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A B S T R A C T

High Pressure Hydrogenotrophic Denitrification (HPHD) provided a promising alternative for efficient and clean
nitrate removal. In particular, the denitrification rates at low temperature could be compensated by elevated H2
partial pressure. However, nitrite reduction was strongly inhibited while nitrate reduction was barely affected at
low temperature. In this study, the nitrate reduction gradually recovered under long-term low temperature stress,
while nitrite accumulation increased from 0.1 to 41.0 mg N/L. The activities of the electron transport system
(ETS), nitrate reductase (NAR), and nitrite reductase (NIR) decreased by 45.8 %, 27.3 %, and 39.3 %, respec-
tively, as the temperature dropped from 30 ◦C to 15 ◦C. Real time quantitative PCR analysis revealed that the
denitrifying gene expression rather than gene abundance regulated nitrogen biotransformation. The substantial
nitrite accumulation was attributed to the significant up-regulation by 54.7 % of narG gene expression and down-
regulation by 73.7 % of nirS gene expression in hydrogenotrophic denitrifiers. In addition, the nirS-gene-bearing
denitrifiers were more sensitive to low temperature compared to those bearing nirK gene. The dominant pop-
ulations shifted from the genera Paracoccus to Hydrogenophaga under long-term low temperature stress. Overall,
this study revealed the microbial mechanism of high nitrite accumulation in hydrogenotrophic denitrification at
low temperature.

1. Introduction

Over the past century, human activities have exerted an enormous
impact on the global nitrogen cycle while causing unacceptable nitrate
contamination of water resources, and it was mainly attributed to fossil
fuel combustion and the application of nitrogen-based fertilizers in
intensive agriculture (Canfield et al., 2010; Kuypers et al., 2018). As a
critical anaerobic process in the nitrogen cycle, bio-denitrification is also
the major pathway to remove nitrate from wastewater. In heterotrophic
denitrification, organics working as electron donors are indispensable
for denitrifiers to reduce oxidized nitrogen species. Exogenous organic
carbon is often required in the nitrogen polishing unit of the conven-
tional wastewater treatment facility due to the excessive control of up-
stream organic pollutants (Ren and Pagilla, 2022; Tian and Yu, 2020).
However, it is undoubtedly counterproductive to the concept of water
sector upgrading that focuses on energy and resource recovery and

carbon footprint reduction (Ren and Pagilla, 2022). Autotrophic deni-
trification thus has been suggested for treating wastewater with a low
C/N ratio, in which hydrogenotrophic configurations elicited much in-
terest due to its clean nature, especially in the oligotrophic groundwater
and drinking water or tertiary nitrogen removal (Karanasios et al., 2010;
Lee and Rittmann, 2002; Li et al., 2013; Tang et al., 2011).

Hydrogenotrophic denitrification capturing CO2 for biosynthesis is
an excellent alternative to facilitate carbon neutrality or negative
emissions in wastewater treatment plants. The strategies of imple-
menting hydrogenotrophic denitrification and their advantages were
discussed comprehensively in previous studies (Albina et al., 2019;
Karanasios et al., 2010; Rittmann, 2018), and considerable effort has
been made to improve H2 utilization and system security (Epsztein et al.,
2017; Lee and Rittmann, 2002; Rezania et al., 2007). However, the low
solubility of H2 gas under atmospheric pressure with poor gas-liquid
mass transfer is the primary roadblock for full-scale engineering
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applications. Given the circumstances, high-rate hydrogenotrophic
denitrification based on pressurization systems was successfully re-
ported (Epsztein et al., 2016, 2017; Keisar et al., 2021; Zhou et al.,
2022), and High Pressure Hydrogenotrophic Denitrification (HPHD)
provided a promising approach for sustaining effective low temperature
denitrification (Zhou et al., 2022).

