures favored the DNRA
process in soil.*” Despite the growing interest in DNRA in
recent years, knowledge of the environmental factors
influencing the DNRA process, especially the DNRA bacteria,
remains relatively limited.

To further enrich the understanding of the DNRA process
and its influencing factors, this study utilized a DNRA
bacterium, Pseudomonas sp. strain LZ-1 (strain LZ-1), isolated
from activated sludge in a wastewater treatment plant (details
of the isolation and identification process are provided in the
Supporting Information), as an example. The aim was to
investigate the effects of various environmental factors,
including the carbon source, the carbon-to-nitrogen ratio, the
initial pH, the temperature, and the S>7/N ratio, on the DNRA
process of strain LZ-1. The findings help to deepen the
understanding of how environmental factors impact DNRA
and provide some insights for the future application of strain
LZ-1 in nitrogen recovery from nitrate-rich wastewater.

2. MATERIALS AND METHODS

2.1. Strain Screening and Culture. The DNRA bacterial
strain LZ-1, employed in this research, was sourced from
activated sludge within the secondary sedimentation tank at
the Matougang Sewage Treatment Plant, located in Zhengz-
hou, Henan Province, China. The isolation and identification
process are detailed in the Supporting Information. The gene
sequence has been uploaded into the GenBank database with
the accession number of OQ711934. The enrichment culture
medium for the strain is beef extract peptone broth, which
contains (per liter) 10 g of peptone, S g of sodium chloride,
and 5 g of beef extract 5 g. The DNRA characteristics were
investigated using SM medium or a modified SM medium. The
SM medium contains (per liter) KNO; 1.0 g, KH,PO, 1.0 g,
MgSO,-7H,0 1.0 g, FeC1;-6H,0 0.05 g, and CaC1,-2H,0 0.2
g. Therefore, the concentration of nitrate nitrogen in the
culture medium is 138.6 mg/L. The modified SM medium was
developed based on the SM medium formulation by
substituting 1.0 g of MgSO,-7H,0 with 0.69 g of MgCl,-
6H,0, while all other components remained unchanged, thus
yielding the modified SM medium. The reason for this
substitution is to eliminate sulfur interference, since the
modified SM medium is to be used in the S/N experiment
(Section 2.4). The carbon source was added to the medium as
required. The pH was adjusted to 7.0. Degassing of the oxygen
in the medium was conducted by purging with nitrogen. All
the media were autoclaved at 121 °C for 1S min. Culture
medium storage, inoculation of bacteria, and sealing culture
bottles with film and rubber stoppers are all conducted within
an anaerobic chamber.

2.2. Carbon Source and Carbon-to-Nitrogen Ratio
Experiments. To investigate the effect of different carbon
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Figure 1. Cell growth and nitrate nitrogen transformation of strain LZ-1 under different carbon source conditions. (A) Changes in ODyq, (B)
NO;™-N concentrations, (C) NO, -N concentrations, and (D) ammonia nitrogen concentration.

sources on DNRA, sodium formate (NaHCO,), sodium
acetate (NaC,H;0,), sodium propionate (NaC;HO,), and
sodium citrate (NayCsH;O,;) were selected as additional
carbon sources and added to the SM medium at a C/N
ratio of 8, which means that the COD of the medium is 1108.8
mg/L. To evaluate the impact of C/N ratios on DNRA, the
optimized carbon source determined from the different carbon
source experiments was used for the varying C/N ratio
experiments. The carbon source was adjusted into the SM
medium to achieve C/N ratios of 3, 5, 8, 10, 15, and 20. For
these experiments, strain LZ-1 was initially cultured in an
enrichment medium until it reached an optical density at 600
nm (ODyy) of about 1. Subsequently, this culture was used to
inoculate conical flasks filled with 100 mL of sterilized SM
medium for anaerobic cultivation at 30 °C. All experimental
procedures were carried out with three replicates.