Temperature is a crucial factor that directly affects the efficiency of
biological denitrification. Although denitrifying activity was observed
over a wide temperature range, the performance of both heterotrophic
and autotrophic denitrification deteriorated at psychrophilic tempera-
tures (Di Capua et al., 2017; Shen et al., 2020), which was a dilemma for
biological nitrogen removal processes operating under cold conditions.
In our previous study, the denitrification rate and efficiency of HPHD at
low temperature could be maintained by increasing H2 partial pressure.
However, transient nitrite accumulation during denitrification was
inevitable. The dramatic inhibition of nitrite reduction was observed,
whereas the nitrate reduction was unexpectedly almost unaffected
(Zhou et al., 2022). It would take much more denitrification time and
costs for complete nitrogen removal when treating cold
nitrate-contaminated waters. Thus, a better understanding of high ni-
trite accumulation at low temperatures is of great necessity to improve
cost-effective performance.

The reduction of NO3- to N2 in denitrification process is inseparable
from the participation of electrons generated by the oxidation of sub-
strates. For hydrogenotrophic denitrifiers, the hydrogenase responsible
for H2 oxidation feeds the electrons directly into the respiratory chain
(Bowien and Schlegel, 1981; Knowles, 1980). The electrons are ulti-
mately consumed by denitrifying enzymes after being transferred via the
electron transport system (ETS) containing quinone pool and various
electron carrier proteins. Thus, any restriction on the electron transport
and consumption would affect the final denitrification rate. The ETS and
denitrifying enzyme activities have been used to assess the effects of
environmental contaminants on heterotrophic denitrification, such as
antibiotics (Chen et al., 2021), pesticides (Su et al., 2019) and CO2 (Wan
et al., 2016). Meanwhile, their dynamics are regulated by temperature.
In addition, low temperature shock would negatively affect the expres-
sion of denitrifying functional genes, leading to the accumulation of
denitrification intermediates and a sharp decrease in the denitrification
rate (Saleh-Lakha et al., 2009; Wang et al., 2018). The denitrifying
functional gene abundance, as well as microbial community structure,
might be altered when the system suffered from long-term low tem-
perature stress (Chen et al., 2017; Liao et al., 2018). However, the
relevance between these factors and the varied responses of different
denitrification steps to low temperature conditions is currently unclear.

In this study, the effects of long-term low temperature on HPHDwere
investigated. Firstly, the continuous operation in a cyclic mode was
conducted as a sequencing batch reactor (SBR) to evaluate the deterio-
ration of HPHD at low temperature. Then, the electron transport and
consumption during hydrogenotrophic denitrification under different
temperatures were analyzed by comparing ETS, NAR, and NIR activities.
Moreover, the expression and abundance variation of denitrifying
functional genes (narG, nirS, nirK, and nosZ) in response to low tem-
perature stress were investigated. Finally, the succession of the micro-
bial community was monitored through high-throughput sequencing
targeting the 16S rRNA gene. This work was undertaken to reveal the
microbial mechanism of high nitrite accumulation in hydrogenotrophic
denitrification, which might be beneficial to seek suitable strategies to
eliminate nitrite accumulation in NO3- remediation or to offer a potential
alternative for the emerging partial-denitrification process (Shinoda
et al., 2020).

2. Materials and methods

2.1. Bioreactor setup

The experiments were conducted in a stainless-steel pressurized

reactor (Fig. S1) with an effective volume of 0.65 L. A detailed
description of the reactor was given in a previous publication (Zhou
et al., 2022). The inoculated sludge was derived from a hydro-
genotrophic denitrification reactor that had been operating for more
than three months (Zhou et al., 2022), and the mixed liquid volatile
suspended solids (MLVSS) were maintained at 0.5 g/L by decanting
biomass regularly. Ultrapure water enriched with 0.722 g/L KNO3, 2 g/L
NaHCO3, and several other necessary nutrients was fed as synthetic
wastewater for all experiments (Zhou et al., 2022). The pH was
controlled within the optimal range of 7.6–8.6 by phosphate buffer
(Karanasios et al., 2010). An agitation rate of 200 rpm was controlled by
magnetic stirring to ensure the mixture was fully homogeneous.

2.2. Description of experiments

Continuous operation of HPHD system was conducted in a cycling
mode as SBR at 30 ◦C and 15 ◦C, respectively. The reactor worked with
three 8 h cycles per day, and each cycle consisted of 20 min feeding, 5 h
stirring, 2.5 h settling, and 10 min decanting. In feeding time, synthetic
wastewater was added to make the initial working volume to be 0.5 L,
and the denitrifying medium was purged with H2 to expel the air in the
headspace in each cycle. The denitrification process was conducted
under a constant H2 partial pressure of 4 bars (absolute pressure).
Influent and effluent samples of mixed liquor were collected at the end
of the stirring period for NO3- -N and NO2- -N determination (batches run
at night were not sampled, and the results for each day were the average
of the other two batches). In addition, the sludge was also collected after
long-term incubation by centrifugation (10,000 rpm, 10 min at 4 ◦C)
plus washing with 0.01M PBS buffer (pH= 7.4) and stored in − 80 ◦C for
subsequent analysis of microflora.

Batch experiments were also conducted at the end of each phase to
investigate the effects of cooling on denitrifying activity. Each batch
experiment was run for 5 h, and the environmental conditions were
constant with the mentioned above, including hydrogen pressure and
temperature. The NO3- -N and NO2- -N concentrations were detected
hourly. The sludge samples were collected at 3 h of each batch to analyze
denitrifying enzyme activity, ETS activity, denitrifying gene expression,
and abundance.

2.3. ETS and denitrifying enzyme activities assay

The denitrifier suspensions were prepared for the determination of
ETS, NAR, and NIR activities. 10 mL of mixture samples collected from
batch experiments were centrifuged at 4000 rpm for 10 min, rinsed
thrice with 0.01 M PBS buffer (pH = 7.4), and then resuspended for
spare. The NAR and NIR activities were determined using commercial
assay kits (Solarbio, China). Briefly, the resuspended bacteria were
sonicated for 3 min and centrifuged at 10,000 rpm and 4 ◦C for 10min to
obtain the crude extracts. The crude extract and electron donor were
first injected into anaerobic cuvettes fitted with rubber stoppers, fol-
lowed by nitrate or nitrite to initiate the reaction. The production or
consumption of nitrite was analyzed at different time intervals.

The measurement of ETS activity was based on the rate of 2-(p-
iodophenyl)− 3-(p-nitrophenyl)− 5-phenyl-tetrazolium chloride (INT)
reduced to red-coloured INT-formazan (Broberg, 1985). 1 mL of sus-
pension was mixed with 9 mL homogenization buffer, and the cells in
the mixture were disrupted by ultrasonication in an ice-water bath for 3
min. The cell-free homogenates were harvested by centrifugation at 10,
000 rpm in a refrigerated centrifuge at 4 ◦C for 10 min. Then, 1 mL of
cell-free extract was incubated with 1 ml substrate solution (1.25 mM
NADH) and 0.5 ml INT solution (0.5 %) for 30 min. The reaction was
terminated by adding 1 mL of the reaction termination solution. The
absorbance of the INT-formazan formed was determined spectrophoto-
metrically at 490 nm against blank as reference. Buffers and solutions in
the assay are provided in Supplementary Materials. The protein content
in cell-free extract was determined by the BCA protein assay kit (Sangon
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Biotech, China).

2.4. Real-time quantitative PCR assay

In batch experiments, samples were collected after 3 h of feeding
from the control (T30, 30 ◦C) and T15 (15 ◦C) treatment, at which the
denitrification process was still in progress. The copy numbers and
transcript levels of denitrifying functional gene (narG, nirS, nirK, and
nosZ) were quantified by real-time quantitative PCR. The PCR procedure
was performed on aMA-6000 real-time PCR detection system (Molarray,
China), and information of the primers was listed in Table S1. The DNA
and RNA were extracted from denitrifying sludge using Soil DNA/RNA
kit (Omega, USA) following the manufacturer protocol, and the con-
centrations were determined by the NanoDrop spectrophotometer
(NanoDrop 2000, Thermo Fisher Scientific, USA).