2.3. Influence of Initial pH and Temperature on the
DNRA Process of Strain LZ-1. In the initial pH influence
experiment, the initial pH of the SM medium was set as §, 6, 7,
8,9, 10, and 11. The culture temperature was set at 30 °C. For
the temperature influence experiment, the culture temperatures
were set at 20, 25, 30, and 35 °C, with the optimal pH selected
from the initial pH experiment. SM medium was prepared with
the optimized carbon source and C/N ratio. The strain LZ-1
was initially cultured in the enrichment medium to an ODy, of
approximately 1 and then inoculated into 100 mL of sterilized
SM medium in conical flasks for anaerobic cultivation at 30 °C.
All experiments were carried out in triplicate.

2.4. Influence of S>°/N on the DNRA Process of Strain
LZ-1. In the experiment investigating the impact of S>*"/N on
the DNRA process of strain LZ-1, the modified SM medium
was utilized. The optimized carbon source was added into the
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modified SM medium as the additional carbon source,
maintaining a C/N ratio of 8. The S/N (Sz_) ratios were set
at 1, 1/2, 1/3, and 1/4, which correspond to sulfur ion
concentrations of 138.6 mg/L, 69.3 mg/L, 46.2 mg/L, and
34.7 mg/L, respectively. The pH level of the medium was
meticulously adjusted to its optimal parameter utilizing 1 M
HCl and 1 M NaOH. The strain LZ-1 was initially cultured in
the enrichment medium to an ODy, of approximately 1 and
then inoculated into 100 mL of sterilized medium in conical
flasks for anaerobic cultivation at 30 °C. All experiments were
conducted in triplicate.

2.5. Analytical Methods. The growth of strain LZ-1 is
evaluated by measuring the ODgy, of the bacterial culture
broth. The concentrations of NH,*-N, NO,™-N, NO,™-N, §*7,
and SO,*” were determined following standard methods.*
The NH,*-N vyield efficiency is defined as the conversion
efficiency of nitrate nitrogen to ammonia nitrogen. All
experiments were performed in triplicate.

3. RESULTS AND DISCUSSION

3.1. Influence of Carbon Sources on the DNRA
Performance of Strain LZ-1. The effects of different carbon
sources (NaHCO,, NaC,H;0,, NaC;H;0,, and Na;C,H;0,)
on the cell growth and nitrate nitrogen transformation of strain
LZ-1 were evaluated, as shown in Figure 1. As illustrated in
Figure 1A, the growth of strain LZ-1 was optimal when sodium
citrate was employed as the carbon source, with both growth
rate and culture density throughout the cultivation period
exceeding those observed with the other three carbon sources
(NaHCO,, NaC,H;0,, and NaC;H;0,). When sodium
formate served as the carbon source, strain LZ-1 reached the
stationary phase at 24 h, with a maximum culture density of
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Figure 2. Cell growth and nitrate nitrogen transformation of strain LZ-1 under different C/N ratios. (A) Changes in ODgy, (B) NO;™-N
concentrations, (C) NO,™-N concentrations, and (D) ammonia nitrogen concentration.

ODyy value of 0.89 at 32 h, which is the lowest recorded
among all four carbon sources tested. Figure 1B shows that
when sodium acetate, sodium propionate, and sodium citrate
were used as carbon sources, strain LZ-1 exhibited effective
removal of NO;™-N, achieving a 100% removal efficiency after
48 h of cultivation. In contrast, the removal of NO;™-N was
less effective with sodium formate as carbon sources, with
7.30% of NO;™-N remaining unremoved at 72 h. As seen in
Figure 1C, when sodium citrate, sodium acetate, and sodium
propionate were used as the carbon sources, the production of
NO, -N by strain LZ-1 rapidly accumulated, reaching peak
concentrations of 86.36 mg/L, 71.25 mg/L, and 80.56 mg/L at
16 h, respectively. Subsequently, the NO, -N concentration
decreased rapidly to 0 mg/L at 32, 48, and 64 h. In contrast,
when sodium formate was used, NO, -N continuously
accumulated over 56 h, peaking at 102.56 mg/L before
gradually declining to 75.23 mg/L by 72 h. Figure 1D indicates
that the highest concentrations of NH,"-N produced by the
strain LZ-1, using NaHCO,, NaC,H;0,, NaC;H;O,, and
Na;CH;0-, were 823 mg/L, 15.77 mg/L, 13.96 mg/L, and
21.12 mg/L, respectively. The highest NH,*-N yield efficiency,
15.25%, was reached when sodium citrate was used as the
carbon source.