For qPCR assay, a 20 μL real-time PCR mixture contained 10 µL of 2
× SYBR qPCR Master Mix (Vazyme, China), 0.4 μL of forward and
reverse specific primer (10 μM), 1 μL of DNA template, and 8.2 μL of
ddH2O. The plasmids containing the denitrifying gene sequence from
the extracted genomic DNA were prepared as standards, and the copy
numbers were calculated from the concentration and size of the plas-
mids. Standard curves were generated using three replicates of 10-fold
serial dilutions of plasmids as a template. The amplification efficiency
of functional genes was 92.35 % - 98.44 % with R2 values of 0.994 -
0.997 for calibration curves (Table S2). For RT-qPCR assay, the qualified
and quantified total RNA was reverse-transcribed into cDNA by Prime-
Script ™ 1st stand cDNA Synthesis kit (Takara, Japan). Then, the cDNA
was used as template for relative quantitative PCR analysis and 16S
rRNA was used as a control for normalization between samples. The
relative expression ratios of target genes were calculated using the
2− ΔΔCT method (Livak and Schmittgen, 2001). The amplifications were
performed at 95 ◦C for 5 min, followed by 40 cycles at 95 ◦C for 15 s and
at 60 ◦C for 30 s. All the real-time quantitative PCR assays were per-
formed in triplicate for each sample.

2.5. Microbial community analysis

Samples of denitrifying sludge were collected on Day 30 (30 ◦C) and
Day 60 (15 ◦C) for the genomic DNA extraction of hydrogenotrophic
denitrifiers to assess bacteria diversity and abundance. The V3-V4 hy-
pervariable regions of the bacterial 16S rRNA genes were amplified with
the primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). Sequencing was performed on the
purified products using an Illumina MiSeq PE250 platform. The
sequence analysis was processed with QIIME 2 (Bolyen et al., 2018), and
taxonomy was assigned to amplicon sequence variants (ASVs) with the
SILVA database (release 132). The details of DNA extraction, PCR
amplification, and sequence analysis are available in Supplementary
Materials.

2.6. Other analytical methods

The influent and effluent samples were collected using disposable
syringes for the analyses of NO3- -N, NO2- -N after filtering through a
disposable Waterman filter unit (0.22 μmpore size). The MLVSS, NO3- -N,
and NO2- -N were determined according to the standard methods (APHA,
2005). The pH and temperature were monitored online in real time by
an embedded electrode sensor (InPro4550VP pH Probe, Switzerland).
All the tests were conducted in triplicate and the results were expressed
as mean ± standard deviation. Significant differences between individ-
ual treatments were analyzed using independent samples t-test (SPSS
statistics 26.0, IBM, USA), and p< 0.05 was considered to be statistically
significant.

3. Results and discussion

3.1. Effects of temperature on denitrification performance in HPHD

The denitrification performance of HPHD system operating at the H2
partial pressure of 4 bars under different temperatures was presented in
Fig. 1. During phase I (Day 1–30), the temperature was set at 30 ◦C, the
effluent NO3- -N and NO2- -N stabilized at low concentrations. The effluent
NO3- -N was 2.9 ± 2.0 mg/L on average, and effluent NO2- -N was below
1.0 mg/L except for the first two days (2.1 and 1.1 mg/L). The specific
denitrification rate (SDR) ranged from 36.2 to 41.4 mg N/(gVSS⋅h) over
phase I.

With the drop of temperature to 15 ◦C on Day 31, a steep increase to
45.6 mg/L in effluent NO3- -N was observed, while effluent NO2- -N was
about 0.04 mg/L. This result suggested that nitrate reduction was
immediately inhibited by low temperature shock, which was consistent
with previous reports (Li et al., 2013). Subsequently, effluent NO3- -N
gradually decreased until it recovered to a similar level in phase I by Day
48. The effluent NO2- -N still remained at an extremely low level during
this period. Finally, stable NO3- -N removal was achieved, and the NO2- -N
accumulation also emerged after a two-day rising transition period. The
effluent NO2- -N accumulated from 0.1 to 41.0 mg N/L and maintained at
40.3 ± 3.0 mg/L from Day 48 to Day 60. In addition, the SDR remained
relatively stable (standard deviation less than 10 %) despite the effluent
NO3- -N, NO2- -N varied during phase II. The SDR averaged 24.4 ± 2.3 mg
N/(gVSS⋅h) at 15 ◦C, which was about 58.9 % ~ 67.4 % of that of 30 ◦C.

It could be concluded that the NO3- -N reduction activity of the
hydrogenotrophic denitrifying culture gradually recovered after 18 days
of cold acclimation, and NO3- -N removal efficiency was more than 98.7
% under long-term low temperature stress. However, NO2- -N reduction
rate at 15 ◦C was consistently much lower than that at 30 ◦C, and sub-
stantial and steady NO2- -N accumulated after Day 48, indicating that
NO2- -N reduction was inhibited dramatically by low temperature.

The effects of low temperature on nitrate reduction and nitrite
accumulation were further investigated by tracking the time courses of
denitrification at 15 ◦C and 30 ◦C in a typical SBR cycle. As shown in
Fig. 2a, the NO3- -N concentration declined linearly until exhaustion, and
negligible NO2- -N was detected, with a maximum accumulation ratio of
only 0.25 % at 30 ◦C. However, after long-term exposure to low tem-
perature, NO2- -N concentration gradually increased until NO3- -N was
almost depleted and peaked at 64.3 ± 1.3 mg/L (Fig. 2b). The corre-
sponding NO2- -N accumulation ratio remained at approximately 70 %.
Interestingly, the nitrate reduction rate at 15 ◦C was even higher than

Fig. 1. Denitrification performance of HPHD system: NO3- -N, NO2- -N in the
influent and effluent, and specific denitrification rate (SDR) under different
temperatures. Phase I, Day 1–30 (30 ◦C), phase II, Day 31–60 (15 ◦C).
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that at 30 ◦C when nitrate was sufficient (0–3 h). These results suggested
that the two denitrification steps were not synchronized effectively
under low temperature conditions. It has been reported that competitive
inhibition of nitrite by nitrate in heterotrophic denitrification leaded to a
preferential nitrate reduction (Almeida et al., 1995). Our previous study
confirmed that competitive inhibition was not caused by H2 deficiency
in HPHD (Zhou et al., 2022). Overall, the performance deterioration of
hydrogenotrophic denitrification under long-term low temperature
stress was mainly attributed to the strong inhibition of nitrite reduction
and was independent of nitrate reduction. In addition, although it is
possible to ensure effluent quality by extending hydraulic retention
time, reducing nitrate loading rate (Wang et al., 2022), and increasing
H2 partial pressure (Zhou et al., 2022), these are compromises that
sacrifice efficiency or increase inputs.

3.2. ETS and denitrifying enzyme activities in response to low temperature

In hydrogenotrophic denitrifiers, hydrogenase oxidizes H2 to
generate two electrons and introduces electrons into ETS (Knowles,
1980). Electrons are transferred by various electron carriers, such as
ubiquinone and cytochrome c, and finally accepted by electron accep-
tors (Zumft, 1997). The NO3- is sequentially reduced to NO2- , NO, N2O
and N2, which are catalyzed by four denitrifying enzymes (NAR, NIR,
NOR and NOS) (Fig. 3a). The relative activity of enzymes might some-
times be affected by denitrifier composition, but environmental factors