These results demonstrate sodium citrate’s superiority
among tested carbon sources in enhancing DNRA efliciency
of strain LZ-1, evidenced by optimized biomass growth,
complete nitrate reduction, negligible nitrite accumulation, and
maximal NH,"-N vyield. This aligns with established carbon
source-dependent regulation of dissimilatory nitrate reduction
pathways.”®*’ The enhanced DNRA performance correlates
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with sodium citrate’s biochemical characteristics: its tricarbox-
ylic structure facilitates both direct transmembrane transport
and TCA cycle integration, thereby supplying sustained
NADH production required for the eight-electron nitrate-to-
ammonium conversion.”* Comparative studies by Carlson et
al*” validate this substrate hierarchy, reporting terrestrial
microbial consortia exhibited similar ammonium production
patterns (citrate > acetate > propionate) under equivalent C/
N ratios. The metabolic preference for citrate derivatives across
systems suggests evolutionary conservation in electron donor
selection for DNRA optimization, likely driven by thermody-
namic advantages and compatibility with the respiratory chain
architecture. Future investigations employing quantitative
proteomics and enzyme kinetic analyses will be conducted to
elucidate the molecular mechanisms underlying the citrate-
enhanced DNRA process.

3.2. Influence of C/N Ratio on the DNRA Performance
of Strain LZ-1. Using sodium citrate as the carbon source, the
effects of varying C/N ratios on the growth of strain LZ-1 and
the DNRA process were assessed, as presented in Figure 2. As
shown in Figure 2A, during the cultivation period, strain LZ-1
exhibited rapid growth at C/N ratios of 8 and 10, reaching the
stationary phase at 32 and 40 h, respectively, with maximum
ODyy, values exceeding 1.6. In contrast, both low (C/N = 3
and S) and high (C/N = 15 and 20) C/N ratios resulted in
reduced growth rates and peak cell concentrations. Significant
removal of NO;™-N was achieved within 24 h across all C/N
ratios, with complete removal occurring by 72 h (Figure 2B).
As shown in Figure 2C, corresponding to the NO; -N
removal, NO,™-N rapidly accumulated and peaked within 24 h
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Figure 3. The growth and DNRA process of the strain LZ-1 under different initial pH. (A) ODgg changes, (B) NO;™-N concentrations, (C)

NO,™-N concentrations, and (D) ammonium production.

at different C/N ratios. Subsequently, under C/N ratios of 8
and 10, the concentration of NO, -N in the culture rapidly
decreased to 0 mg/L. The decrease of NO, -N was relatively
slow at C/N ratios of 5, 15, and 20 but ultimately also reached
0 mg/L. However, at a C/N ratio of 3, a noticeable
accumulation of NO,™-N occurred, reaching a concentration
of 38.19 mg/L at 72 h. Figure 2D illustrates that the ammonia
nitrogen yields over 72 h ranked from highest to lowest as
follows: C/N=8>C/N=10>C/N=5>C/N=15>C/N
=20 > C/N = 3. The ammonia nitrogen yield was the highest
at a C/N ratio of 8, reaching 21.68 mg/L with an ammonia
nitrogen yield efficiency of 15.71%. These findings indicate
that strain LZ-1 exhibited optimal DNRA performance at a C/
N ratio of 8.

The optimal DNRA performance of strain LZ-1 at C/N = 8
(15.71% NH,*-N yield) reflects balanced electron allocation
between nitrite ammonification and biomass synthesis. In most
studies, higher C/N ratios favor the DNRA process, regardless
of whether a mixed microbial community or pure strains are
used.” " Low C/N = 3 induced NO,-N accumulation
(Figure 2C), mirrorin§ carbon-limited DNRA patterns in
Pseudomonas putida Y-9° and Shewanella loihica PV-4,”* where
insufficient electron donors restrict eight-electron transfer to
NH,". Complete NO,™-N depletion at C/N > 5 demonstrates
LZ-1’s robust nitrite reductase activity across moderate-to-high
C/N conditions. However, when the C/N ratio exceeded 8,
the NH,"-N yields declined (Figure 2D), which aligns with the
observations of Pseudomonas stutzeri strain XL-2 at elevated C/
N ratios.”> This may be correlated with metabolic flux shifts
toward carbon storage and suppressed NrfA expression. In
addition, the strain LZ-1’s higher optimal C/N compared to P.

stutzeri strain XL-2 (C/N = 5)*° suggests species-specific
variations in carbon utilization efficiency, potentially linked to
TCA cycle regulation or nitrate reductase affinity.

3.3. Influence of Initial pH on the DNRA Performance
of Strain LZ-1. When sodium citrate was employed as the
carbon source, a C/N ratio of 8, and a temperature of 30 °C,
the DNRA performance of strain LZ-1 was evaluated at
different initial pH levels, with the results presented in Figure
3. As shown in Figure 3A, at an initial pH of 5, the growth of
strain LZ-1 was very slow during the first 24 h, followed by
entry into the logarithmic phase at 72 h and the stationary
phase thereafter. When the initial pH ranged from 6 to 11,
strain LZ-1 entered the logarithmic phase at 8 h and reached
the stationary phase between 32 and 40 h. Notably, at an initial
pH of 11, the maximum ODgy, value of strain LZ-1 was
approximately 1.0, which was lower than that observed at
initial pH levels between 6 and 10. These results indicate that
strain LZ-1 exhibited better growth within the pH range of 6 to
10. Figure 3B shows that at an initial pH of S, the nitrate
removal by the strain LZ-1 was slower, with a removal
efficiency exceeding 92.2% after 48 h. At initial pH levels
between 6 and 11, strain LZ-1 achieved over 91.60% nitrate
removal within 32 to 40 h, which aligned with the bacterial
growth patterns. In terms of nitrite accumulation, as seen in
Figure 3C, at initial pH levels between 6 and 11, nitrite was
rapidly accumulated within 24 h, and then it was rapidly
transformed into the nitrite. At 64 h, with the exception of
minor nitrite accumulation at initial pH levels of 10 and 11,
strain LZ-1 completely transformed the accumulated nitrite at
pH levels between 6 and 9. Regarding ammonium trans-
formation, as depicted in Figure 3D, when the initial pH was
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Figure 4. The cell growth and DNRA process of strain LZ-1 under different temperatures. (A) ODyq, changes, (B) NO;™-N concentrations, (C)

NO,™-N concentrations, and (D) ammonium production.

between 6 and 8, the ammonium production reached its
maximum at 64 h, with yields of 12.87%, 14.28%, and 15.38%,
respectively. At initial pH levels between 9 and 11, the
maximum ammonium production occurred at 56 h, with yields
of 16.30%, 15.39%, and 15.02%, respectively.

The enhanced DNRA performance of strain LZ-1 under
alkaline conditions (pH 9—11) aligns with previous findings
that elevated gH favors respiratory ammonification over
denitrification.”® The rapid nitrate removal and ammonium
accumulation at pH 9—11 (Figure 3B,D) may be attributed to
optimal enzymatic activity of NrfA, which typically exhibits
higher efficiency in neutral to alkaline environments.”***
Notably, the peak ammonium yield at pH 9 (16.30%) mirrors
observations in P. putida Y-9, where maximal nirBD expression
and DNRA activity occurred at pH 7-9,°> suggesting
conserved pH-dependent regulatory mechanisms for DNRA
enzymes across taxa. The transient nitrite accumulation at pH
10—11 (Figure 3C) likely reflects partial inhibition of NrfA-
mediated nitrite reduction under extreme alkalinity, a
phenomenon also reported in S. loihica PV-4 at pH > 8.0.°°
The exceptional capacity of strain LZ-1 to maintain DNRA
activity across an extended pH spectrum (6.0—11.0)
demonstrates considerable potential for enhancing nitrogen
retention in wastewater treatment systems experiencing pH
fluctuations. Future investigations employing proteomic
analyses of pH-responsive pathways, coupled with structur-
al—functional studies of its enzymatic machinery, are required
to elucidate the molecular adaptations underlying this pH
resilience and optimize its application.