are the determinants (Wallenstein et al., 2006). As shown in Fig. 3b,
compared with the control (T30), the ETS, NAR, and NIR activities in
T15 treatment were significantly decreased by 45.8 %, 27.3 %, and 39.3
%, respectively (p < 0.05). This result showed that electron transport
and consumption were inhibited under low temperature, which was
consistent with the SDR decrease in phase II. When the temperature
dropped from 30 ◦C to 15 ◦C, the decrease in ETS activity resulted in
fewer electrons being transferred to NO3- and NO2- . The electron con-
sumption rates of NAR, NIR on Day 31 were 1.46 mmol e-/h and 0.73
mmol e-/h, respectively, which were only approximately 0.5 times those
on Day 30 (Fig. 3c). Obviously, the inhibition of ETS and denitrifying
enzyme activities of denitrifiers was directly responsible for the decline
in the effluent quality of hydrogenotrophic denitrification process at low
temperature.

It is worth noting that significant differences in electron consumption
rate occurred at different incubation times under low temperature.
Specifically, the electron consumption rate of NAR after 30 days of in-
cubation (Day 60) at 15 ◦C was much higher than that on the first day
(Day 31), suggesting that other factors, rather than the restoration of
enzyme activity, promoted nitrate reduction. Furthermore, the total
electron consumption rate increased from 2.19 mmol e-/h on Day 31 to
3.67 mmol e-/h on Day 60, implying that only partial NO3- -N conversion
to gaseous products for temperature shock was not due to the limitation
of available electrons. In this study, the recovery of nitrate reduction
activity or even preferential reduction cannot be explained from the
perspective of electron transport and consumption. Therefore, a ques-
tion was waiting to be answered: why nitrate reduction was not affected
when NAR activity, like NIR activity, was inhibited?

3.3. Abundance and expression of denitrifying functional genes

In addition to denitrifying enzyme activity, the reduction of nitrogen
species also depends on the corresponding genetic regulation (Hassan
et al., 2016). In this study, the effects of low temperature on the abun-
dance and expression of core denitrification genes, narG, nirS, nirK, and
nosZ, were evaluated. The nosZ gene was used to indicate the potential
function of microbial community to reduce N2O and to predict the
emission potential of N2O (Orellana et al., 2014). As shown in Fig. 4a,
the copy numbers of the narG and nirK genes decreased slightly after
prolonged exposure to low temperature. Moreover, the nirS gene copy
numbers declined significantly by more than two orders of magnitude,
from 2.09 × 109 to 6.74 × 106 copies/g VSS. The change in nosZ gene
abundance also showed a similar tendency, with the average copies
decreasing from 3.31 × 108 to 1.11 × 107 copies/g VSS. These results
showed that the abundance of all tested genes was higher in the control
compared with T15 treatment, suggesting that HPHD system has a
stronger potential denitrification capability at 30 ◦C.

The genes nirS and nirK are the most common genetic markers for
characterizing the dynamic shift of denitrifying communities (Philippot
and Hallin, 2005; Wallenstein et al., 2006). Previous studies pointed out
that the distinct temperature differences may influence the population
dynamics of denitrifier communities, thus affecting intermediate accu-
mulation and denitrification activity (Chon et al., 2011; Liao et al.,
2018). In this study, the abundance of nirS-gene-bearing denitrifiers at
30 ◦C was much higher than nirK-gene-bearing denitrifiers. With the
temperature dropped to 15 ◦C, the population of nirS-gene-bearing de-
nitrifiers no longer showed a significant dominance compared to those
bearing nirK gene. The strong variation in community composition
suggested that different denitrifying bacteria were active at different
temperatures, whereas nirS-gene-bearing denitrifiers were more sensi-
tive to psychrophilic temperature. In addition, the substantial accumu-
lation of nitrite in T15 treatment may be related to the sharp decrease in
nirS gene abundance because of the potential correlation between the
nirS gene encoding NIR and nitrite reduction activity.