3.4. Effect of Temperature on the DNRA Performance
of the Strain LZ-1. Under experimental conditions utilizing
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sodium citrate as the carbon source, a C/N ratio of 8, and an
initial pH of 9, the influence of varying temperatures (20 °C,
25 °C, 30 °C, and 35 °C) on the DNRA performance of strain
LZ-1 was investigated, as illustrated in Figure 4. Figure 4A
demonstrates that the growth rate of strain LZ-1 at 30 and 35
°C was significantly higher than that at 20 and 25 °C, with a
marginally greater maximum bacterial density (ODgq,)
observed in the stationary phase. Moreover, the growth rate
and bacterial density during the stationary phase at 35 °C were
slightly superior to those at 30 °C. In terms of nitrate removal
(Figure 4B), after 72 h of incubation at all tested temperatures,
strain LZ-1 achieved nitrate removal efficiencies exceeding
92.51%. Notably, at 30 and 35 °C, the strain removed 92.03%
and 90.72% of nitrate within 32 h, respectively, indicating
faster removal rates compared to 20 and 25 °C. Regarding
nitrite accumulation (Figure 4C), strain LZ-1 peaked in nitrite
accumulation at 32 h at 30 and 35 °C, followed by complete
removal by 64 and 72 h, respectively, with no accumulation
detected. In contrast, at 20 and 25 °C, peak nitrite
accumulation occurred at 48 and 40 h, respectively, with
residual nitrite remaining after 72 h. Concerning ammonium
transformation (Figure 4D), the rate and yield of ammonium
production were the highest at 30 °C, reaching a maximum of
26.21 mg/L at 64 h, with an ammonia yield efficiency of
18.99%. As previously reported, elevated temperatures
promote the DNRA process.”** Similarly, this study found
that higher temperatures (30 and 35 °C) enhanced the DNRA
performance of the strain LZ-1 compared to 20 and 25 °C.
However, a raise in temperature from 30 to 35 °C resulted in a
decrease in ammonium production, potentially due to strain
LZ-1’s nitrite reductase showing a preference for 30 °C. These
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Figure 5. The influence of S*~ on the DNRA process of strain LZ-1. (A) NO; -N concentrations, (B) NO, -N concentrations, (C) ammonium

production, and (D) SO,*~ concentrations.

results indicate that under the conditions of sodium citrate as
the carbon source, a C/N ratio of 8, an initial pH of 9, and a
temperature of 30 °C, the strain LZ-1 exhibits optimal DNRA
performance.

3.5. Effect of S>"/N on the DNRA Performance of the
Strain LZ-1. The influence of varying S/N (S*7) ratios on the
DNRA performance of the strain LZ-1 was investigated under
conditions using sodium citrate as the carbon source, a C/N
ratio of 8, an initial pH of 9, and a temperature of 30 °C. The
results are presented in Figure S. As shown in Figure SA,
compared to the control group, the addition of $*~ prolonged
the time required for complete nitrate removal by strain LZ-1,
indicating a negative effect of S~ on nitrate reduction.
However, this inhibitory effect appeared to increase as the S/N
ratio decreased. Similarly, the addition of S*” also had a
detrimental effect on nitrite reduction (Figure SB). In the
presence of S, the appearances of peak nitrite concentration
were delayed by more than 8 h compared to the control group,
and incomplete nitrite removal was observed. At different S/N
ratios, the time to reach the peak nitrite concentration followed
the following trend: S/N=1<S/N=1/2=§/N=1/3<S/N
= 1/4, which is consistent with the NO;™-N removal shown in
Figure SA. At the end of the culture (104 h), the accumulated
nitrite concentrations at S/N ratios of 1, 1/2, 1/3, and 1/4
were 1.26 mg/L, 2.12 mg/L, 3.11 mg/L, and 17.23 mg/L,
respectively. These results suggest that a low S/N ratio (S/N =
1/4) significantly impaired both the production and removal of
nitrite, with the negative impact diminishing as the S/N ratio
increased. As can be seen in Figure 5C, compared to the
control group, the presence of S>~ markedly reduced ammonia
production by strain LZ-1. The maximum ammonia yield
efficiency in the control group was 23.36%, while at S/N ratios
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of 1, 1/2, 1/3, and 1/4, the maximum ammonia yield
efficiencies were 17.17%, 16.35%, 14.66%, and 12.15%,
respectively. This indicates that as the S/N ratio decreased,
ammonia production gradually declined, consistent with the
nitrite accumulation observed at different S/N ratios.
Specifically, at low S/N ratios, more nitrite accumulated,
resulting in less ammonia production from nitrite reduction.
Figure SD shows that SO,*” was detected in all of the S*"-
added experimental groups. Since no sulfate is present in the
modified SM medium, the SO,*~ likely originates from the
conversion of S*7, which is consistent with the trend of
decreasing $>~ concentration (see Figure S4). This suggests
that the strain LZ-1 may utilize >~ as an electron donor to
reduce NO;~ to NH," while producing $0,>~.%% The $O,>~
production rate increased with the S/N ratio, indicating that at
higher S/N ratios, the strain’s metabolic regulation accelerated
the conversion of $*~ to SO,*™.

These findings suggest that the addition of S>~ inhibited the
DNRA process in strain LZ-1, including reducing the rate of
nitrate to nitrite conversion and inhibiting nitrite reduction to
ammonia, ultimately leading to decreased ammonia produc-
tion. These observations are consistent with previous studies
reporting that sulfur ions inhibit DNRA.**” It is reported that
sulfide binds to metal centers of heme-containing enzymes,
such as Nar and Nap, inactivating these enzymes and
disrupting nitrogen conversion.”® Additionally, sulfide inhibits
Nar and Nir by competing with nitrate/nitrite as an electron
donor or directly poisoning metalloenzymes, thereby reducing
NO,7/NO,” reduction efficiency.”” Furthermore, sulfide-
induced oxidative stress damages cellular components like
DNA and proteins, exacerbating metabolic dysfunction.60
While the previously reported inhibitory mechanisms of

https://doi.org/10.1021/acsomega.5c00470
ACS Omega 2025, 10, 16695—16704


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00470/suppl_file/ao5c00470_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00470?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

sulfides on bacterial nitrogen conversion may partially explain
the significant decline in DNRA performance observed with
sulfide addition compared to the control group without sulfide
addition, these established models show two critical
limitations: (1) they cannot explain the dose-dependent
attenuation of sulfide toxicity observed at elevated S/N ratios
(Figure SC), and (2) they fail to reconcile the concomitant S*~
decline and SO,*~ accumulation patterns (Figures S4 and SD).
This apparent S/N ratio-dependent detoxification phenomen-
on suggests that strain LZ-1 activates adaptive metabolic
pathways. Building on sulfur-handling strategies in Gordonia
sp. TD-4'" and Desulfurivibrio alkaliphilus®' —which coordin-
ately execute DNRA and sulfide oxidation—it is hypothesized
that strain LZ-1 employs S* as dual-purpose substrates: (1)
electron donors for DNRA-mediated nitrate reduction®® and
(2) sulfur sources oxidized to SO,*” through pathways
potentially involving SQR or other sulfur-oxidizing enzymes.
This metabolic flexibility would simultaneously alleviate sulfide
inhibition and sustain nitrogen transformation. Future
investigations focus on enzyme kinetics (e.g., SQR activities
under varying S/N conditions), and transcriptomic profiling to
identify sulfur metabolism gene clusters will be carried out to
validate these sulfur-handling pathways.

4. CONCLUSIONS

The study investigates the impact of environmental factors on
the DNRA bacterium using strain LZ-1 as a model. The
findings indicate that the optimal performance of DNRA by
this strain is achieved under conditions where sodium citrate
serves as the organic carbon source, with a C/N ratio of 8, an
initial pH of 9, and a temperature of 30 °C. The presence of
sulfur ions inhibits the DNRA process in strain LZ-1. However,
this inhibitory effect diminishes as the S/N ratio increases.
These results contribute to a deeper insight into how
environmental factors influence the DNRA process, providing
theoretical support for the subsequent recovery of nitrogen
from nitrate-containing wastewater through DNRA.
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