The fluctuation of functional gene abundance in the environment
does not necessarily imply that the corresponding bacteria will present

Fig. 2. NO3- -N, NO2- -N profiles and NO2- -N accumulation ratio in a typical SBR
cycle at 30 ◦C (a) and 15 ◦C (b). Error bars represent standard deviations of
three replicates.
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the expected dynamics of denitrification activity (Chen and Vymazal,
2015; Philippot and Hallin, 2005). Therefore, the relative expression of
functional genes was quantified to allow a more accurate reflection of
the actual denitrification activity. As shown in Fig. 4b, compared with
the control, the expression of the narG gene was significantly
up-regulated by 54.7 ± 5.86 % after long-term incubation at 15 ◦C (p <
0.05). This is a reasonable explanation for the fact that the decrease in
temperature did not inhibit the nitrate reduction. Meanwhile, the
expression of the nirS gene was significantly down-regulated by 73.7 ±

5.13 % due to decreased temperature (p < 0.05), while temperature
dependency of the nirK gene expression was not observed. Saleh-Lakha
et al. showed that the delayed induction and expression of the nirS gene
in pure cultures of Pseudomonas mandelii as the temperature decreased
led to a lag in NIR synthesis, which was responsible for nitrite accu-
mulation during denitrification (Saleh-Lakha et al., 2009). This further
corroborated that the potential nitrite production was more active than
its reduction in T15 treatment. Furthermore, the nosZ gene expression
was much higher than that of the control, which was significantly
up-regulated by 108.3± 11.2 % (p< 0.05). It was reported that the nosZ
gene expression level rather than gene abundance regulated N2O emis-
sion (Su et al., 2019). Therefore, it could predict reasonably that extra
N2O emissions may not be induced when HPHD system operates under
low temperatures.

Comprehensive consideration of the abundance and structure of

microflora and their actual activity in specific environments may
contribute to shed light on the cause of the mismatch between nitrogen
transformation and functional gene abundance. (Chen et al., 2015;
Philippot and Hallin, 2005). Prolonged exposure to cold condition
altered the abundance of functional genes in the denitrifying community
and the narG gene abundance declined, but NO3- -N reduction rates were
maintained at a high level. In contrast, NO2- -N reduction was greatly
inhibited in the presence of a significant decrease in the abundance of
the genes encoding NIR (nirS and nirK genes). In fact, denitrification
enzymes (enzyme synthesis and activity) are the direct factors that
govern nitrogen transformation in terms of single enzymatic steps
(Zumft, 1997). The effects of temperature on the induction levels and
timings of various denitrifying functional genes were significantly
different (Saleh-Lakha et al., 2009). Therefore, the discrepancy between
the reduction of nitrate and nitrite in response to low temperature is
mainly attributable to the significant up-regulation of narG gene
expression for NAR production and the significant down-regulation of
nirS gene expression for NIR production. This study revealed that the
regulation of gene expression may be more significant than gene
abundance in determining nitrogen species transformation, which sug-
gested that it might be possible to eliminate intermediates accumulation
or promote intermediates recovery during denitrification by regulating
the physiological activity of denitrifiers via exerting selective pressure.

Fig. 3. Schematic diagram of canonical electron transport chain in hydrogenotrophic denitrification (a), and effects of temperature variation on ETS and denitrifying
enzyme activities (b). Error bars represent the standard deviations of six independent tests (n = 6). Asterisks (*) indicate significant differences with the control
(independent samples t-test, p < 0.05). Electron consumption rates by NAR and NIR, with error bars representing standard deviations associated with the total
consumption rates (c). NAR: nitrate reductase, NIR: nitrite reductase, NOR: nitric oxide reductase, NOS: nitrous oxide reductase, H2ase: hydrogenase,
Cyt: cytochrome.
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3.4. Shift of bacterial community in hydrogenotrophic denitrifying culture

Bacterial community composition of hydrogenotrophic denitrifica-
tion at different temperatures was analyzed based on 16S rRNA high-
throughput sequencing, and the phylogenetic classification was char-
acterized at the phylum and genus levels (Fig. 5). Metrics for assessing
community richness and diversity, such as richness estimators (Chao
and observed species) and diversity indices (Shannon and Simpson),
were listed in Table S3. At the phylum level, Proteobacteria dominated in
both phases, accounting for more than 90 % of the bacterial community,
followed by Bacteroidetes. Previous reports have also shown that Pro-
teobacteria was the most abundant phyla of the microbial community in
the hydrogenotrophic reactor (Li et al., 2017; Xiao et al., 2015). Para-
coccus belonging to the α-Proteobacteria and Hydrogenophaga, members
of the β-Proteobacteria, were the main potential denitrifier genera
detected. In addition, there were four genera (Flavobacterium, Thauera,
Chryseobacterium, Stappia) that account for more than 1 % in phase I or
phase II. The relative abundances of Paracoccus and Hydrogenophaga
genera varied greatly at different temperatures, suggesting that the
microbial community structure of hydrogenotrophic denitrification was
significantly altered. Specifically, the relative abundance of Paracoccus
was much higher at 30 ◦C but decreased from 73.9 % to 37.6 % at the
end of phase II, while the relative abundance of Hydrogenophaga

increased gradually from 12.9 % to 48.2 % at 15 ◦C, replacing Para-
coccus as the dominant genus.

In general, most Paracoccus species were considered as versatile
microorganisms with mixotrophic metabolism (Baker et al., 1998),
however, they were less competitive at low temperatures. Nitrite accu-
mulation was not observed in a hydrogenotrophic denitrification ki-
netics study on pure cultures of Paracoccus.sp (Vasiliadou et al., 2006).
In addition, the high nitrite accumulation at 15 ◦C in this study may be
related to the enrichment of Hydrogenophaga in phase II. The genus
Hydrogenophaga has been reported as an important group for nitrate
removal and nitrite production that plays a significant role in partial
hydrogenotrophic denitrification (Shinoda et al., 2020). It is attributed
to the unique denitrification regulatory phenotype of Hydrogenophaga
species, i.e., the progressive onset of denitrification reactions. While
available, electrons from H2 oxidation only flowed to NAR until nitrate
was depleted and then to NIR in Hydrogenophaga taeniospiralis (Duffner
et al., 2022).

In conclusion, hydrogenotrophic denitrifiers involved limited
genera, and the microbial community had a low diversity in hydro-
genotrophic denitrification. This is due to the highly selective nature of
the H2-driven denitrifying environment (Karanasios et al., 2010).
However, it should be noted that simulating in situ wastewater treat-
ment under laboratory conditions has inherent limitations in the
enrichment of functional microorganisms owing to the single function
performed. In addition, it was postulated that the accumulation of
denitrification intermediates resulted from electron competition among
various nitrogen oxide reductases (Pan et al., 2013). However, our re-
sults preferred that this might be the result of competition between
denitrifying bacteria with different denitrification phenotypes in the
microbial community. This finding provides a new insight in revealing
the impacts of community succession on the performance of hydro-
genotrophic denitrification systems.

4. Conclusion

In this study, the nitrate reduction gradually recovered after accli-
mation while high nitrite accumulated in HPHD. When the temperature
dropped from 30 ◦C to 15 ◦C, the SDR decreased from 38.9± 1.5 to 24.4
± 2.3 mg N/(gVSS⋅h), accompanied by nitrite accumulation up to 40.3
± 3.0 mg/L. The negative effect of low temperature shock on ETS and
denitrifying enzyme activities was directly responsible for the signifi-
cant SDR decline. The narG gene expression significantly increased by
54.7 % while the nirS gene expression decreased by 73.7 % at 15 ◦C,
which was the primary cause of high nitrite accumulation under long-
term low temperature stress. Moreover, the microbial community
structure of hydrogenotrophic culture was altered, with the dominant
populations shifting from the genera Paracoccus to Hydrogenophaga, and
as a result, the population of nirS-gene-bearing denitrifiers declined
greatly.
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